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EXECUTIVE SUMMARY 

Metals loading adversely impacts the Animas River in the area around Silverton, San Juan County, 
Colorado.  (Church, et al., 2007).  The metals of concern include iron, aluminum, cadmium, copper, 
lead, zinc, arsenic, and nickel.  (U.S. Geological Survey, 2007 at 7).  The metals loading in the 
Animas River is due to acid rock drainage. (Yager and Bove, 2007).  Acid rock drainage refers to 
acidic water that is created when sulfide minerals are exposed to air and water to produce sulphuric 
acid.  The acidic water can dissolve area minerals and then deposit metals in rivers like the Animas. 
(von Guerard, et al., 2007).  Metals loading in the Animas River has limited aquatic life, including 
the trout fishery downstream from Silverton.  (Butler, et al., 2001).  Sunnyside Gold Corporation 
(SGC) was formed and acquired the Sunnyside Mine in 1985 and mined it from 1986 until 1991 
under modern environmental regulations and using modern mining techniques.  Since 1985, SGC 
has engaged in more than 30 years of reclamation and remediation in the Silverton Caldera.  This 
Paper analyzes the geologic setting and historic mining that have caused the metals loading in the 
Animas River as well as the effect of SGC’s mining and extensive reclamation activities.  It is the 
conclusion of this Paper that it is incontrovertible that the actions of SGC have substantially 
reduced acid rock drainage and metals loading in the Animas from what would have otherwise been 
the case.   

GEOLOGIC SETTING 

The Sunnyside Mine is located approximately 8 miles north of Silverton, in the Eureka mining 
district, San Juan County, Colorado (Degraff, 2007, Figure 4).  The Eureka mining district is in the 
northern portion of the Silverton Caldera, which is part of the San Juan Volcanic complex which 
was active during the mid-Tertiary (25 to 35 million years ago).  The area is naturally mineralized, 
has been for millions of years, and forms part of the Upper Animas River basin.   

San Juan Caldera:  The area includes the drainage basins of three main tributaries:  Mineral Creek, Cement 
Creek, and the Animas River.  Elevations range from 9,305 feet at Silverton to more than 13,800 feet in the 
surrounding mountains.   

https://pubs.usgs.gov/pp/1651/
https://pubs.usgs.gov/pp/1651/
https://pubs.usgs.gov/pp/1651/
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A large volume of literature has been generated on the geology and mineralization of the Silverton 
area.  Aspects of the geology are discussed by Lipman (1976), Lipman, et al. (1978), Luedke and 
Burbank (1987), Plouff and Rakiser (1972), Steven (1975), and Steven and Lipman (1976).  Ore 
deposits and mineralization have been discussed by Prosser (1910), Bejnar (1957), Burbank (1940), 
Burbank and Luedke (1968), Casadevall and Ohmoto (1977), Fisher, et al. (1973), Grauch, et al. 
(1985) and others.  The following summary on the regional geologic history follows the narrative 
discussed in Yager and Bove (2007).   

The first major episode of caldera-formation associated with eruptions in the project area 
occurred around 28.2 Ma with the San Juan-Uncompahgre caldera complex. Eruptions 
associated with these structures accounted for over 1,000 km3 of volcanic materials.  Around 
27.6 Ma, the smaller Silverton caldera developed within the older San Juan caldera. Total 
volume of erupted Silverton caldera materials was approximately 50 to 100 km3. Around 26 
Ma, numerous silica-rich intrusions, dikes, and stocks formed along the concentric fracture zone 
surrounding the Silverton caldera. Intrusions continued to occur until around 11 Ma in parts of 
the caldera structure. These intrusions were likely the heat sources for the mineralizing events 
that deposited the minerals and altered the surrounding rocks. Alteration of host rock occurred 
contemporaneously with these intrusions, as well as throughout much of the Miocene, with 
hydrothermal alteration by upwelling fluids. Secondary alteration through this time led to 
emplacement of many of the minerals mined in the region since the late 1800s.  

The major structural feature in the area is the northeast-trending Eureka Grabben. An intricate 
system of radial fractures and faults, including the Ross Basin and Bonita faults, formed around 
the San Juan Caldera and provided the pathway for mineralizing solutions and locations for 
deposition on the vein deposits.   

The widespread propylitic alteration in the area has affected many cubic miles of volcanic rocks 
throughout the Eureka district and beyond (Burbank 1960).  Pyrite is ubiquitous in the 
propylitized rocks which forms 0.1 to 2.0 weight percent of the rock mass (Casadevall and 
Ohmoto, 1977).  It is estimated that 100’s of million tons of pyrite is present in the rocks in the 
vicinity. 

Through the remainder of the Tertiary to the Holocene, several processes, both geologic and 
climatic, were paramount in the formation of the San Juan Mountain’s rich mining history. 
Through much of the remainder of the Tertiary, extensive erosion resulted in the development of 
the canyons present in the San Juan Mountains today (Lee, 1917). The progression of erosion 
and canyon cutting was associated with regional uplift that was a consequence of regional 
tectonic events from the late Tertiary through the Pliocene. The uplifted region was prone to 
greater runoff from more frequent winter precipitation patterns, that, with higher gradients due 
to the uplift, led to the development of the deep mountain canyons and valleys present today in 
the San Juan Mountains (Smith and Bailey, 1968; Steven, et al., 1995). These erosional 
processes were key in exposing the large areas of mineralized bedrock, veins, dikes, sills, and 
intrusions that led to extensive mining in the region.  

Natural weathering of altered and mineralized rock can be an important source of metals and acidity 
to surface and ground water.  Weathering of the altered rock in the Upper Animas basin over the 
last million years provided a natural source of metals and acidity to the basin waters long before 
mining began.  Historically, parts of Cement and Mineral Creeks were always acidic, contained 
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high metals loads, and likely did not support any aquatic life other than species of algae that can 
tolerate a pH < 4.  (Church, et al., 2007).  Franklin Rhonda, a topographer with the 1874 Hayden 
Survey who worked in the Silverton area “described the water in both Cement and Mineral Creeks 
as iron sulfate waters that were undrinkable.”  (U.S. Geological Survey, 2007 at 4).  “Pre-mining 
geochemical conditions in Cement Creek were not very different than they are today.”  A “viable 
macroinvertebrate community probably did not exist in either Mineral Creek upstream from the 
confluence with South Fork Mineral Creek or in Cement Creek prior to mining.”  (U.S. Geological 
Survey, 2007 at 9).   

The area has been naturally discharging heavy metals for literally thousands and thousands of years.  
“A several-thousand year history of acidic drainage is recorded in many of the surficial deposits, 
where iron-rich ground water derived from pyrite weathering has infiltrated these deposits and 
cemented them with oxides of iron, forming what is referred to as ferricrete.  These recent geologic 
events have exposed mineral deposits to surface weathering prior to mining.”  (Degraff, 2007).   

Before the first miner arrived, there was massive natural metals loading in the Animas River, which 
limited aquatic life, including trout populations downstream from Silverton.  (Besser and 
Brumbaugh, 2007).  

HISTORIC MINING 

As early as the 1700’s, Spanish explorers discovered placer gold in Arrastra Creek, a tributary of 
the Upper Animas River.  Serious mineral exploration began in the early 1870’s, following 
discovery of placer gold by the U.S. Army’s Baker reconnaissance team.  (USGS Fact Sheet, 2007).   
In the 1870’s, the Upper Animas watershed became a prime location of mining activity for gold, 
silver, lead and copper.  The area contains over 1,500 mines.1  (USGS Fact Sheet, 1999).  In 
addition, the area was home to over 50 separate mill sites, 8 distinct smelters, and 35 different aerial 
trams.  (Jones, 2007, at 76)   

1 One of these historic mines was the Gold King, where, in August 2015, an EPA contractor breached an 
earthen plug and caused the release of over 3 million gallons of water.  The released waters eroded a historic waste rock 
pile, washing material into Cement Creek.  According to EPA, the amount of metals loading to the Animas River from 
the Spill was small when compared with ongoing metals loading from natural and other historic sources in the area and 
the impacts of the Spill on wildlife were minimal. (US EPA, 2017, Fate and Transport Report Executive Summary).   

https://pubs.usgs.gov/pp/1651/
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Historic Gold King mine discharge and flow.  

Mining and milling processes in the Animas River watershed were typical of those practiced 
throughout the West in the 19th and 20th centuries.  Beginning in 1872, vein deposits were mined 
underground by small crews who selectively mined high-grade ore.  Ore was hand-sorted and sent 
to smelters by mule pack train and later by wagon.  Waste rock was discarded in open mine stopes 
or on mine-waste dumps outside the portal where the hand sorting was done.  As more efficient 
methods of mining and milling were developed and rail transport became available, increasingly 
larger amounts of lower grade ore were mined and processed and additional metals recovered.  For 
example, before 1917, the available mineral processing methods could not recover zinc so it was 
discarded with the other tailings.  After 1917, zinc was recovered from the ore.  Waste rock was 
disposed of in waste dumps outside the mine portal, and mill wastes were deposited into the nearest 
stream course.  An estimated 8.6 million short tons of mill waste, about 47.5 percent of the total ore 
produced, was discharged directly into surface streams between 1872 and 1935.  (Jones, 2007, at 
80; USGS Fact Sheet, 2007).      

With the arrival of mining in the upper Animas 140 years ago, drainage from mine adits, discharges 
of tailings to water ways, and the weathering of waste rock added to the naturally high metal and 
acid loads in the Animas River and its tributaries. These discharges continued long after the mines 
were no longer active.  The total quantity of tailings generated from 1873 until 1964 is enormous.  
“The total amount of tailings created in the watershed in 125 years of mining is on the order of 16-
18 million tons if one extrapolates from the figures from 1873 to 1964.  Of this about 12 million 
tons is reasonably accounted for, mostly in the Mayflower Mill impounds [where impounding 
began in 1935].”  (Nash, Undated).  The majority of the remaining 4 to 6 million tons were likely 
directly discharged to surface drainages.   
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Discharge of tailings into Silver Lake.  (Jones, 2007 at 67).  

Even when tailings were impounded rather than expelled directly to area streams, significant 
discharges took place.  In 1947, the sand wall on the Mayflower Tailing Impoundment #1 collapsed 
and a large quantity of waste and tailings spilled into Boulder Creek and then the Animas River.  
(Jones, 2007).  In 1975, the main Mayflower tailings impoundment washed out, resulting in the 
discharge of 100,000 short tons of tailings and waste into Boulder Gulch and the Animas River.  
Considerable cleanup was required and Standard Metals, the owner of the property at the time, 
received a $40,000 fine for the incident which was the largest environmental fine in Colorado’s 
history.  (Mayflower PRP Report, 2013).  In 1978, Lake Emma broke through into the 2580 Stope 
on Sunnyside Mine level C and flooded the mine, stripping timbers from the main shaft, crushing 
equipment and filling tunnels with mud.  At the Gladstone portal, an estimated 5 to 10 million 
gallons of water blew out the walls of the portal building.  The Animas River turned black from the 
glacial mud and sediment well past Farmington, New Mexico. (Jones, 2007).   

There was an extensive legacy of man-made, systematic, and cataclysmic discharges of metals and 
acidity to the upper Animas River basin prior to 1985.  Before the 1970’s, there were no 
measurements of any of these discharge quantities, but they were clearly significant.  Miners were 
not required to reclaim their sites until the 1970’s and most followed the acceptable practices of 
their time.  This massive industrial mining and milling complex resulted in enormous amounts of 
metals loading in the Animas River, which further limited aquatic life, including trout populations 
downstream from Silverton.  (Church, et al., 2007).     

SGC’S 5 YEARS OF MINING IN THE SILVERTON CALDERA  

SGC was formed in September of 1985 and acquired the Sunnyside Mine from Standard Metals on 
November 19, 1985.  The Sunnyside Mine was discovered in 1873 by Ruben McNutt and  

https://pubs.usgs.gov/pp/1651/
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George Howard.  (Bird, A.G., 1986 at 7)  Standard Metals had operated the property since 1960, but 
by 1985 they were in bankruptcy.  The mine was not commercially producing and was under a 
Cease and Desist Order for violations of its mining permit and two of its three water discharge 
permits.  (NOV Ltr., Aug. 14, 1984; NOV Ltr., Oct. 23, 1984; NOV Ltr., Jan. 21, 1985; NOV Ltr., 
Oct. 25, 1985; NOV Ltr., Dec. 18, 1984).   The third water discharge permit was under a notice of 
violation which, due to Standard’s neglect, matured into a Cease and Desist Order by December of 
1985.  (NOV, Dec. 12, 1985). Standard’s permit violations included:  inadequate storm-water 
discharge control, lack of water treatment, unapproved disposal of pond sludge waste, a poorly 
constructed and inappropriately located waste rock dump, unapproved disposal of approximately 
8,000 cubic yards of trash, failed revegetation, spring flow running through tailings ponds, and 
mining impacts in unpermitted areas including the Terry Tunnel and seven acres in the Sunnyside 
Basin, specifically the collapsed Lake Emma.  (MLRD Inspection, July 10, 1985; MLRD 
Inspection, Aug. 28, 1985).  Water permit violations included exceedances of cyanide, pH, zinc, 
total suspended solids, copper and lead discharge limits.  (WQCD Ltr., Sept. 7, 1984; WQCD Ltr., 
Sept. 27, 1984; NOV Ltr., Oct. 23, 1984; NOV, Dec. 12, 1985).   

The water treatment facilities at Gladstone were not operating and were in such a state of disrepair 
that SGC had to apply for bypass approval in order to remain in compliance while critical upgrades 
were completed.  (SGC Ltr., Nov. 18, 1985; WQCD Ltr., Nov. 25, 1985). The Colorado Mined 
Land Reclamation Division’s (MLRD) July 10, 1985 inspection of Standard’s operation noted the 
following:  evident that water quality above and below the site is poor; drainage control at AT 
(American Tunnel) is poor; water treatment not running; untreated water routed through ponds, then 
discharged to North Fork of Cement Creek; waste rock dump constructed with little engineering 
concern in a swampy area; sludge has been disposed at waste rock dump, trash improperly disposed. 
(MLRD Inspection, July 10, 1985).  Standard Metals’ answer to these violations was to advise the 
regulatory agencies that Standard could not respond due to their bankruptcy filing and lack of 
resources.  (SMC Ltr., Aug. 5, 1985).     

SGC promptly brought all discharge permits into compliance, re-designed the mining operation, and 
completed a substantial mine permit amendment in cooperation with Colorado regulatory agencies.  
Specifically, SGC removed scrap iron, broken ore cars and locomotives, made drainage 
improvements, and constructed a new water treatment plant at Gladstone.  The old dry hydrated 
lime feed system was replaced with a milk of quick lime and liquid flocculent system with an 
effluent pH control loop.  The improvements resulted in a modern, efficient operation with greatly 
reduced environmental impacts.  (SGC Ltr., April 6, 1988).  As a result of SGC’s efforts, on 
February 29, 1988 the Colorado Mined Land Reclamation Division awarded SGC the 1987 Mined 
Land Reclamation Award in the classification “Most Improved Sites.”  The Director wrote, “Our 
congratulations and appreciation for the outstanding job you have accomplished.”  (MLRD, Feb. 
29, 1988, Ltr. to Bergstrom). 

At the time of Standard Metals’ bankruptcy filing, Standard’s reclamation bond was only $446,100. 
This bond was forfeited and, through litigation and bankruptcy, EPA recovered only $900,000 of 
additional insurance proceeds and some unwanted Standard Metals property that was conveyed to 
the BLM.  The cost to reclaim the Sunnyside Mine and related facilities was in the millions.  
Standard Metals walked away from those costs. But for SGC’s presence in the basin, the Standard 
Metals bankruptcy would have fit the all too familiar pattern of other failed mines in the West.  At 
the Sunnyside mine, SGC shouldered all of those costs.   
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SGC operated the Sunnyside Mine for only 5 years.  During that time period, ore from the mine was 
hauled to the Mayflower Mill for processing.  All tailings were retained in the upper level of 
Mayflower Impoundment No. 4, well clear of any groundwater infiltration or surface path to the 
Animas River.  SGC’s activities were all regulated by the Federal and State governments and 
SGC’s activities were all permitted.  The MLRD October 28, 1987 Inspection report of SGC’s 
operations noted, “The mining operation exhibited some vast improvements over the last two years.  
The Division would like to commend Frank Bergstrom (SGC Environmental Manager at the time) 
for his courteous, efficient and diligent manner with which he works with our office as well as in 
the field, as evidenced by the improvements noted, specifically at the Terry and American 
Tunnels.” (MLRD Inspection, Oct. 28, 1987). 

SGC treatment at Cement Creek 

From 1985 until 2003, SGC treated the entire American Tunnel discharge and stored the resulting 
sludge at the Mayflower Impoundments, even though not all of the discharge was generated from 
SGC property.  In addition, from 1996 until 2003, SGC treated the entire flow of Cement Creek for 
nine months each year, removing thousands of pounds of metals from this Animas River tributary, 
again even though there were significant natural and third party sources of heavy metals to the 
Creek. This Cement Creek treatment addressed the total impact of upper Cement Creek to the 
Animas River, both natural and mining related.  Based upon the NPDES Discharge Monitoring 
Reports provided to the State of Colorado, SGC’s treatment of Cement Creek between August of 
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1996 and December of 2002 removed over 326,000 pounds of metal from the Creek.  Over this 
same time period, SGC’s treatment of water discharging from the American Tunnel prevented 
approximately 290,000 pounds of metals from entering the Creek.  As a result, Cement Creek below 
the treatment plant had less metals loading than the Creek would have had under natural baseline 
conditions.  SGC also operated a treatment plant at the Terry Tunnel from 1986 until SGC 
bulkheaded the Tunnel in 1996, removing thousands of additional pounds of potential contaminants.  
(NPDES Discharge Monitoring Reports (1996-2004)).   

During the period of SGC’s operations, the “net” load that SGC removed from the Animas was 
tremendous.  While SGC mined additional ore, all discharges generated were permitted, treated, or 
contained.  Furthermore, SGC bulkheaded the entire mine upon closure. SGC operated the mine at a 
financial loss and the mine ultimately closed in 1991. (Bird, A.G., 1986 at 199).  SGC’s five years 
of mining, which used modern techniques and was under the modern era of environmental 
regulation, substantially reduced metals loading in the Animas River from what would have 
otherwise been the case.   

SGC’S 30 YEARS OF RECLAMATION AND REMEDIATION 

SGC closed the Sunnyside Mine in 1991 and continued the remediation and reclamation activities it 
began in 1985 when it acquired the property.  SGC’s mine permit included the notation from the 
Colorado DMG that “Indefinite mine drainage treatment is not acceptable as final reclamation.  
Please devise an alternate reclamation plan.”  (MLRD Ltr., July 15, 1986).  SGC and the State of 
Colorado agreed on a comprehensive watershed approach in which SGC would be released from 
obligations in exchange for installing engineered bulkheads to eliminate mine drainage from the 
Sunnyside Mine workings and completing numerous other reclamation projects in the region.  
Many of these reclamation projects were on ground never owned or operated by SGC.  This 
agreement was memorialized in a Colorado District Court approved Consent Decree, endorsed by 
the Environmental Protection Agency, and approved by the Bureau of Land Management, with all 
regulators noting the benefit of the watershed approach to the environment.  (SGC Consent Decree, 
1996).  SGC successfully completed all tasks called for by the Consent Decree and the Colorado 
Water Quality Division confirmed as much on February 26, 2003.  “Each criterion in the 
termination assessment has been successfully accomplished.  Therefore, the Division has concluded 
that there has been Successful Consent Decree Completion.”  (WQCD, February 26, 2003, Letter to 
SGC).  SGC’s primary reclamation activities are summarized below, with some “before and after” 
photos provided to illustrate the efficacy of the efforts undertaken.    

a. Historic Mayflower Impoundment #1—SGC moved the impoundment toe back from
Boulder Creek and the highway to minimize the potential for erosion and migration.  SGC
flattened the side slopes to increase stability and potential for re-vegetation, regraded to
promote drainage, capped with subsoil, and seeded.
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Mayflower Tailings pond 1, 1992 

 
Mayflower Tailings pond 1, 1995 
 

b. Historic Mayflower Impoundment #2—SGC moved the impoundment toe back from Boulder 
Creek to minimize erosion and migration potential.  SGC flattened the side slopes to increase 
stability and the potential for re-vegetation, regraded the top to promote drainage, capped with 
subsoil, and seeded.   
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Mayflower Tailings pond 2, 1991 

 

 
Mayflower Tailings pond 2, 1995 
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c. Historic Mayflower Impoundment #3—SGC regraded the top to promote drainage, capped with 
subsoil, and reseeded. 

d. Mayflower Impoundment #4—SGC excavated and relocated approximately 80,000 tons of 
mostly historic mine waste and historic tails to Mayflower Impoundment #4, regraded the area, 
and re-seeded.  SGC improved the intercept and diversion drains and placed a concrete 
diversion wall to divert groundwater to surface and around the tailings material.  SGC also 
installed a lined toe ditch. 

 
Mayflower Tailings ponds 3 and 4, 1992 
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Mayflower Tailings ponds 3 and 4, 1995 

e. Mayflower Mill Area—SGC cleaned the site, contoured and seeded.  SGC ultimately donated
the Mill to the San Juan Historical Society along with $120,000 and nearby property.  The mill
is now on the National Register of Historic Sites and operated as a historical tour by the San
Juan Historical Society.

f. Eureka Tailings—SGC removed 112,000 cubic yards of historic finely ground tailings, which
are more geochemically active, from the banks and floodplain of the Animas River and its
tributaries and relocated them to the Mayflower Impoundments.  (Vincent and Elliot, 2007 at
934).

g. American tunnel mine waste and tailings—SGC removed 80,000 tons of mostly historic mine
waste and tails. 
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American Tunnel, 1995 

 
American Tunnel, 1998 

h. Longfellow-Koehler Project—SGC opened a caved adit and removed 32,000 cubic yards of 
mine waste and pond sediments, consolidated other waste to reduce footprint, added 
neutralizing materials to the area, covered the area with overburden, seeded, and constructed 
surface water diversion to divert upland flow around the site.   
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Longfellow Mine, 1996. 

 
Longfellow Mine, 1998. 

i. Boulder Creek Tailings—SGC removed 5,700 cubic yards of tailings from the Boulder Creek 
and Animas River flood plain. 
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j. Pride of the West Tailings—SGC excavated 84,000 cubic yards of historic tailings and relocated 
45,000 cubic yards to an on-site tailings impoundment and the remainder to the Mayflower 
Tailings Impoundment #4.  SGC conducted a geotechnical study, installed a toe drain, and 
contoured to the slope.  SGC capped the impoundment with overburden, fertilized, and seeded.  
SGC partially rebuilt and planted a wetland.   

 
Pride of the West, 1996 

 
Pride of the West, 1999 
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k. Lead Carbonate Tailings Impoundment Removal—SGC relocated 27,000 cubic yards of tailings 
to Mayflower Impoundment #4, regraded, neutralized, and reseeded the area.  

 
Lead Carbonate Tailings, 1991 

 
Lead Carbonate Tailings, 1994 
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l. Lime injection—SGC injected approximately 1.3 million pounds of hydrated lime into the 
interior workings of the Sunnyside Mine to increase alkalinity.   

m. Gold Prince Mine Waste and Tailings—SGC installed two closure bulkheads, relocated historic 
tails and ash piles into lined containment within a consolidated waste pile that was relocated 
away from stream flows, covered removal areas with overburden, and seeded. 

n. Ransom adit drainage—SGC opened the caved in adit, designed and installed a bulkhead to 
eliminate drainage, graded the portal area, and seeded. 

o. Mayflower Hydraulic Controls—SGC designed and installed three interception structures to 
capture and transport stormwater and groundwater around Mayflower Impoundment #1 and the 
Mayflower Mill area to prevent contact and infiltration with tailings and waste rock.   

p. Sunnyside Basin—SGC placed 240,000 cubic yards of clean fill to cover the Lake Emma 
subsidence area and to create positive drainage, contoured the area, and seeded.   

 
Sunnyside Basin, 1988 
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Sunnyside Basin, 1996 

q. American Tunnel portal—SGC removed surface facilities, constructed a diversion ditch,
stabilized the bank of Cement Creek, re-contoured, and seeded.

r. Mogul adit and Koehler Tunnel Bulkheads—SGC funded the placement of bulkheads in the
Mogul Adit and Koehler Tunnel.  

s. Mayflower Passive Treatment Wall—SGC constructed a passive treatment wall for
groundwater, leaving a wetland near the southwest corner of the historic lower deposits in
Tailings Impoundment #4.

t. Power Plant Tailings---SGC picked up tailings previously reclaimed along the Animas River in
the vicinity of the old Power Plant and consolidated these into TP4.

u. Bulkhead Installation—with oversight and approval of all relevant agencies, between 1992 and
2002, SGC installed a series of 9 engineered concrete bulkheads in the Sunnyside Mine, and the
Terry and American Tunnels to isolate the mine workings from other workings in the area and
to prevent water flow from the Sunnyside Mine workings into the Animas River.  The
bulkheads were always expected to return the local water table towards its natural, pre-mining
level.  (See SGC, August 24, 2015 Letter).

In recognition of this reclamation, the Colorado Division of Minerals and Geology gave SGC its 
Reclamation Award for the work completed at the Mayflower Mill and the Sunnyside Mine.  
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“Congratulations to you and your organization for a job well done.” (MLRB, 1995, Letter to 
Goodhard).   

In addition to the work summarized above, SGC has voluntarily participated with the Animas River 
Stakeholders Group (ARSG) to evaluate and implement projects since 1994.  Utilizing their own 
expertise as well as a number of State and Federal agencies, the group prioritized various 
contributing sources to the Upper Animas based on an analysis of factors such as the amount of 
each contaminant, physical attributes, accessibility to power, and proximity to streams, wetlands, 
and avalanche paths. Eventually, 400 sites were identified as priorities. Further analysis revealed 
that 67 of these historic mining sources accounted for 90 percent of the metals contamination from 
all mining sources. This comprehensive prioritization approach proved successful and led the 
Colorado Department of Public Health and Environment (CDPHE) to implement 27 realistic Total 
Maximum Daily Load standards based on partial remediation of the priority sites.  ARSG 
implemented many of these projects utilizing 319 grants, and SGC expenditures and participation 
provided a portion of the in-kind match required under that program.  SGC also provided a disposal 
area for one of the projects.   

SGC and ARSG were successful in removing 70% of the copper and 50% of the zinc in Mineral 
Creek.  (ARSG, May 2013, Animas Watershed Plan).  The USGS analysis concluded that the 
“remediation project at sites 79-80 (Fig. 11) resulted in long-term reductions of the copper 
concentration and significant improvement in copper load in Mineral Creek (Fig. 14A).  A similar 
reduction in zinc (and cadmium) concentrations is also evident (Fig. 14B).” (Church, S.E., Owen, 
J.R., et al., 2007).  SGC’s 30 years of remediation and reclamation substantially reduced ongoing
metals loading in the Animas River from what would have otherwise been the case.

CONCLUSION 

Metals loading in the Animas River is the result of the geologic setting and more than a century of 
historic mining in the area.  The Silverton Caldera is highly mineralized, and acid rock drainage and 
poor water quality in the area was always prevalent given the natural generation of significant 
quantities of heavy metals.  There was also an extensive legacy of man-made, systematic, and 
cataclysmic discharges of metals and acidity to the Upper Animas River basin prior to 1985.  It is 
incontrovertible that both SGC’s five years of mining between 1986 and 1991, which used modern 
techniques and was under the modern era of environmental regulation, and SGC’s 30 years of 
remediation and reclamation in the Silverton Caldera each substantially reduced metals loading in 
the Animas River from what would have otherwise been the case.  But for the actions of SGC, 
metals levels in the Animas River, and the resulting impacts on aquatic life, including the trout 
fishery downstream of Silverton, would undoubtedly be more adverse. 
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GEOLOGY AND ORE DEPOSITS OF THE EUREKA AND 
ADJOINING DISTRICTS, SAN JUAN MOUNTAINS, COLORADO 


By WILBUR S. BuRBANK and RoBERT G. LUEDKE 


ABSTRACT 


The Eurelm mining district is in the western San Juan Moun
tains in southwestern Colorado and includes 'fill area of about 
30 square miles from which ores of gold, .silver, copper, lead, and 
zinc have had a gross value of more than $63 million. Two mines, 
the 'Sunnyside and Gold King, yielded more than 90 percent of 
the dollar value of production. 


This report, although centered on the Eurelm district, also 
deals with parts of several adjoining mining districts, all of 
which nrc genetically related to the same center of volcanism and 
periods of mineralization. 


Chiefly volcanic rocl\:s are 'exposed in the area; they have ac
cumulated to a thickness of more than a mile on a basement of 
Precambrian, Paleozoic, -and Mesozoic rocks. This complex of 
eruptive rocl{S, which is divisible into three major and several 
minor units, consists of lava flows, breccias, tuff-breccias, tuffs, 
and welded ash-flow tuffs that in composition average rhyoda
cite-quartz latite but range from andesite-basalt to rhyolite. As
sociated with nnd intruded into these eruptive rocks are many 
smnH dil{es, sills, nnd irregularly .shaped plutons. 


The San Juan Formation at the base of the volcanic succes
sion is exposed almost entirely outside a large volcanic depres
sion called herein the .San Juan depression. Next higher in the 
succession and confined mostly witJlin this depression is the Sil
verton Volcanic Group, which has been subdivided in order of 
decreasing age into the Picayune Formation, Eureka Tuff, Burns 
]j.,ormation, and Henson Formation. At the to,p of the succession 
is the Potosi Volcanic Group, which is widespread in the western 
San Juan Mountains and subdivided into several formational 
units, only one of which is exposed within the area of this re
·port. 


The dominant structural feature of the Eureka district and 
environs is the :Silverton cauldron, about 10 miles in diameter, 
which lies within the western half of the San Juan volcanic 
depression, a-bout 15 miles wide and 30 miles long. Outward from 
the ·Silverton cauldron, the volcanic and basement rocks ar~ 
broken by systems of radial and concentric fractures; the rocks 
within and adjacent to the cauldron site are broken, tilted, and 
irregularly faulted. The central-east part of the Silverton caul
dron coin.ddes npproximately with the Eureka district; the dis
trict thus has intersecting major ring faults bounding a sub
sided cauldron block and radial graben faults that extend north
east outward from the cauldron center. 


Coincident with or just following later. stages of eruptive 
activity, the volcanic rocks throughout and around the !San Juan 
volcanic depression were intensely altered propylitically. .Sub
sequently, the metalliferous deposits were formed within and 
along the numerous fissure and fault systems. 


'rwo major types of mineral deposits and associated altera
tion products are ·recognized within and around the Silvel'lton 
cauldron: (1) chimney or pipelike deposits with intensely 
leached and decomposed walls consisting of clays, alunite, 


diaspore, and other minerals that formed in a relatively acid 
environment and (2) normal vein deposits with sericitized 
wallrocks that were altered in a neutral to alkaline environ
ment. The local dominance of one or the other type of deposit 
was conditioned by the structural evolution and by local features 
of the volcanic environment. 


The chimney deposits with their leached and ore-filled caves 
·are typical chiefly of the arcuate peripheral fault belts of the 
cauldron where the highly fractured rocks are intensely altered 
·SOlfatarically. These deposits are sealed ·by siliceous caps that 
formed hy rock decomposition during escape of hot volcanic 
waters and gases from underlying ·Sources. Open cavities leached 
in the rocks were later filled with masses :Of sulfides and minor 
quantities of gangues. 


The vein deposi,ts and associ-ated ore shoo.ts were formed in 
repeatedly reopened fissures that were localized by broad struc
tural features-intersections of major fault systems and belts of 
tensional fissuring due to crustal distention and collapse about 
the cauldron. The complex low-grade ores in the veins are chiefly 
base metals, gold, and silver in quartz and locally manganese 
silicates and carbonate gangues, which commonly constitute 
from 85 percent to more than 95 'percent of the fissure fillings. 
Gold occurs chiefly in the late quartz veins, whereas silver oc
curs in both the early base-metal ores and the late quartz veins. 
A general but definite paragenetic sequence is .recognized 
throughout much of the Eureka district. 


Inferences from comparison of the. two types of deposits are 
that the solutions that deposited sulfide-rich assemblages of 
minerals low in gangues were initially richer in sulfur than 
the hydrothermal solutions that deposited the abundant gangues 
pf the veins and that probably also formed some hot-spring 
deposits of the western San Juan region. The primitive sulfide 
solutions are interpreted to have been derived from magmatic 
sources at depths generally below the shallow altered rocks, 
which are believed to be the source of some of the major 
gangues of the vein. The effects of repeated opening of fractures 
and formation of spaces by physical action were minimal as 
compared with chemical leaching in forming the chimney 
deposits. This leaching contrasts with the major effects of fis
sure reopening in vein evolution. Thus, the solutions forming the 
veins were repeatedly mixed with shallow meteoric waters and 
with waters contaminated with soluble substances of wallrock 
alteration. The earliest openings of the fissures were marked by 
violent injections of clastic debris from great depths. Later re
openings tended to concentrate residual solutions of the altered 
rocks in the open spaces, where these mixed with the shallow 
meteoric waters. Further evolution of sulfide solutions from 
greater depths resulted in the complex vein assemblages of 
gangues and sulfides. 


The structural and textural conditions of the rocks had a pro
found effect upon the chemical processes that played an im
portant role in the differentation of ore- and gangue-forming 
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solutions. Nevertheless, the different rock units cannot be classed 
arbitrarily as favorable or unfavorable without regard to par
ticular local conditions. 


Supergene leaching and enrichment of the ores around and 
within the Silverton cauldron are negligible. Most enrichment 
of ores at depth is related to hypogene processes that caused 
fractional leaching and redeposition of the metals. 


INTRODUCTION AND ACKNOWLEDGMENTS 


The Eureka district, one of the major mining areas 
in the western San Juan Mountains of south western 
Colorado (fig. 1), has been an important contributor to 
the mineral economy of San Juan County and the State 
of Colorado. Gold, silver, copper, lead, and zinc were 
the principal metals recovered from the mining opera
tions. A small amount of tungsten was also produced. 


The geology and mineral deposits of the district were 
examined at different times after the late 1890's, notably 
by Ransome (1901) and by Cross, Howe, and Ransome 
(1905), but many problems relating to geologic en
viroJ?:lllent and associations of the ore deposits remained 
to be investigated. Accordingly, the western San Juan 
project, started in the late 1920's, was charged with 
the study of the more strongly mineralized areas of the 
Ouray, Silverton, and Telluride quadrangles. One of the 


objectives was to furnish guidance in exploration and 
discovery of base- and precious-metal ores. 


Early in the investigations, fieldwork by Burbank 
(1930) in the Ouray area (pl. 1) revealed that ore dep
osition in the western San Juan region occurred during 
two metallogenetic epochs instead of one, as had been 
previously believed. The hydrothermal activity oc
curred in two main centers of different ages-an older 
one of Late Cretaceous and early Tertiary age centered 
near the town of Ouray and a younger one of late Terti
ary age centered within and around the Silverton caul
dron. The older mineral deposits are related to plutonic 
bodies intruded into Paleozoic and Mesozoic sedimen
tary rocks, which are the principal host rocks of the ore 
deposits. These early deposits were formed and partly 
eroded before eruption of the volcanic material. The 
younger ore deposits are related to structural features 
and intrusive activity of the Silverton cauldron and, 
although found in the basement rocks, occur chiefly in 
the overlying volcanic rocks. This report deals entirely 
with the geology and ore deposits of middle and late 
Tertiary age and chiefly with those deposits found in the 
volcanic rocks near the center of the Silverton cauldron. 
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FIGUBE 1.-Map of Colorado showing area of this report. 
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GEOGRAPHY 3 


This report is one of a series prepared by the U.S. 
Geological Survey in cooperation with the Colorado 
State Mining Industrial Development Board and a 
predecessor agency, the Colorado State Metal Mining 
Fund Board. Seven progress maps have been published 
(Burbank, 1933b, 1941; Burbank and Luedke, 1964; 
J{elley, 1946; Luedke and Burbank, 1962; Varnes, 1948, 
1963) as well as a number of geologic reports. Parts of 
two of these maps (Burbank, 1941.; Kelley, 1946) are 
included on plates 2 and 3 to demonstrate certain struc
tural features more clea.rly. Some areas on these in
cluded maps were revised in the course of fieldwork 
between 1958 ·and 1962 by R. G. Luedke and W. S. Bur
bank, and some of the rock units originally mapped by 
V. C. Kelley and W. S. Burbank were reclassified. 


An inde~ map on plate 2 indicates those persons 
who were responsible for the several parts mapped; 
their assistance was invaluable. In addition, D. J. 
Varnes and J. S. Vhay have provided data on nearby 
areas valuable in solving many field problems. 


Grateful ·acknowledgement is made to the property 
owners and mine operators of the area for their gen
erous cooperation in premitting access to mines and in 
providing information on operations. 


GEOGRAPHY 


The Eure.ka district includes all the area shown on 
plate 2 except those parts in Poughkeepsie Gulch and 
west o£ the Brown Mountain divide, which are parts of 
the Uncompahgre and Red Mountain districts, respec
tively, and the American Flats part in Hinsdale 
County, which is part of the Galena district. The area 
north of the townsite of Eureka and east of the Animas 
River to the Hinsdale County line (pl. 1) also is nor
mally included in the Eureka district, as is some of the 
area tributary to Cement Creek south and west of 
Gladstone. 


The four abandoned townsites within the map area 
(pl. 2) of about 30 square miles covered by this report 
are Eureka, in the Animas River canyon at the mouth 
of Eureka Gulch ; Animas Forks, at the junction of 
the Animas River canyon and California Gulch· Glad-. ' stone, 1n Cement Creek canyon in the southwestern 
p~rt; and Mineral Point, in the north-central part. 
Silverton,. the county seat of San Juan County, lies 
about 6 mlles southwest of the district and is the prin
cipal center from which most of the local mining opera
tions have been carried out. Ouray, the county seat of 
Ouray County, is 5 miles northwest of the map area 
and· serves those parts of the country adjacent to 
Poughkeepsie Gulch and Ironton Park. The main road 
serving the district is State Highway 110 from Animas 
Forks to Silverton; it joins U.S. Highway 550 extend-


ing from Montrose south through Ouray and Silverton 
to Durango. Although rugged, the are.a is readily acces
sible during the summer months over secondary roads, 
but travel is limited largely to four-wheel drive 
vehicles of short turning radius. These roads were con
structed for access to mining properties and to various 
parts of the National Forest; the road up the Animas 
River canyon as far as Animas Forks and the road up 
Cement Creek canyon as far as Gladstone have been 
kept open some winters because of mining activities. 


The topography of the district is alpine; the high 
sharp peaks, narrow rugged divides, steep-walled 
basins and amphitheaters, and deep U-shaped canyons 
are a result of vigorous glacial and interglacial erosion. 
Altitudes range from 9,900 feet at the townsite of 
Eureka in the southeastern part of the district and 
9.600 feet in Ironton Park in the northwestern part to 
13,733 feet on Wood Mountain in the northeastern part. 
Most peaks in the area are between 12,500 and 13,200 
feet in altitude, but 1-3 miles ·east are several peaks 
higher than 13,800 feet, including Handies Peak, which 
reaches 14,048 feet. The mining area, which averages 
well over 11,000 feet in altitude, is one of the highest 
in the San Juan region. 


The headwaters of the Uncompahgre and Animas 
Rivers are within the map area, and a small part of the 
drainage basin of Henson Creek is in the extreme north
eastern part. These streams are all ultimately tributary 
to the Colorado River. The divides separating the three 
watersheds are spurs from the Continental Divide only 
a few miles to the southeast (pl. 1) . The drainage pat
tern of the Silverton region is controlled by the major 
structural features of the Silverton cauldron (pl. 1). 
The Animas River follows the east and southeast 
boundary of the downfaulted central block, and some 
minor tributary canyons, such as Eureka and Pough
keepsie Gulches, follow strong subsidiary structures 
of the cauldron; other minor tributary canyons are less 
directly controlled. 


Annual precipitation in the Eureka area is about 40 
inches. Winter snowfall is commonly heavy, and rain 
and hailstorms, sometimes of considerable severity, 
occur frequently during summer months. Because of 
the high precipitation, the ground is well saturated 
with water, and small to heavy flows of water are en
countered in most mining operations. Soil and talus are 
subject to widespread creep, and rockfalls from precip
itous slopes are frequent, particularly in spring and 
early summer. Landslides are common. Bodies of per
petual ice commonly occur beneath talus and rock 
glaciers in some cirques. 


Small but dense stands of fir, spruce, and aspen cover 
the protected lower slopes of the canyons, but a 
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large proportion of the country is above timberline, 
which is at about 11,500 feet, and thus is relatively bare 
except for alpine shrubs, grasses, and flowering plants. 


Mining has been the chief industry of the area, but 
at the time fieldwork was done for this report, only a 
few mines had operations in progress, and these were 
mainly exploratory and developmental. Besides mining, 
the grazing of sheep is an industry of some importance. 
Some lumbering has been done, but much of the original 
timber resource has been used in connection with past 
mining operations. 


HISTORY AND PRODUCTION 


Ransome ( 1901, p. 19-25) and Henderson ( 1926, p. 
48-50) stated in their excellent summaries of the early 
mining history of the Silverton quadrangle and San 
.T uan County that the rugged and inaccessible western 
San Juan Mountains were not prospected until rather 
late in the history of the West. The first real attempt 
at prospecting in the region was by the Baker party 
in 1860, which penetrated the mountains to the park 
where Silverton now stands. Harassment by Indians 
and severe winter conditions discouraged them, and in
cited little further prospecting until the early 1870's, 
after the revision of a treaty with the Ute Indians. 
When prospecting was resumed, many important dis
coveries were made; real mining began in 187 4. A 
smelter was put in operation in Silverton in 1875, and 
at about the same time one was constructed in Lake City 
to the northeast to treat ores from the area. There were 
no wagon roads or rail transportation into this region 
until the late 1870's and early 1880's respectively, and 
consequently, the high costs and difficulties of trans
porting ores and equipment by pack train and wagon 
resulted in slow development of the new discoveries. 
The total production for the Silverton area from the be
ginning of activity to the close of 1876 has been esti
mated at a little over $1 million. 


In 1879, the first road into the area was completed 
from Del Norte via the Rio Grande Canyon and Stony 
Pass southeast of Silverton. Also, a road was completed 
from Silverton up Cement Creek canyon to the head 
of Poughkeepsie Gulch where several of the more pro
ductive deposits then were being mined. Completion 
of the Silverton branch of the Denver and Rio Grande 
narrow-gauge railroad in 1882 and establishment of a 
smelter in Durango gave new impetus to the treatment 
of lower grade ores. The future of the region still was 
not assured, however, until 1890, when J. H. Terry at 
the Sunnyside mine in the Eureka district and E. G. 
Stoiber at the Silver Lake mine (southeast of Silver
ton) in the Animas district both successfully developed 
methods of concentrating low-grade ores of the area. 


Extension of the railroad from Silverton up the Animas 
River canyon through Eureka to Animas Forks in the 
mid-1890's and up Cement Creek canyon to Gladstone 
in 1899 permitted further cost reductions in ore treat
ment. A great improvement in treating the low-grade 
complex ores of the area was made in 1917 when the 
first commercial lead-zinc selective flotation plant in 
North America was introduced at rthe Sunnyside mine. 


Mining activities in the Eureka district have fluc
tuated considerably throughout the district's history, as 
many of the operations were small and thus easily 
affected by the market price. The decline of the price 
of silver in 1892 and 1893, as well as the smaller declines 
in lead and copper prices that followed, caused mining 
activity to decrease and forced many of the smaller 
operations to close. The major activity in the district, 
particularly to the late 1930's in the district's history, 
centered about the operations of the Sunnyside and 
Gold King mines. These and other concurrent or later 
operations are reviewed in rthe section on mining (p. 55). 
Mining operations in the district are treated annually 
in the United States Bureau of Mines Minerals Year
book and the Mining Yearbook of the Colorado Mining 
Association. 


Production records (table 1) for the Eureka district 
are available only for the years 1932 through 1957 and 
hence give only the more recent trend of production; for 
earlier and later years the district's output is included 
under the total San Juan County records. The figures 
for the year 1926 are given, however, to illustrate a 
typical year of operation at the Sunnyside mine and 
mill; although the output is for all San Juan County 
during this year, only small-lot shipments were made 
from a few other mines in the county. 


Many of the earlier production records fail to reveal 
the metal content of the average complex ore mined an~ 
milled. The dollar value of paymentS' for the gold and 
silver recovered from ores not uncommonly exceeded 
that for the base metals recovered, even though the 
value of the total base metals present in the ores was 
considerably larger. Both Robie (1926) and McQuiston 
( 1948) described the progress and improvement made 
in the treatment of the complex ores of the area before 
and after 1917. 


The production figures in table 1 represent about 
20-25 different operations throughout the district. The 
output came mostly from lode mining, but a little came 
from cleanup of old mine dumps and placer mining. 
The more active producers during this period were the 
Columbus Group near Animas Forks, the Lead Car
bonate mines on the mountain slope east of Gladstone, 
and the Mountain Queen lease at the extreme head of 
California Gulch. The increased production in 1937-38 
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TABLE !.'--Eureka district, mine production of gold, silver, copper, lead, and zinc in terms of recovered metals, 
1926 and 1932-57 inclusi'Ple 


[Source: U.S. Bur. Mines, Mineral Resources of the United States and Minerals Yearbook, annual volumes] 


Producing Ore sold or 
Year mines treated Gold 


(short tons) (fine oz) 
Lode Placer 


1926 ! _____________________ 
15 -------- 289,401 14,309 


1932.--------------------- 1 -------- 28 93 
1933 _______________________ 


2 -------- 1 20 
1934 •••••••••••••••••.••••. 5 ---····- 68 303 
1935 ••••••••••••••••••••••• 2 111 2 1,443 


1936 •••• ------------------- 2 172 '583 
1937 _______________________ 


4 -----·-- 64,010 2,595 


1938----------------------- 3 -------- 112,358 5,841 


1939 •••• -----------.------- 4 -------- 442 781 


1940 •••• ------------------- 13 -------- 5,358 917 


1041. ••• ·- ----------------- 7 -------- fl67 279 
1042----------------------- 3 -------- 288 8 
1043 _______________________ 


7 -------- 741 26 


1944----------------------- 3 -------- 1, 376 60 
1045 _______________________ 


4 -------- 1,062 39 


1046 ••• --------------------. 6-------- 6,214 1,475 
1047 _______________________ 


6 -------- 14,880 1, 614 


1048 ••• -------------------- 12 -------- 28,181 3,033 
1049 _______________________ 


12 -------- 16,905 891 
1050 _______________________ 


11 -------- 16,296 1,028 


1051. ••••• -- -·-- ----------- 17 -------- 18,601 591 
1052 _______________________ 


8 -------- 13,960 544 


1953 •••• ------------------- 3 ---·----- 4,186 471 
1954 _______________________ 


6-------- 3,355 179 


1055 •••• ------------------- 4 -------- 1, 086 83 


1956 •• -------.---- •• ------- 4 -------- 3,802 84 


1057----------------------- 4 -------- 2,558 36 


1 Includes small-lot shipments .from 13 mines outside Eureka 
district. 


2 Includes 334 fine ounces of placer gold. 


came largely from the renewed operation (reactivated 
in 1937 and .shut down in 1938) of the Sunnyside mine 
and mill which had been inactive since 1930. 


The total production from the area shown on plate 2 
is estimruted to be $60-65 million, on the basis of the gross 
value of recovered metals. Ninety percent or 1nore of 
this total represents production from the Sunnyside and 
Gold I<ing mines. The Eureka district thus has provided 
about half 1the little more than $123 million worth of 
recovered metals credited to San tf uan County from 
1873 through 1948. From this district alone, gold has 
yielded about 30 percent, lead about 24 percent, and zinc 
about 14 percent of the total county production. 


Reserves of ore in the district, including only those 
bodies that may be geologically inferred from moderate 
extensions of known productive ore bodies, are esti
mated at roughly a million tons. The potential resources 
of complex ores aggregate many times the.se reserves if 
estimated on the known vertical and lateral extent of 
the many mineralized but relatively undeveloped veins, 
but the value of much of these resources so estimated 


Silver Cop8er Lead Zinc Total 
(fine oz) (lb (lb) (lb) value 


869,963 1,560,400 18,460,600 22,423,000 $4,215,674 


18 ----------------------------------- -· ----- 1,923 


10 ------------------------------------------ 409 
1, 773 100 3,000 2,000 11,945 


8 5, 437 ----- -· ·------ 2, 700 --------·----- 54,535 


4,036 100 2,500 -------------- 23,637 
105,174 234,000 2,438,000 3, 668,000 582,760 
267,953 660,000 5, 982,700 8, 286,000 1, 115,269 


6,298 6,800 28,400 19,000 34,640 
42,369 17,000 154,600 93,100 77,740 


5,172 2,000 48,600 12,000 17,349 
2,039 1,400 39,200 23,400 6, 701 
3,084 4,900 78,800 53,000 15,374 
3,527 8,000 92,500 92,000 23,576 
2,915 10,600 117,500 86,000 24,956 


18,469 55,600 599,200 546,500 207,541 
51,144 156,900 1, 260,300 964,200 433,875 


123,465 241,000 2, 214,000 1,826, 000 909,358 
44,666 97,000 1, 156,000 1,140,000 414,727 
31,828 68,000 645,300 669,000 261,043 


37,451 130,000 1,138,000 1, 318,000 522,790 
41,969 166,000 1, 517,000 970,300 502,503 
22,843 23,50(1 534,000 182,400 134,833 
8,483 12,000 145,000 135,200 52,032 
3,623 7,800 85,200 68,400 30,201 


8,338 19,400 176,100 159,700 68,258 
3,958 28,600 109,800 94,100 40,068 


a Includes 175 fine ounces of placer silver. 
' Includes 2 fine ounces of placer gold. 


might be well below current costs of exploitation. 
Despite the ··present marginal or uneconomic value of 
:much of this potential ore and the difficult operating 
conditions during winter months, a .sustained demand 
for lead and zinc should revitalize mining in the district. 
Gold and silver byproducts of base-metal mining locally 
enhance chances of successful operations. 


REGIONAL GEOLOGY 


Volcanic rocks of middle and late Tertiary age cover 
most of the western San Juan Mountains region and are 
the principal materials making up the high. mountains 
(pis. 1, 4). The volcanic accumulations form a blanket 
4,000-6,000 feet thick resting on a basement of eroded 
metamorphic, sedimentary, and igneous rocks of Pre
cambrian, Paleozoic and Mesozoic ages. The erosion sur
face beneath the volcanic rocks bevels older structural 
features and rises gradually from an altitude of 8,500 
feet just north of Ouray to more than 12,000 feet south 
of Silverton and in the area between Silverton and Lake 
City. This erosion surface forms an important separa-
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tion between the formations and ore deposits of pre:
Tertiary age and those of Tertiary age. It is fairly 
smooth, but is locally surmounted by former uplands or 
local prominent monadnocks of more resistent rocks; it 
is covered locally by a thin sedimentary formation, the 
Telluride Conglomerate, of early or middle Tertiary 
age. 


The lower part of the Tertiary volcanic succession 
consists of several thousand feet of tuff-breccia, collec
tively called the San Juan Formation. This is overlain 
by the Silverton Volcanic Group, a complex accumula
tion of flows, breccias, tuffs, and welded ash-flow tuffs, 
which erupted from a number of centers within the site 
of the San Juan volcanic depression (pl. 4). Intervals of 
erosion and local deformation demarcate several forma
tions within the Silverton Group. The San Juan Forma
tion and Silverton Volcanic Group together accumu
lated to a thickness of more than a mile. Eruptive ma
terials of these groups are overlain locally by wide
spread welded ash-flow tuffs, breccias, and tuffs of the 
Potosi Volcanic Group corresponding to part of the 
Potosi Volcanic Series of Larsen and Cross ( 1956, p. 
90). (See Luedke and Burbank, 1963.) 


Late during the eruption of the volcanic material 
composing the San Juan Formation and during most of 
the eruption of the material composing the Silverton 
Volcanic Group, the large oval San Juan volcanic de
pression-about 15 miles wide and 30 miles long-was 
formed around some of the centers from which the ma
terials were erupted. The Silverton and Lake City caul
drons, now marked by downfaulted central blocks each 
about 10 miles in diameter, were formed within this de
pression. Adjacent volcanic rocks, particularly around 
the Silverton cauldron (pl. 1), are broken by systems of 
radial and concentric fissures and are intruded by sev
eral large stocks, many smaller plugs, and numerous 
dikes. A series of graben faults join the two cauldrons 
(p1.4). 


The fissure and fault systems, many of which w~re 
directly related to subsidence and resurgence of these 
central blocks and to the intrusive activity, constitute 
the principal sites of ore deposition. The most produc
tive deposits of late Tertiary age have been veins in 
the San Juan Formation and in some units of the Silver
ton Group. Ore deposits in the form of chimneylike 
shoots, a few of which yielded very rich ore, occur along 
the west and north margins of the Silverton cauldron 
(Burbank, 1941). 


The only rock units of the region that are younger 
than the volcanic rocks are scattered glacial and alluvial 
deposits of Quaternary age. 


This report deals principally with a mineralized area 
of intense faulting and fissuring in the vicinity of the 


series of graben faults within the Silverton cauldron. 
For discussions of broader regional and petrologic fea
tures of the San Juan Mountains, the reader is referred 
to the published reports by Cross and Larsen ( 1935) and 
Larsen and Cross (1956). 


STRATIGRAPHY 


PREC~BRLAN ROCKS 


Precambrian rocks in the map area crop out only near 
the northwest corner (pl. 2) near the Saratoga mine at 
the east edge of Ironton Park. These exposures, locally 
fractured and iron stained, consist only of quartzite of 
the Uncompahgre Formation, the youngest formation 
of the Needle Mountains Group. The Uncompahgre 
Formation is also exposed north of Ironton Park in the 
Uncompahgre River canyon and tributary gulches (pl. 
1). Neither the top nor the bottom of the formation is ex
posed at either locality, but about 8,000 feet of inter
bedded thick units of white to gray quartzite and dark 
gray to black argillite, slate, and some phyllite are ex
posed in the canyon. 


The quartzites and slates probably underlie the vol
canic rocks throughout much of the western and north
western parts of the map area. Toward the east, however, 
the Precambrian rocks underlying the volcanic rocks are 
granites; to the south, they are gneisses, schists, am
phibolites and granites (pls. 1, 4). 


PALEOZOIC SEDIMENTARY ROCKS 


Paleozoic and locally younger sedimentary rocks in a 
thin wedge overlie the Precambrian rocks bordering 
the west front of the San Juan Mountains (pis. 1, 4). 
Some of the Paleozoic rocks only are exposed near the 
northwest corner of the map area at the east edge of 
Ironton Park and seem to be near the present east limit 
of this wedge, denoted by a line projected from near 
Ouray south through the head of Ironton Park to the 
vicinity of Silverton (pl. 4) ; these rocks, consisting of 
Devonian, Mississippian, and Pennsylvani·an form·a
tions, overlie the Precambrian quartzite. 


The highly indurated and altered limestone exposed 
near and in the workings of the Saratoga mine includes 
certainly the Lead ville Limestone of Mississippian age. 
Very likely the Our~y Limestone of Devonian age is 
present, but it was not recognized owing to the alteration 
and relatively poor exposures. Unconformably overly
ing the limestone are red calcareous shale and conglom
erate beds corresponding to the Molas and Hermosa 
Formations of Pennsylvanian age. Both the limestone 
and the calcareous shale are locally replaced by pyrite 
and ore minerals near fissures. 
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TERTIARY SEDIMENTARY ROCKS 


The only Tertiary formation of nonvolcanic sedimen
tary origin found with the area shown on plate 2 crops 
out near the Saratoga mine in patches too small for 
designation on the map. Beds a few feet thick, consisting 
of Precambrian debris, lie unconform·ably on older sedi
mentary rocks at the base of the volcanic formations and 
proba'bly represent the Telluride Conglomerate or partly 
reworked remnants of it, considered of Oligocene ( ~) 
age by Larsen and Cross (1956, p. 60), although the evi
dence cited is admittedly tenuous. 


TERTIARY VOLCANiC ROCKS 


The bulk of the exposed rocks composing the western 
San Juan Mountains region consists of layered volcanic 
materials of middle and late Tertiary age (pis. 2, 4). 
The eruptive materials are divided from older to 
younger into three principal units: the San Juan For
mation, the Silverton Volcanic Group, and the Potosi 
Volcanic Group. The latter two units ·are each divided 
into several formations. Changes in n<;>menclature of 
these volcanic units throughout the period of geologic 
investigations in the western San Juan Mountains have 
been discussed by Luedke and Burbank (1963) and RJ"e 
shown in table 2. Most of the units discussed were re
nam~d or redefined. 


The layered succession of these eruptive materials in 
the western San Juans aggregates nearly 11;2 1niles 
thick and has a volume greater than 1,000 oubic miles. 
Tuff-breccia, welded ash-flow tuffs, and Ia.v.a flows pre
dominate, but there are also some air-fall tuffs, flow 
breccias, and volcanic conglomerates. The eruptive ma
terials, on the 'basis of meager chemical data, are domi
nantly calc-alkalic but have weak alkalic affinities. 
They range in composition from pr.obaJble andesite-


basalt to rhyolite, but are predominantly intermedi
ate-rhyodacite and quartz latite. 


The Tertiary volcanic formations in the western San 
Juans have been considered to be Miocene ( ~), Miocene, 
and Pliocene in age (Larsen and Cross, 1956, p. 61-64); 
however, these ages have been .assigned fron1 inadequate 
and meager fossil evidence. Only a few poorly preserved 
plant and animal fossils have been found, and these do 
not permit age assignments closer than middle to late 
Tertiary. Thus, the ages of the volcanic formations in 
this report are based entirely upon. their relative posi-
tions in the sequence of rocks. · 


Most of the volcanic formations or parts thereof dis
cussed in the following pages are genetically r:elated to 
the western San Juan region and are represented within 
the Eureka district (pl. 2). 


SAN JUAN FORMATION 


The San Juan Formation, the oldest of the local vol
canic units and the prinoi pal unit west and north of the 
map area (pl. 2), crops out only in the northwest corner 
of the map area and rests upon an erosion surface of 
moderate to low relief cut on prevolcanic rocks. Typi
cally [t is exposed in steep rounded slopes and cliffs. The 
fo:r:mation is propylitically a.Itered and is characteris
tically gray to greenish gray and locally red, purple, or 
bluish gray depending on the degree of alteration. When 
the formation is viewed from a distance, rude bedding 
can be discerned, but at close 1~a.nge, bedding ris locally 
obscure. The maximum thickness of the San Juan For
mation is more than 3,000 feet at Ouray, 2 miles north 
of the 1nap area; however, within the map area the 
thickness decreases within a distance of about a tnile, 
from 1,000 feet .at the northwest edge to 200 feet or less 
at Albany Gulch. 


TABLE 2.-Nomenclature of Tertiary volcanic units in the western San Juan Mountains 


Telluride 
quadrangle 1 


SUverton quadrangle 2 


Potosi rhyoUte Potosi volcanic series 
series 


-


-
gj Pyroxene andesite ·;::: 


d<l) flows and tuffs 
~~ Intermediate series Burns latlte complex 
~·a Eureka rhyolite 
::::15 Picayune andesite oocs 


I> 


San Juan San Juan tuff 
Formation 


I Cross and Purington (1899). 
2 Cross, Howe, and Ransome (1905). 
a Cross, Howe, and Irving (1907). 


Ouray quadrangle a 


gj 
·;::: 


"Uj ~ 
Potosi volcanic series ou 


~·a 
Po;~ 


I> 


gj Hehson tuff ~ c::·r:: d'5 Pyroxene andesite o<U .... "' Burns Iatlte O"' 
~.:? \l·a Eureka rhyolite l>d 


~~ Picayune andesite """' :::lu 
0 c:l.l'Q 
I> I> 


San Juan tuff 


San Juan region' San Juan region 5 


Piedra rhyolite gj Piedra rhyolite 
Huerto andesite Huerto quartz latlte 't:: Alboroto quartz Iatite ·;;&] Alboroto rbyollte 
Sheep Mountain 


~·a 
Sheep Mountain quartz 


andesite latlte 
Treasure Mountain P-<5 Treasure Mountain 


quartz latlte 0 rhyollte 
Conejos andesite I> Conejos quartz latlte 


Sunshine Peak rbyollte Sunshine Peak rhyolite 


Henson tuff gj 


l§ Pyroxene andesite 
Burns latite "'t> 
Eureka rhyolite <!),,... 


l>d 
Picayune volcanic =o:~ c:J.l~ group 0 


I> 


San Juan tuff 


• Cross, and Larsen (1935). 
5 Larsen and Cross (1956). 


Henson tuff 
Pyroxene-quartz Iatite 
Burns quartz latite 
Eureka rhyolite 
Picayune quartz latlte 


San Juan tuff 


6 This report and Luedke and Burbank (1963). 


Western San Juan 
region 6 


0. ::s 


·~5 Sunshine Peak 
.... () Rhyollte 
o-
P-cd Gilpin Peak Tuff "' .a 


> 


0. ::s 
1::11: 


Henson Formation .S::.:> 


~·~ Burns Formation 
Eureka Tuff :::l Picayune Forma-oo_ 


~ tlon 


San Juan Formation 
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The San Juan Formation is predominantly composed 
of a chaotic accumulation of moderately to well-indu
rated rhyodacitic tuff-breccia. The lower few hundred 
feet of the formation contains er1~atica.Uy distrilbuted 
foreign fragments consisting 1nainly of pre-Tertiary 


· metamorphic and igneous rocks that were derived in 
part from erosion of the pre-Tertiary terrane and in 
part from reworking of material in the Telluride 
Conglomerate. 


The finely comminuted m.atrix ·and the fragments in 
the tuff-breccias seem to be composed of the same finely 
porphyritic rock; this rock has a typical salt-and-pepper 
texture. Phenocrysts, averaging 1 millimeter in size, 
are plagioclase and mafic minerals ; plagiodase pheno
crysts predominate. The plagioclase is andesine or lab
radorite and may or. may not be altered. Of the mafic 
minerals, hornblende is more com1non than either augite 
or biotite; the mafic minerals usually are altered. The 
groundmass is cryptocrystalline, fine grained, and 
felted, and is composed of quartz, potassic feldspar and 
(or) sodic plagioclase, apatite, and specks of iron ores; 
where felted, the microlites are andesine. Alteration 
products are carbonate minerals, chlorite, epidote, iron 
oxides, sericite, clay, secondary silica, and pyrite. The 
bulk of the material extruded is probably rhyodacite, 
but ranges from rhyobasalt to quar.tz latite. 


The San Juan Formrution was deposited originally 
over an estimated 2,400 square miles. The tuff-breccias 
probably were deposited as Inudflows, but the mode of 
accumulation has not been satisfactorily determined in 
an respoots. 


The formation is the principal host rock of veins in 
the .areas west and northwest of Ironton Park; possibly 
the formation 1nay be :found at depth elsewhere in the 
Eureka district in drill holes or deep mine workings. 


SILVERTON VOLCANIC GROUP 


. The Silverton Volcanic Group of middle to late Terti
ary age is an ~accumulation of volcanic materials mostly 
confined to and occupying the large Sa.n Juan volcanic 
depression (pl. 4). Particularly around the west rim of 
the depression, and possibly at other. places, some ma
terial overflowed the contemporary rims for at least 
6-8 miles. The total volume of mate!'lials erupted and 
now composing this group is estimated to be about 400 
cubic miles, of which only 15-20 cubic miles overflowed. 
The intradepression materials occupy an area of about 
425 square. miles, as com.pared with the 2,400 square 
miles occupied by the San Juan Formation. 


The Silverton Volcanic Group is divided into four 
formations: from the base upwards, the Picayune For
mation, Eureka Tuff, Burns Formation, and Henson 
Formation (table 2). Each of the individual formations 
represents one sequence of a succession of major erup-


tions. The Picayune, Burns, and Henson sequences rep
resent the hulk of the Silverton and consist of thin to 
thick flows interbedded with smne ruir-fall and partly 
reworked tuffs, local volcanic piles and domes, and re
lated intrusive bodies. Together, the vol·mne of the 
Picayune, Burns, and Henson Formations is about 
three times the volume of the Eureka Tuff. The Eureka 
episode is characterized by welded ash-flow tuffs ; minor 
ash-flow tuffs, of only local consequence, occur in the 
Burns :and Henson Formations. A few fossiliferous 
limestone and calcareous shale beds occur within the 
Burns Formation, hut neither the fossil plants nor the 
animal remains permit an age assignment of the Silver
ton Group closer than middle to late Tertiary. 


PICAYUNE FORMATION 


The Picayune Formation consists of both fine-grained 
and porphyritic rocks in flows, breccias, and tuffs of 
wide compositional range exposed in the Animas River 
valley adjacent to Picayune Gulch on the east edge of 
the map area. All the rocks are indurated and moder
ately to intensely altered to bluish or greenish gray. 
They weather brownish gray to olive gray. Some of the 
rocks are interpreted as hornfelses which have resulted 
from deep burial and volcanic heat. Some breccia and 
tuff beds in this layered sequence are localy disturbed, 
and the sequence is locally intruded by dikes and irreg
ular masses and sheets of felsitic rock. Only the upper 
part of the formation, 500-600 feet thick, is exposed. 


The flow rocks in the :formation are sparsely to con
spicuously porphyritic with both felsic and mafic 
phenocrysts in a dense aphanitic groundmass. Com
monly the rocks are amygdular; the chlorite- and car
bonate-filled amygdules vary in shape and range 
in size from less than 1 millimeter to more than 1 
centimeter . 


Most of the felsic phenocrysts and all the mafic pheno
crysts are completely altered. The anhedral to euhedral 
plagioclase phenocrysts are as much as 7.5 mm long, 
but are mostly less than 3 mm long. Most are complexly 
twinned and have resorbed margins, and more sodic 
rims. The plagioclase phenocrysts are partly to consid
erably albitized or sassuritized. Of the :few crystals for 
which any optical data could be obtained, the anorthite 
content averaged An45 • The mafic phenocrysts, iden
tified by relict shapes only, consisted of pyroxene, am
phibole, and biotite; pyroxene predominated. The an
hedral to subhedral casts of the mafic phenocrysts are 
as much as 4 mm long but generally average nearer 1.5 
mm. Carbonate minerals, quartz, iron oxides, epidote, 
and chlorite, commonly penninite variety, are the com
mon alteration products of the mafic phenocrysts. Mica 
and clay minerals also are alteration products of the 
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feldspars. The accessory minerals in the rocks are apa
tite, magnetite, and ilmenite; the two oxides commonly 
are altered to, or have reaction rims of, hematite and 
leucoxene respectively. 


In contrast to these Picayune rocks at the type sec
tion, much fresher rocks in a few thin amygdular flows 
of the Picayune Formation outside the west flank of 
the depression west of Ironton Park (pl. 1) are medium 
dark gray and moderately porphyritic. Phenocrysts of 
plagioclase (An36_66 ), clinopyroxene, orthopyroxene, 
and a little olivine are in a dense groundmass of plagio
clase microlites with pilotaxitic to trachytic texture. 


The Picayune eruptive materials range from quite 
mafic to silicic in composition, but most are mafic. Too 
little of the materials is exposed to determine with any 
assurance the type and location of the source vents. 


EUREKA TUFF 


Exposures of the Eureka Tuff, the second oldest for
Jnational unit of the Silverton Volcanic Group, are 
mostly limited to the lower slopes and bottoms of the 
deep valleys. The Eureka Tuff consists predominantly 
of a succession of evenly bedded welded ash-flow tuffs 
that have been moderately to intensively indurated and 
altered over wide areas. The gray to greenish-gray 
welded tuffs are conspicuously speckled owing to abun
dant white feldspar crystals, have a prominent eutaxitic 
structure, and contain many inclusions of certain acci
dental materials. Andesitic and latitic fragments are 
commonly the most abundant, but locally quartzite and 
other foreign materials dominate. 


The base of the formation is exposed within the map 
area on the west side of the Animas River valley, where 
it rests upon the Picayune Formation, and also at the 
mouth of Poughkeepsie Gulch, where it rests upon the 
San Juan Formation. The thickest section of the Eureka 
is exposed on the slopes of Wood Mountain and on the 
east slope of Eureka Mountain, where it exceeds 1,200 
feet. In parts of the map area, some of the very highly 
altered rocks mapped as Eureka include bodies of rock 
that may belong to the overlying Burns Formation and 
possibly also to the underlying Picayune Formation. 


The welded tuffs contain moderately abundant frag
mental intratelluric crystals of feldspar and biotite in 
a fine-grained to cryptocrystalline m3Jtrix of quartz, 
potassic feldspar, iron oxides, and alteration products. 
Crystals of both orthoclase, locally microperthitic, and 
plagioclase ( a;bout An3o) are present; the orthoclase is 
estimated to be as abundant as or slightly more abun
dant than the plagioclase. The feldspar crystals range 
from 0.5 mm to about 6 mm in length and range from 
fresh to partly aJ,tered. Biotite crystals are bent and 
broken thin sheets 2 mm across and are completely al-


tered. Quartz crystals are scattered here and there, but 
quartz seems to be only a minor phenocrystic constitu
ent. Magnetite and apatite are common through the 
rock, and pyrite cubes occur locally where the rock is 
more intensely altered. 


Vitroclastic texture is not well preserved in the 
matrix because of the compaotion, welding, and altera
tion. In general, the compaction of the pumice lapilli 
gives the excellently preserved eutaxitic structure. 
These flattened pumice lentils display digitate ends and 
are warped and bent around the crystals. In many out
crops, the pumice lentils have been replaced by a green 
clay or chlorite and thus present a sharp contrast to the 
gray of the matrix and white of the feldspar pheno
crysts. 


· The Eureka Tuff may be rhyolitic in composition, as 
considered in the past, but it is more likely to be quartz 
latitic, in view of the high content of plagioclase and 
biotite and the low content of quartz. No reliable chemi
cal information supporting this belief, however, is 
available. 


The welded ~tuffs are the result of ash-flow eruptions 
(terminology of Smith, 1960a) or glowing avalanche
type eruptions of grea-t magnitude. The Eureka Tuff 
seems to be an excellent example of Smith's ( 1960b, p. 
158) composite sheet of ash-flow deposits and probably 
represents the great range in types of cooling units and 
cooling history that he suggests. The source vents are 
unknown but believed to be within the San Juan vol
canic depression. 


BURNS FORMATION 


The Burns Formation of the Silverton Volcanic 
Group is a complex accumulation of lava flows, breccias, 
and tuffs associated with local volcanic cones and dome
like eruptive 1nasses; all lie for the most part within the 
volcanic depression. Al,though chiefly intradepression 
in origin, the Burns eruptive materials overflowed parts 
of the contemporary rims. The volume of the intra
depression Burns materials is estimated to be roughly 
100 cubic miles. Disregarding the ·local volcanic cones 
and domes, the Burns Formation in the map area thick
ens from a few hundred feet near the depression margin 
at ~the north to more than 1,500 foot along the south side 
of Eureka Gulch. 


The formation contains rock units that differ con
siderably in their str3Jtigraphic and structural relations 
from place to place and now includes some units th3Jt 
were formerly part of both the underlying and over
lying formations of ·the Silverton Group. The presently 
understood interrelationships and correlations of the 
Burns units are thus based more upon stratigraphy and 
gross charaoteristics of the rocks than upon petrographic 
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features. Nevertheless, with only minor exceptions, the 
lower part, of the Burns tends to be characterized by 
amphibole and biotite, whereas the upper part, tends to 
be characterized by pyroxene. The meager chemical data 
available indicate that the Burns lavas are fairly uni
form in composition and probably average near 
rhyodacite. 


Within the map area the Burns Formation has been 
divided into upper and lower members. These ·two mem
bers have been divided into several distinct units on 
the basis of the type of eruption and (or) mode of 
deposition. 
Lower member 


The lower member of the Burns Formation may be 
divided conveniently into four units. The lowest unit 
is an anomalous intensely altered rhyolitic rock ma.ss 
having steeply dipping flow lines and is found beneath 
the base of typical Burns rocks in Gray Copper Gulch; 
we did not relate this unit with certainty to the Burns 
while mapping in the area. Subsequent fieldwork in 
adjacent .areas tothe west (Bur.bank and Luedke, 1964), 
·however, suggests that these rhyolitic rocks are related 
to a rhyolitic flow lying conformably beneath a local 
Burns volcanic dome in the ring-fracture zone of the 
volcanic depression west of Red Mountain peaks (pl. 1) . 
These rhyolitic rocks appear neither at the base of the 
Burns west of the depression's rim nor within the · 
depression east of Gray Copper Gulch. It .thus appears 
that most of the rhyolite was restricted to a moat or 
graben within the depression's ring-fault zone that 
developed between Eureka and Burns eruptive epochs. 
The flow lines in the rhyolite are truncated by the basal 
flows of the lower member of .the Burns in Gray Copper 
Gulch, and thus some erosion and possibly some tilting 
and (or) faulting occurred between the early Burns 
eruptive phases. Certainly tilting, :faulting, and erosion 
occurred between the Eureka and Burns eruptive 
epochs, for at the base of the Burns at many scattered 
localities are appreciable accumulations o:f breccia-s 
composed principally o:f all pre-Burns volcanic :ma
terials. These local accumulations o:f surficial debris are, 
not believed, however, to be indicative o:f any long inter
val o:f planation and erosion. 


The other three units o:f the lower member o:f the 
Burns are separate but intertonguing local lava masses 
and volcanic domes which formed ·along the ring-frac
ture zone of the volcanic depression; two o:f these sepa
rate volcanic masses, the Poughkeepsie Gulch volcano 
and the Mineral Point dome, rest on Eureka Tuff in rthe 
northern pa:vt o:f the map area. Between these older rock 
masses and overlying or lapping onto them are younger 
flow-layered lavas, whose source is problematical but 
may .be in part beneath Tuttle Mountain or elsewhere 


in the angle between Poughkeepsie and California 
Gulches. The flow-layered lavas of the lower member 
thicken south along Poughkeepsie Gulch and generally 
southeast of a line extending :from Tuttle Mountain 
northeast through Houghton Mountain to Denver Pass 
(pl. 2). However, the strongly developed flow-layered 
structures typical of the flows in the no~th-central and 
no~thwestern palts o:f the area appear to decrease east
ward and southward. In the southern and southeastern 
parts o:f the map area, a discontinuous basal sandy tuff 
occurs between the lower member of the Burns and the 
underlying Eureka Tuff and is best developed in Eu
reka Gulch opposite the Terry tunnel. At the head of 
Poughkeepsie Gulch, and generally throughout rthe area 
south of the previously -mentioned line it rests on Eu
reka Tuff and is overlain by a partly welded pebble-rich 
tuff that forms the base of the upper member. 


Poughkeepsie Gulch volcano.-Situated mostly under 
Mount Abrams at the north end o:f Brown Mountain, 
Poughkeepsie Gulch volcano is a composite mass of 
alternating rhyodacitic lava flows, tuffs, and flow brec
cias and (or) agglomerates resting upon welded tuffs of 
the Eureka and against the wall o:f tuff-breccia of the 
San Juan Formation; at the base of the volcano and 
north of the vents is a local thin laminated flow of rhyo
lite. The volcano has a diameter of about 2 miles, the 
vent or vents ( ~) :being somewhat off center relative to 
the whole mass. Kelley (1946) mapped three small in
trusive plutons on the west wall of Poughkeepsie Gulch 
which are interpreted as the plugged source vents of this 
volcano. 
Exc~pt for rthe light-gray rhyolitic flow rut the base, 


the eruptive materials are medium to dark gray and are 
porphyritic with phenocrysts in a dense aphanitic 
groundmass. Amphibole and plagioclase feldspar are 
the prominenlt phenocrysts. 


Subhedral to euhedral blades o:f hornblende, averag
ing about 2 mm in length, and anhedral to euhedral, 
mostly equidimensional . crystals, of calcic andesine, 
averaging about 1 mm in size, occur in a microcrystal
line groundmass of quartz, potassic feldspar, apatite, 
magnetite, and alteration products. 


Mineral Pmnt dome.-An elongated dome-shaped 
mass, known as Mineral Point dome, exrtends northeast 
:from "Mineral Point through Seigal Mountain and be
yond the northeastern part, o:f the map area. The me
dium-gray rock composing the dome is remarkably uni
form throughout, having only slight variations in 
general appearance, texture, and mineral content. It is 
moderately porphyritic, with phenocrysts of pyroxene 
and plagioclase feldspar embedded in an aphanitic 
groundmass; this texture imparts to the rock its identi
fiable character in the field. At two localities on the 
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margin of the dome-one on the cliffs by the San Juan 
Chief mill on the northwest side and the other just north 
of the Red Cloud ·mine on the south side-there seem to 
be brecciated ( ~) rim remnants or marginal chilled 
selvages which are slightly coarser porphyritic facies of 
the Mineral Point rock. Deuteric and later hydrother
mal alteration effects are common throughout the Min
eral Point dome. 


Augite, mostly altered to chlorite and a carbonalte 
mineral, and a little biotite compose the mafic pheno
crysts. The felsic phenocrysts include two generations 
of plagioclase feldspar; the earlier a.nd larger, averag
ing 6 mm in length, has an approximate anorthite 
content of Ano0, whereas the later and smaller, averag
ing 2.5 mm in length, has an approximate anorthite con
tent of An90 • All the phenocrysts are in a fine-graineq to 
holocrystalline groundmass consisting of feldspar mi
crolites, averaging 0.5 mm in length, with felted to pilo
taxitic texture. Int~rstices are filled with magnetite, 
apatite, quartz, and alteration products. 


Flow-layeTed ~mit.-A unit characterized by the flow 
layers occurs throughout most of the map area; how
ever, in the southern and eastern parts, the rocks have 
a 1nore massive appearance. Flow layering is accentu
ated by alternating light and dark millimeter-thick 
laminae not more than several meters long. 


The gray rock weathers olive to brownish gray and 
is moderately porphyritic, having felsic and mafic 
phenocrysts in an aphanitic to fine-grained ground
mass. The rock is generally weakly altered; locally, al
teration is intense. Plagioclase, averaging 1.5 mm in 
length, and amphibole, averaging 0.5 mm in length, 
predominate as phenocrysts, but some bioti,te and spo
radic quartz are present. The phenocrysts occur in a 
groundmass that consists most commonly of either a 
cryptocrystalline aggregate of quartz and potassic feld
spar or a pilotaxitic texture of feldspar laths, averaging 
less than 0.1 mm in length, the interstices between the 
feldspar laths being filled by opaque materials and 
alteration products. The groundmass probably averages 
about 75 percent of the total bulk of the rocks compos
ing this unit. 
Upper member 


Like the lower member, the upper member is divided 
into units, principally because of different modes of 
emplacement and types of materials contained in each. 
The older of the two units consists of a pebble-rich tuff, 
which throughout the map area and probably much of 
the adjacent areas serves as an excellent horizon marker 
and divider unit between the flow units of the lower 
and upper members, even in localities of intensely al
tered rock. Within most of the map area this tuff is 
welded, but at the mouth of Placer Gulch and on Eureka 


Mountain, it has little or no welding and is more sandy. 
Eastward beyond the Animas River valley the sandy 
tuff grades into and intertongues with tuffaceous and 
pumiceous shale and limestone. The younger of the units 
of the upper member consists of thick lava flows and 
resembles in many respects the flow-layered unit of the 
lower member, except in the eastern part of the area 
where it contains some interbedded thin sandy and 
shaly tuffs. · 


Also like the lower member, the upper member thick
ens from north to south. Near the north end of Brown 
Mountain it is only about 100 feet thick, but at the 
south end of the mountain it is 600-800 feet thick. 
Throughout the map area the upper member is gen
erally overlain by thin-bedded sandy tuffs at the base 
o.f the Henson Formation. Much of the rock now in
cluded in the upper member of the Burns Formation 
was formerly included in the Pyroxene Andesite of 
the Silverton Volcanic Series (Cross, Howe, and Ran
some, 1905). The sources of the upper member's flows 
are problematical, but a thicker domelike body in the 
member west of Gladstone may represent one source. 


Pebble tuff unit.-Throughout most of the map area 
is a thin persistent ledge-forming welded pumice-rich 
and pebble-rich tuff, which ranges in thickness from 
a few feet to more than 50 feet but averages about 25 
feet. This tuff separates the Burns Formation into an 
upper and a lower part. Both the lower and the upper 
contacts of the tuff appear sharp wherever clearly ob
served and not necessarily conformable with the flows 
that underlie or overlie the tuff bed. 


The greenish-gray rock is very fine grained or granu
lar, and where welded, has excellent eutaxitic structure. 
The aphanitic matrix, almost totally obscured by altera
tion products, is moderately rich in lithic fragments 
and fragmental crystals. Lithic fragments as large as 
1.5 em in diameter consist of metamorphic and extrusive 
igneous rocks; among the accidental fragments, round
ed to subrounded quartzite and irregular plates of slate 
predominate. The fragmental crystals, averaging less 
than 1 mm in diameter, are both felsic and mafic. Biotite 
is the most common mafic crystal present; andesine and 
orthoclase are the most common felsic crystals present. 
Also present but in very minor amounts are quartz, am
phibole, and questionable pyroxene. Because the rock 
is badly altered throughout its exposures, the composi
tion can only be assumed to be rather silicic. 


Flow unit.-The upper member's lava flows are 
compositionally uniform and thick. In Ross Basin at 
the head of Cement Creek, they appear massive, but 
elsewhere they are streaked or have flow layering that 
varies in prominence. The medium-gray rock is por
phyritic ·and contains felsic and mafic phenocrysts em-
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bedded in a dense aphanitic groundmass. The rocks 
weather brownish gray. 


Much of the rock in this unit within the central and 
southern parts of the area, particularly where strongly 
deformed, has been intensely silicified, epidotized, and 
propylitized. Pyrite cubes are dispersed throughout. 


Plagioclase and clinopyroxene phenocrysts, locally 
imparting a glomeroporphyritic texture to the rock and 
even penetrating one another, occur in a groundmass 
that ranges from a cryptocrystalline or fine-grained 
granular mass with a few feldspar microlites to a felted 
and in places pilotaxitic mass. The -anhedral to euhe
dral plagioclase phenocTysts (An25_45 ) average ·about 
1 mm in length. The clinopyroxene (augite), averaging 
about 0.5 mm in diameter, is mostly altered to chlorite, 
epidote, quartz, and iron oxides in the thin sections 
examined. The remainder of the rock consists of minor 
amounts of orthopyroxene, biotite, quartz, apatite, 
magnetite, and alteration products. 


HENSON FORMATION 


The Henson Formation as redefined (Luedke and 
Burbank, 1963) now includes the former two upper 
units of the Silverton Volcanic Series as mapped by 
Cross, Howe, and Irving (1907): (1) an unnamed unit 
provisionally called the Pyroxene Andesite and ( 2) the 
Henson Tuff. The interbedded lava flows and tuffs in 
these two units are identical, and it is thus impracti
cable, and in many places impossible, to distinguish 
them, particularly in belts of structural complexity. 
Accordingly, the entire sequence of eruptive rocks in 
the Silverton Volcanic Group above the Burns Forma
tion has been assigned to the Henson Formation. 


The Henson Formation consists principally of inter
bedded andesitic to rhyodacitic lava flows, breccias, 
and tuffs, but also includes rhyolitic lava flows in the 
vicinity of Picayune Gulch, rhyolitic lava flows and 
tuffs in the vicinity of Red Mountain No. 1, rhyolitic 
tuffs along Mineral Creek west of the San Juan Chief 
mill site, and a quartz latitic welded ash-flow tuff 
(Luedke and Burbank, 1961) in the northern part of the 
area at Mount Abrams and Engineer Mountain. Local 
thicknesses of the formation are controlled possibly 
in part by structure, surface relief, and local subsidence 
during Henson time. The maximum known thickness of 
the Henson Formation in the southern part of the map 
area is about 800-1,000 feet. Possibly greater thick
nesses exist in the northern part, particularly just north 
of the map area. There the accumulation of eruptive 
materials was confined in part by the Mineral Point 
dome of the Burns Formation which acted as a partial 
barrier to materials that originated in the ring-fault 
zone of the San Juan volcanic depression north of the 


dome (fig. 2) and to materials that came from centers 
south of the dome or in the central part of the depres
sion. Th~ ash-flow tuff has a preserved thickness of 
about 1,000 feet on Mount Abrams but thins northeast
ward to average about 200 feet. The rhyolitic mass in 
the vicinity of Red Mountain No. 1 possibly has a thick
ness far exceeding 1,000 feet. 


Sources of the lavas and ash are mostly obscured, but 
one central-type vent is found near the head of Eureka 
Gulch beneath the slope of Bonita Peak, and another 
is suspected near the head of Picayune Gulch beneath 
the slopes of Eureka Mountain. Some flows may have 
erupted from fissures, because some dikes of material 
similar to that in the Henson flows cut the older forma
tions. Fissure eruptions are assumed also for the thin 
flows of rhyolite and associated tuffs near the base of the 
Hel1son Formation and the similar rhyolite in dikes that 
cut the older rocks. The quartz latitic ash flow is believed 
to have erupted from a central vent just north of the 
map area west of Engineer Mountain (Luedke and Bur
bank, 1961). 


The sandy reworked water or fine-grained gray tuffs 
reworked by water are thin bedded and locally are 
cross-stratified. They occur as layers, in places len
ticular, that range in thickness from a few feet 
to more than 100 feet. The base of the Henson 
Formation is generally marked by a tuff layer which 
locally has a large proportion of embedded foreign 
fragments, mostly flow rocks; however, any of the 
tuff layers locally may have many rounded to sub
angular fragments of silicic and mafic rocks ranging 
from sand to boulder size. The bulk of the tuffs consists 
of grains of fragmental felsic and mafic crystals, mag
netite, and'lithic fragments cemented by secondary sil
ica, clay, and carbonate minerals. The grains range from 
less than 0.05 to 1.7 mm in diameter. Vitroclastic tex
ture is largely destroyed. 


The dark-gray commonly amygdular lava flows and 
breccias are porphyritic and consist of two main types : 
( 1) dense aphanitic rock containing phenocrysts 1-2 
mm in length and (2) dense aphanitic rock containing 
phenocrysts 5-10 mm in length. The finer prophyritic 
rocks are found throughout exposures of the formation, 
but particularly south of the Mineral Point dome, 
whereas the coarser porphyritic rocks are found mostly 
north and east of the Mineral Point dome. In both 
types, plagioclase and pyroxene are the principal pheno
crysts, but minor amounts of olivine are more common 
in the coarser type. The plagioclase feldspar pheno
crysts are labradorite ( An55_65 ) and range from 0.2 
mm to 1 em in length. The pyroxene phenocrysts con
sist of both augite and hypersthene and range fron1 0.5 
mm to 2.5 mm in length. These minerals are altered in 







FIGURE 2.-View and sketch of the alternating flows and tuffs and the welded tuff of the Henson Formation lapping onto Mineral Point dome unit of the Burns 
Formation, and ring faults of the Silverton cauldron in the south side of Engineer Mountain. Timbered ridge (center right) underlain by rhyolitic flows 
and breccias at base of Henson Formation, which are dipping 25•-45• N. Crest of peak capped by porphyritic quartz latite, ql. Tsbm, Mineral Point dome 
unit of Burns Formation; Tsh, Henson Formation; Tsht, welded ash-flow tuff of Henson Formation; Qs, landslide. Sketch by B. N. Wahju. 
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varying degrees, ranging from fresh to completely al
tered. Subhedral olivine crystals, completely altered to 
serpentine, iron oxides, and iddingsite, average about 
1 mm in length. These phenocrystic minerals and acces
sory minerals of apatite, zircon, magnetite and ilmenite, 
and alteration products occur in a felted to pilotaxitic 
groundmass consisting of interstitial cryptocrystalline 
materials and plagioclase microlites averaging 0.07 mm 
in length. 


The white to light-gray dense rhyolitic flows and asso
ciated tuffs consist principally of potassic feldspar and 
quartz and seem to be related to local grabens and faults· 
active in late Silverton time. 


The light- to dark-gray welded ash-flow tuff is com
posed of a lower part and an upper part which are char
acterized by euhedral to subhedral amphibole and bio
tite respectively. Other fragmental intratelluric crystals 
consisting of resorbed quartz, potassic feldspar, and pla
gioclase (oligoclase-andesine), accessory minerals, and 
alteration products occur in a vitroclastic matrix locally 
exhibiting eutaxitic structure. The welded tuff con
tains very few accidental rock fragments. 


POTOSI VOLCANIC GROUP 


The Potosi Volcanic Group is the third and young
est major division of volcanic rocks which was rede
fined by Luedke and Burbank ( 1963) to contain two 
formational units in the western San Juan Mountains: 
the Gilpin Peak Tuff and the Sunshine Peak Rhyolite; 
the units consist principally of welded ash-flow tuffs and 
are genetically related to the formation of the Silverton 
and Lake City cauldrons, respectively, which are super
imposed within and upon the San Juan volcanic depres
sion (pl. 4). Other units are now believed to have had 
their source in the Lake City center and thus add to the 
formational units in the redefined Potosi Group. All 
these units possibly could have covered an area of more 
than 1,000 square miles and had a volume of 200-300 
cubic miles. 


No rocks of the Gil pin Peak Tuff are exposed within 
the map area, but because of the importance of this 
unit in its relationship to the formation of the Silverton 
cauldron (p1..1), within which most of the map area is 
located, it is noteworthy. Also, no rocks of the Sunshine 
Peak Rhyolite are believed to be exposed within the map 
area, but it too is mentioned briefly because of its genetic 
relationship to the Tertiary volcanic history in the west
ern San Juan Mountains. 


Isolated bodies of welded tuffs, not yet assignable to 
any particular formational unit in the Potosi Group, 
are exposed within the map area only on Mount Abrams 
and at the north end of the ridge extending north of 
Engineer Mountain. On Mount Abrams the body has a 


minimum thickness of 400 feet. At both localities, the 
rocks are grayish-brown moderately crystal-rich welded 
ash-flow tuffs with prominent eutaxitic structure and 
probably have a composition of rhyolitic quartz latite. 
The rock contains accessory fragments of quartz latite, 
and particularly on Mount Abrams, accidental frag
ments of granite, quartzite, and slate in the lowermost 
part. The crystals and crystal fragments of andesine, 
quartz, augite, and minor hornblende and biotite are 
contained in a dense crystalline m·atrix in which the 
vitroclastic structure is almost or completely obliterated. 
The oom,pacted pumice lapilli and matrix are devitrified 
to minute fibers or fine-grained aggregates of potassic 
feldspar and quartz. 


QUATERNARY DEPOSITS 


The Quaternary deposits of the map area include 
Pleistocene glacial and landslide deposits and Recent 
alluvial, talus, rock-glooier, and landslide deposits. 
Three advances of Pleistocene glaciers, were recognized 
in the San Juan region by Atwood and Mather ( 1932), 
who named them, from oldest to youngest, the Cerro, 
Durango, and Wisconsin glacial stages. Richmond 
( 1954) has further sugg~sted that the Durango and 
Wisconsin stages each represent two glacial advances 
rather than one and that the Cerro is of pre-Wisconsin 
age and the Durango and Wisconsin are of early Wis
consin and late Wisconsin ages, respectively. A few 
remnants of gravel on protected mountain shoulders, 
as on Houghton Mountain at an altitude of 12,400 feet, 
may represent remnants of pre-Wisconsin deposits, but 
for the most part, the earlier deposits, the Cerro stage 
of Atwood and Mather ( 1932), were destroyed during 
the Wisconsin Glaciation. Remnants of the Wisconsin 
glacial drift are found mostly near the cirques and on 
the slopes of the valleys at the junctions of valley 


·glaciers. 
Rock glaciers, or rock streams as they were previously 


called by Howe (1909), probably represent minor ·ad
vances of ice, rock, and snow in glacial cirques in post
Wisconsin time rather than landslides as thought by 
Howe ( 1909) and Atwood and Mather ( 1932). After 
Pleistocene glaciations, the walls of the cirques must 
have remained high enough to permit more rock debris 
than ice and snow to accumulate in the cirques. At 
depth, the rock glaciers in some, if not all, cirques are 
still cemented with ice. Under present conditions, talus 
from the walls of the cirques is encroaching upon and 
covering the stagnant rock glaciers. The age of these 
rock glaciers is debatable, but they have advanced over 
the old Wisconsin glaciated floor of the cirque heads 
and, according to Richmond ( 1954), are of Recent 
rather than Pleistocene age. 
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Locally, talus entirely obscures the lower slopes of 
the cliffs and mountains. In places the talus is likewise 
cemented with ice at depth. In the mapping of talus, 
generally only those deposits are shown that effectively 
obscure the bedrock. 


Small landslides, as represented, for example, by the 
deposit in Placer Gulch, have continued to take place 
in the area until recent years. 


The valley alluvial deposits and alluvial cones in the 
map area are largely of Recent origin but locally may 
be partly reworked older debris of late Wisconsi~ age. 
Where cemented by bog iron and clayey material, the 
older gravels are resistant to erosion and consequently 
are preserved in their original position. These higher 
level gravels are found along Cement Creek, south and 
west of the map area; some are preserved also along the 
Middle Fork of Cement Creek and along Minnehaha 
Creek. 


Alluvial oone or fan deposits are found at the mouths 
of most tributary streams and gullies, and coalescing 
alluvial cones effectively obscure the lower slopes of 
some of the cliffs and mountains. 


Many of the small upland flats and locally valley 
bottoms are covered by colluvial deposits consisting in 
part of alluvial fill and in part of residual materials. 
Often these colluvial areas are extremely boggy. 


The bearing of the physiographic development and 
glacial erosion on oxidation and enrichment of ores 
within the region will be considered briefly under the 
section "Shpergene and hypogene enrichment." 


INTRUSIVE ROCKS 


Three and possibly more periods of intrusive activity 
'
1 are recorded in the western San Juans by ( 1) granitic 


to d.iabasic rocks of Precambrian age, ( 2) granodioritic 
and related hybrid rocks associated with the Laramide 
orogeny of Late Cretaceous and early Tertiary age, and 
(3) grabbroic to rhyoli·tic rocks of late Tertiar:y ·age. 


Clastic dikes, of intrusive origin but not of primary 
igneous composition, are also discussed in this section. 
Ore deposits of prevolcanic age (Burbank, 1930, 1935, 
1940 · Luedke and Burbank, 1962) are related to the ' . . . granodioritic rocks, and centers of ore deposition sim-
ilar to that at Ouray may be buried beneath the eruptive 
materials. . 


Intrusive rooks younger than the eruptive materials 
form numerous discordant and concordant masses 
throughout the Eureka district and adjoining areas. A 
few intrusive bodies in the Eureka district clearly rep
resent lava conduits or feeder vents for some of the late 
surface eruptions. Generally, however, struotural rela
tions of these intrusive masses are obscured by faulting 
and overlapping eruptive rocks; where field relations 


are uncertain, the intrusive masses are included with 
surface volcanic accumulations with which they are 
associated. Dikes and small plugs or irregularly shaped 
plutons are common, and the fractures and vents they 
occupy are related structurally to the fissures occupied 
by the ore deposits. All the larger stocks lie outside the 
map area (pis. 1, 4). 


The common intrusive igneous rocks, occurring mostly 
as dikes in the map area, are andesite, quartz latite, and 
rhyolite. The andesite (possibly latite) in dikes and 
sills is generally an inconspicuous dark fine- to medium
grained rock that closely resembles lava flow,s. Some of 
these intrusive bodies cut flows throughout the volcanic 
pile and may have been feeders to some of the flows. 
Some also occur along major fault lines which were 
active at different times during the eruptive cycles; at 
such places the intrusive rocks are associated with 
breccia bodies of similar composition, possibly repre
senting repeated eruptions along active faults. Most of 
these intrusive and breccia bodies have vague bound
aries and structural relations and have not been differ
entiated on the map from the main masses of flows. 
Possibly some unmapped sill-like bodies of these rocks 
exist, but on the whole very few true sills have been 
recognized. Some rock masses described as sills by Cross, 
Howe, and Ransome (1905) were shown by detailed 
mapping to. be thick complex flows, whose internal · 
structures, caused by fracturing and engulfment of lava 
crusts, give the false impression of local intrusive 
masses. 


Porphyritic quartz latite is the most widespread of 
the intrusive rocks. It is -a very conspicuous gray to 
light-brown rock with large phenocrysts of pink to white 
potassic feldspar, commonly about 1 om long but as 
much as 4 em long, and a little quartz, augite, horn
blende, and biotite in a dense aphanitic groundmass. 
The longest and largest dike shown on plate 2 crops 
out discontinuously from near the head of Gray Copper 
Gulch to the south slope of Houghton Mountain, a dis
tance of 3% miles. A greenish-gray intrusive quartz 
latite occurs as irregular sills on Wood and Houghton 
Mountains and forms relatively thick bodies along the 
shaly tuff beds at the base of the Burns Formation. 


Rhyolite most commonly occurs as thin discontinuous 
dikes along small fissures and as small irregularly 
shaped plugs. It is light-colored fine-grained rock with 
only a very few inconspicuous small phenocrysts of 
feldspar. The rook in the rhyolitic dikes is dense ~nd 
platy or ropey. One rhyolitic dike on the southeast side 
of California Mountain consists of both dense and por
ous layers; the porous rock contains irregularly elon
gated vesicles, several inches long, filled with quartz 
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and a little calcite. Rhyolite intrusive bodies occur at 
Denver Hill and at California Mountain. The rhyolite 
in both plugs is white to gray cryptocrystalline rock; at 
Denver Hill it is massive, whereas at California Moun
tain it has long thin streaks of coarser, crystallized 
granular material. In places, ,the streaky texture is 
somewhat wavy or wraps around a few inclusions of 
crystalline rock. Most of the groundmass is too fine 
grained for identification of its mineral components, 
but the coarser bands consist in part of some quartz and 
potassic feldspar intergrowths. A little chloritic ma
terial, grains of iron oxides, and rare flakes of mica, 
probably altered biotite, are visible in some grainy 
patches. 


Intrusive clastic dikes closely related to some of the 
igneous intrusives but not of primary igneous origin 
occupy a few randomly oriented and discontinuous fis
sures throughout the map area. The contact of these 
dikes with the wallrock is sharp. The dikes range in 
thickness from a few inches to a few feet, though they 
pinch and swell along the fissures. They are composed of 
rounded to angular fragments of the volcanic country 
rock and of the underlying Precambrian basement 
rocks. Fragmentation is believed to have been contem
poraneous with the forceful intrusion. 


VOLCANIC PIPES 


A few volcanic pipes containing bodies of intrusive 
breccia and igneous rock are exposed on the slopes of 
Red Mountain No. 1 in the western part of the map 
area. These pipes are commonly found in areas where 
the chimney mineral deposits occur, hut the two are not 
always closely associated. The forms and possible origin 
of these vertical cylindrical bodies have :been described 
by Burbank (1941, p. 170-178), who related their mode 
of formation and shapes to structural influences that 
also bear on the origin of the chimney deposits of the 
region. The most symmetrical pipes typically have 
slightly elliptical cross sections. Some pipes are com
pletely filled with intrustive porphyritic quartz latite 
or rhyolite and have sharply defined walls that may be 
somewhat sheeted. The intrusive igneous rock com
posing many of the pipes does not differ greatly in com
position from the volcanic host rocks., An analysis of 
the various stages of pipe growth and form indicates· 
that the pi pes are so-called tubes along which the vol
canic country rocks were initially brecciated and fluxed 
by hot gases and solutions rising from underlying 
magma along nearly vertical linear channels. Subse
quently, these rocks were reconstituted mineralogically 
by metasomatic action and eventually partly incorpo
rated in fused material. 


Some pipes doubtlessly extended to the surface and 
perhaps formed vents for local volcanic piles. Some 
pipes also contain mixed instrusive masses of porhy
ritic quartz latite, rhyolite, .and breccia and thus in
dicate several stages of eruptive activity. 


The texture and composition of the porphyritic 
quartz latite and rhyolite in the pipes appear very much 
like that of some dikes in areas where tensional fissur
ing resulted in dike forms rather than the cylindrical 
pipes characteristic of the west margin of the Silverton 
cauldron. The magmas that filled the dike channels 
possibly had a similar origin to the magmas that filled 
the pipes. 


STRUCTURE 


REGIONAL SETTING 


The Eureka district and adjoining areas (pl. 2) oc
cupy the northeast quarter of the Silverton cauldron 
(pl. 1). This cauldron and the comparable Lake City 
cauldron to the northeast lie within the older and larger 
San Juan volcanic depression (pl. 4). These major 
structural features are related to the vast accumulation 
of volcanic materials that compose the so-called western 
San Juan source area and are the result of successive 
and repetitive stages of eruption, of partial engulfment 
of volcanic piles, and of resurging magma that caused 
local uplift, radial and concentric fracturing, and sub
sidence of some blocks. 


The western San Juan Mountains basement on which 
this Tertiary volcanic complex formed is composed of 
Precambrian, Paleozoic, and Mesozoic metamorphic, 
sedimentary, and igneous rocks (pl. 5A), and has been 
intermittently elevated and deformed during much of 
geologic time. Early Tertia.ry streams draining west
ward and northward from the Needle Mountains high
land to the south eroded much of the Paleozoic and 
Mesozoic sedimentary cover and exposed the Precam
brian core, from which these sedimentary rocks dip 
away to the west and northwest. Here and there, residual 
hills rise ·as much as 1,000 feet above this early Tertiary 
erosion surface, which is locally veneered in its lower 
parts by the sedimentary Telluride Conglomerate. 


Major northeast, north, and northwest structural 
trends prominent in the western San Juan block seem to 
intersect in the general vicinity of the Silverton caul
dron. Recurring structural activity was concentrated 
along these trend lines throughout much of geologic 
time. The northeasterly alinement of some major 
structural features, such as the long axis of the volcanic 
depression of the Tertiary volcanic complex (pl. 4), 
could conceivably be reflections of northeasterly tectonic 
trends as old as Precambrian. Tweto and Sims {1963, 
p. 1006 and figs. 2, 5) suggested for this region a south-
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westerly projection of the Precambrian tectonic fea~ 
tures that they have found for more northerly parts of 
the Colorado mineral belt. The northerly lineament re~ 
fleeted in the volcanic cover seems to be closely alined 
with the strongly deformed west border of the Needle 
Mountains uplift to the south. Along this line the 
Paleozoic sedimentary rocks dip abruptly westward off 
the highland of Precambrian rocks. The ancestory of 
sotne well-defined northwesterly trend lines is partly 
reflected in and pa.rtly obscured by both sedimentary 
and volcanic covers, but these trend lines could be re
lated to the northwesterly trend of the Uncompahgre
San Luis highland of Paleozoic and Mesozoic age (Bur~ 
bank, 1933c, p. 277-283 and figs. 13, 14). These earlier 
developed tectonic trends in the basement block of the 
western San Juans may have ha.d some effect in localiz
ing Tertiary volcanism. 


VOLCANIC STRUCTURAL EVOLUTION 


The early eruptions of materials that form the brec
cin:s, tuffs, and flows composing the SanJuan Formation 
came from u. cluster of volcanoes extending along a 
northeastward-trending zone from the vicinity of the 
Eureka district to and beyond La.ke City (pl. 4). Con~ 
siderable evidence as to the original nature of these 
volcanoes is afforded by the Lake Fork volcano east of 
Lake City· and by another center northwest of Lake 
City. The Lake Fork volcano was considered by Larsen 
and Cross ( 1956, p. 64) as old.er than tuffs of the San 
Juan Formation, but considerable intermingling of 
debris from this center with San Juan debris to the west 
indicates overlapping of eruptive sequences. As a 
group, the volcanoes were highly explosive and yielded 
a great volume of mudflows and ashy-fragmental debris 
that spread over hundreds of square miles (pls. 4, 5B). 
Closer to the centers, flow breccias and lava flows inter
mingle irregularly with brecciated debris. Locally, lava. 
flows in the upper parts of the San Juan Formation 
extend radially westward, northwestward, and north
ward from the volcano or volcanic sources that must 
have been in the Eureka-Red Mountain-Engineer 
Mountain area. · 


The transition from the violent San Juan type erup
tions to lava eruptions of early Silverton time appears to 
have taken place without· an appreciable interval of 
volcanic quiescence and erosion. However, significant 
eruptive and structural changes must have taken place 
because the great San Juan volcanic depression covering 
more than 400 square miles had begun to take ·form 
(pl. 50). Its origins are obscure. The conclusions of 
Cross, I-Iowe, and Irving (1907, p. 15) that a great ero
sion interval preceded Silverton eruptions and that 
canyons several thousand feet deep were cut in the 


San Juan beds, even below the level of the Telluride 
erosion surface (Atwood and Mather, 1932, p. 18; Wis
ser, 1960, p. 30), are based upon misinterpretations of 
structural features. The walls of the so-called can
yons referred to in early reports coincide with the walls 
of the faulted rim zones of the San Juan volcanic 
depression aga.inst which Silverton volcanic rocks were 
deposited during evolution of the depression. 


Structural events are connected either with an initial 
downwarping of the site of the older volcanoes (Bur
bank, 1933b, p. 180) or with local doming of the base
ment preceding subsidence and engulfment of the vol
canoes. A granitic high now remains near the center of 
the SanJuan depression between the Silverton and Lake 
City cauldrons, probably representing some upthrust 
of the basement through mantling San Juan and Silver
ton rocks. But the timing and magnitude of these several 
more obscure events remain to be clarified by further 
study. 


Some redistribution of volcanic debris in the San 
Juan Formation took place during the development of 
the volcanic depression. In part, this was the result of 
local erosion, which is to be expected in an unstable 
volcanic enviromnent. Backwashing of the materials 
toward the depression is evident at places along both the 
northwest and south rims of the depression. Also, abrupt 
thinning of the San Juan Formation to zero at the 
northwest corner of the map area, from a thickness of 
more than 2,000 feet just to the north and west of this 
locality, could have been the result of basinward land
sliding of debris toward voids created by subsidence. 
But there is no evidence that extensive erosion cut great 
canyons through the rim zones and removed hundreds 
of cubic miles of fragmental debris. 


The rocks of the Silverton Volcanic Group never ex
tended far from the confines of the San Juan depres
sion (pl. 5D). Thin flows of Picayune, Eureka, and 
Burns that overflowed to the west and northwest of the 
depression rim end abruptly against the wall along the 
north rim. The depression must have deepened gradually 
or intermittently with transfer of lava and ash to the 
surface. This deepening may have been especially accen
tuated during and (or) following eruptions of the 
Eureka ash flows. After subsidence, and welding of the 
ash flows, the basin floor was arched, distended, and 
then collapsed to some extent; this deformation initiated 
the major northeast-trending graben of the Eureka dis
trict. As a result, the layered volcanic rocks tend to dip 
outward from the line of this graben towards the rims 
of the depression. This structural feature was accen
tuated and further faulted during later intrusive and 
eruptive activity. 
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In early Burns time, the San Juan depression was 
bounded at many places by faulted rims along which 
a number of large Burns volcanoes :formed. Many of 
the Burns flows are characterized by great thickness, 
the materials coming in part from the rim volcanoes 
and in part :from large domes scattered about on the floor 
of the basin. At least two such domes and possibly sev
eral others lie within the Eureka district. The forma
tion of one of these, the Mineral Point dome in the 
northeastern part of the map area, evidently involved 
some dislocation of the basin floor and possibly accen
tuated the dip of the already northwest-dipping Eureka 
beds. The line of this dislocation is m·arked by strong 
shearing and brecciation of Eureka beds .northeast of 
Denver Lake and by a rhyolite intrusion along the 
north slope of Houghton Mountain. 


The Burns eruptions left the basin floor in the vicinity 
of the Eureka district divided by the high ridge of the 
Mineral Point dome; the later flows, tuffs, and breccias 
of the Henson Formation show some effects of this bar
rier. To the northwest, between the ridge and the north 
rim of ·the depression, many tuff beds and some thin 
interbedded lava flows were deposited. South of the 
ridge, a great thickness of relatively thin lava flows and 
breccia beds was deposited in a basin covering an area 
west, south, and east of the Eureka district. The floor 
appears to have been arched and distended again along 
the trend of the Eureka graben; small amounts of rhyo
lite extruded along some of the graben faults, particu
larly on Treasure Mountain. Sources of most of the 
Henson flows are obscured or are outside the immediate 
area. One small circular central vent, indicated by a 
local accumulation of inward-dipping tuffs and ag
glomerate, is exposed on the slopes of the ridge about 
2,000 feet southwest of Lake Emma, and other vents 
may be represented by dikelike bodies on the ridge east 
of Hurricane Peak. 


Ash-flow eruptions that began in late Henson time 
reached a climax in the immense ash flows of the Potosi 
Volcanic Group (pl. 5E). During repeated eruptions, 
great volumes of ash spread for many miles over sur
rounding areas. As a result, a block of crust about 10 
miles in diameter-the Silverton cauldron enclosing the 
Eureka district-was down:faulted by reactivation and 
extension of the west rim faults and by localized :fault
ing along what is now the course of the Animas River 
above Silverton. Renewed faulting. took place along 
the earlier mentioned Eureka graben, and probably the 
main displacement on the Ross Basin fault (pl. 2) took 
place at about this time. For several miles around the 
Silverton cauldron (pl. 1) the crust was domed and 


broken, evidently by some final resurgence of deep 
magma, and systems of radial and concentric fissures, 
faults, and dikes were formed. Small stocks invaded the 
newly faulted rim zones and intruded the outlying 
formations west of the cauldron. This final doming and 
intrusive activity clearly followed emplacement of the 
Potosi ash flows, as indicated by radial dikes that cut 
these ash flows (pl. 5F). Further subsidence of periph
eral parts of the domed cauldron, however, is shown by 
down:faulted Potosi beds along the west rim zone. The 
evolution of the cauldron in its later stages compares 
closely with the so-called resurgent cauldrons defined 
by Smith, Bailey, and Ross (1961). 


The late subsidence and doming of various crustal 
blocks of the Silverton cauldron seem to have taken 
place in pulsations rather than as a single event. Some 
radial fissures contain multiple dike intrusions which 
terminated in some places with injections of clastic 
·debris. Probably the latest igneous activity was con
centrated in parts of the rim zones and concentric 
faults of the cauldron, where the combined action of 
volcanic gases and magmas :formed numerous igneous 
and breccia pipes. A few of these lie within the Eureka 
district; examples are those in the vicinity of the 
strongly bowed fault zone on Red Mountain No. 1 along 
the west border of the map area. Few if any of these 
smaller volcanic pipes have been appreciably faulted, 
and they very likely represent the dying phases of 
igneous activity. Commonly, viscous rhyolite is the 
youngest intrusive rock in the pipes; it followed the in
trusion of .porphyritic quartz latite which is locally 
brecciated. These volcanic pipes may have been feeders 
for summit volcanoes having rather viscous lava and 
breccia eruptions, but erosion has destroyed any posi
tive evidence of this eruptive phase in the Silverton 
area. 


Intermittent pulsation of the volcanic crust seems to 
have continued after cessation of igneous activity be
cause many mineralized fissures were reopened re
peatedly during the formation of compound vein 
deposits, for example, those of the Sunnyside and other 
prominent fault-line veins of the district. Volcanic 
emanations were especially active in parts of the faulted 
rim belts, particularly along the western border of the 
district and in the adjoining Red Mountain area. These 
features will be discussed more fully in connection with 
alteration of the volcanic rocks (p. 29). The volcanic 
stra:tigraphy and related structural geology of the 
region around and including the Eureka district are 
summarized in table 3. · 
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TABLE 3.-MiddZe( f) Tertiary volcanic and structural evolution of the western, San Juan Mountains 


GEOGRAPHIC DISTRIBUTION OF UNITS 


------Generally west Generally east------


Quartz latite flows and intrusives 


RECURRENT 


{ SUBSIDENCE 


JDOMING OF SILVERTON AND LAKE CITY CAULDRONS 


Potosi Volcanic Group ~ Huerto Formation 
OF SILVERTON I Sheep Mountain Quartz Latite 


~ 
I 
~ 


I I AND LAKE CITY Gilpin Peak Tuff Sunshine Peak Rhyolite 
CAULDRONS 


Silverton Volcanic Group 


RECURRENT 
SUBSIDENCE 
AND DOMING 
OF SAN JUAN 
VOLCANIC { Henson Formation 


Burns Formation 
Eureka Tuff 
Picayune Formation 


DEPRESSION 


SUBSIDENCE OF SAN JUAN VOLCANIC DEPRESSION 


San Juan Form.ation'--Lake Fork Formation 


DESCRIPTIONS OF STRUCTURAL FEATURES 


ATTITUDES OF THE VOLCANIC ROCKS 


Original attitudes and relations of the· various rocks 
in the Eureka district and adjoining areas sometimes 
were difficult to decipher despite extensive lateral and 
vertical searching throughout individual units. Typi
cally in volcanic terranes, few, if any, units serve as 
reliable horizon markers for any great distance. Planar 
structures generally lie nearly parallel to the bottoms 
and tops of many lava flows. Some flows, particularly 
in the Burns Formation, possess strongly contorted 
layers that are apparently unrelated to the normal 
internal attitudes of typical lava flows. The original 
layering in the welded tuffs also was nearly parallel to 
the 'bottoms and tops of the ash flows, but topographic 
irregularities on the underlying surface probably pro
duced significant local variations. The lake-deposited 
limestones and varved shales in the Burns Formation . 
and the fluviatile sandy tuffs form the most reliable 
horizon markers, but these beds unfortunately are 
limited or lacking in a number of structurally critical 
areas. 


In some localities, the steeply dipping to vertical 
flow handing is believed to represent local domes and 
l'idges of viscous lava that rose from vents on the floor 
of the depression; in other places, it represents local 
effects of flowage. The absence of interbedded tuffs and 
sedimentary units at domed bodies may indicate that 
the bodies were emplaced above the average deposi
tional level of the tuffs and sediments. 


Dip· and planar flow symbols on plate 2 commonly 
represent :averages of many local readings. Dips of 25° 
to locally 50° or more in the tuffs, limestones, varved 


shales, and on contacts between flows, and local con
sistency in the attitudes of flow l~ayering in lava flows 
established with reasonable assurance the true tilting 
and deformation in numerous fault blocks of the 
rlistrict. 


These general features thus indicate a wide depres
sion floor on which ridges and domelike bodies of lava 
were separ.ruted by areas of more nearly horizontal lava 
flows, tuffs, and breccias and a few lake beds. This 
1nelange contrasts strongly with the consistently layered 
and nearly horizontally bedded flows and tuffs outside 
the San Juan depression margins. The faulting ~and 
tilting of the beds and masses composing the depression 
floor was intermittent, and the final complex probrubly 
is the result of mMly episodes. 


MAJOR STRUCTURAL ELEMENTS 


Aside from the local defonnation of the volcanic for.
mations throughout the 1nap area, there are four dom.i
nant structural elements and trends : ( 1) an incomplete 
but complex system of roughly concentric ring faults 
and fissures related to the main downfaulted central 
block of the Silverton cwldron, (2) the northeast fault 
trough or graben block lying between major faults that 
are part of a system of nearly parallel and interconnect
ing faults and fissures of northeast trend, (3) a north-


. trending horst and graben structure in Poughkeepsie 
Gulch, and ( 4) a large downfaulted oval-shaped block, 
the Red Mountain block, along the west border of the 
district. Superimposed upon these structures through
out the area are other minor structural features of local 
and often obscure nature, which will be mentioned 
specifically later. 
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CAULDRON RING-FAULT BELT. 


Part of the ring-fault belt of the Silverton cauldron 
is expressed both structurally and topographically 
within the map area. In the northwestern part of the 
area the faults and mineralized fractures included in ' . the ring-fault belt consist of the northeast-trendmg set 
which crosses Brown Mountain just south of Mount 
Abrams with but little topographic expression. The set 
extends southwest across the upper end of Ironton Park 
and then south thr.ough the Red Mountain Pass area, 
west of the map area. (See Burbank and Luedke, 1964.) 


Within the . rest of the area, at the north and east 
edges, iw. arcuate topographic depression or trough on 
this structural b-elt extends from the mouth of Pough
keepsie Gulch ,aJ.ong Mineral Creek by Engineer and 
Seigal Mountains down the valley of the Animas River 
past the townsite of Eureka (fig. 3). The northeast- and 


FIGURE 3.-View southwestward into glacier-'Carved Animas 
River valley from Cinnamon Mountain. Valley paralleLs ring
fault belt of Silverton cauldron. Former Eureka townsite at 
head of flats, bottom center. 


east-trending ring-fracture sets are less strongly defined 
and may die out where they 11but or possibly turn into 
the northwest-trending faults, also considered as part 
of the ring structure, near the San Juan Chief mill site. 
Far.ther along the south side of Engineer Mounta.in, 
only a few east- or southeast-trending mineralized frac
tures were observed. 


West of Seigal Mountain, no major south ward-trend
ing structures corresponding to the ring-fault belt were 
observed; a few locally sheeted zones and a few weakly 
mineralized fractures occur in the rocks. North of the 


Cinnamon fault are a few south- to southeast-trending 
mineralized fractures and the dogleg or offset in the 
north branch (Sum1yside-Wood Mountain faults) of 
the Sum1yside fault system (pl. 6). South of the Ciima
mon fault are several known strong ring faults which 
can be traced down the Animas River vall-ey to and be
yond the Eureka townsite (those east of the river ar.e 
not shown on pl. 2 or 6). 


The faults and fractures considered to compos-e the 
ring-fault belt are vertical or nearly vertical. The move
ments on these faults and fractures are thought to have 
been vertical with little or no horizontal component, and 
the downthrown blocks generally are on the cauldron 
side. Locally, the stratigraphic section has boon repeated 
several times within the ring-fault belt, particularly 
where seve val faults makeup the b-elt. 


EUREKA GRABEN 


The principal faults of the graben block herein 
named the Eureka graben include the Sum1yside fault 
and its continuation in the Wood Mountain and Cin
namon faults, the Ross Basin fault, the Bonita fault, 
and the Toltec fault and its continua;tion in the Ana
conda fault (Burbank, 1951); together these form a 
large boot-shaped complex outlining the graben shown 
on plate 6. Several of these faults or parts of them were 
first mapped in the Silverton folio (Cross, Howe, and 
Ransome, 1905) . Details of the fault extensions east of 
the Animas River have not been mapped, but these ex
tensions, essentially as shown in the Silverton folio, 
have been confirmed. 


The Ross Basin faul~t, forming the top of ~the "boot's 
toe," trends southeastward along a curving course from 
east of Red Mountain No. 1 through Ross Basin to near 
Lake Emma in Sum1yside Basin (pls. 2, 6). The fault 
dips 70°-85° S., and the south block is downthrown 
relative to the north block. Maximum displacement of 
rocks on ~the fault occurs near the right-angle junction 
with the Sunnyside fault near Lake Emma and dimin
ishes westward along its course toward the junction with 
the Boni~ta fault. Flows and tuff beds north of the fault 
generally are tilted 25°-35° NW. in narrow northward
trending faul~t blocks which are successively repeated 
to the east in Hurricane Peak (pls. 2 and 3, section 
B-B'). The flow and tuff beds south of the fault are 
tilted more moderately southward. 


The main Sum1yside fault extends from the nearly 
right-angle junction with the Ross Basin fault in Sunny
side Basin northeastward into Placer Gulch for about 
2 !niles, where it splits into two major branches. The 
southeastern branch, called the Cinnamon fault, con
tinues northeastward across the cauldron's ring-fault 
belt with little or no displacement and may be traced 
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several miles beyond the map area. The Wood Moun
.tain fault is considered to be ~the northwestern branch, 
although it is offset to the north (pl. 6) along .the ring
fault belt; this branch fault likewise may be traced 
several miles n01~theastward beyond the map area. The 
Sunnyside and the Wood Mountain faults dip 70°-75° 
S.; the Cinnamon fault dips 65°-70° S., but steepens to 
vertical east of the Animas River. The blocks south of 
the faults are downthrown relative to those north of 
the faults. The Sunnyside fault at its junction with .the 
Ross Basin fault and near the head of Placer Gulch 
actually consists of several major fractures and sheeted 
ground. 


The Toltec faul·t forms the south edge of the graben 
and extends from a nearly right-angle junotion with 
the Bonita fault at Emery Peak northeastward with 
little change in trend or strength across the ring-fault 
belt along ·the Animas River valley. Its continuation 
eastward beyond the map aTea is called the Anaconda 
fault. Dips on the Toltec and Anaconda faults are 60°-
700 N., but locally flatten to 45° at slight changes of 
trend such as near the mouth of McCar.ty Basin and 
north of Eureka Mountain. Rocks north of the faults 
are downthrown relative to those south of the faults. 


The boot-shaped Eureka gra;ben block is bounded at 
the southwest, or the "sole of the boot" by the Bonita 
fault. This f~ult dips steeply northeast, opposite to the 
Ross Basin fault, and the body of rock within these 
bounding faults must taper downward in the same man
ner as the no~theast-trending block forming the ma.in 
part of the Eureka graben. (See pis. 3, sections A-A', 
B-B', E-E', and 6.) The volcanic formations bounding 
the Bonita fault on the southwest are tilted down to the 
southwest and are broken by many small faults -and 
sheeted zones parallel a.nd diagonal to the Bonita fault. 


As shown on plate 2, the Ross Basin fault cannot be 
recognized beyond the right-angle junction with the 
Sunnyside fault. However, beyond this junction along 
a projected trend east-southeastw·ard to the townsite of 
Eureka in the Anima£ River valley, the flows and tuffs 
fonning the steep no.rth slopes of Eureka Gulch are 
monoclinally tilted and step-faulted down on minor 
faults southwestward (pl. 3, sections, D-D', E-E'). The 
combined displacement of this mile-wide belt of mono
clinal tilting and faulting possibly amounts to as much 
as 1,000 feet and thus represents a downthrow corre
sponding roughly to the displacement on the Ross Basin 
fault. Where this folded ·and faulted belt is crossed by 
the graben's south-bounding Toltec fault, there is no 
appreciable change in structural attitude of either this 
belt or the Toltec fault. 


The many northeast-trending mineralized fractures 
and fa,ults north of the Eureka graben and east of 


Brown Mountain (pl. 2) are in part probably reln,ted 
to the later deformation of the graben. 


As stated previously, the bounding faults of the 
Eureka graben apparently follow closely fault lines 
established probably in late Eureka time. Thus, all the 
bounding faults and structural features of the Eureka 
graben are probably not the sole result of 'a younger 
(late or post-Potosi time) subsidence and uplift. How
ever, the principal cause of settling of the wedge-shaped 
Eureka graben was the arching or doming, and disten
tion, of the units wi•thin the Silverton cauldron. This 
wedge-shaped graben is well illustrated in sections 
A-A', B-B', and E-E' of plate 3 and section B-B' of 
plate 6. Most of the late structures are closely connected 
genetically and together indicate that the graben they 
compose could scarcely have resulted from unrelated 
structural events of greatly different ages and origins. 


FAULT SYSTEMS OF POUGHKEEPSIE GULCH 


A s-trong set of norb1-trend1ng faults bounding long 
narrow blocks extends from the Ross Basin fault north 
along Poughkeepsie Gulch (pl. 2). This set of faults and 
a northeast-trending set form a systen1 that complexly 
dislocates the volcanic formations. Many of the faulted 
blocks have a horst-and-graben rela,tion to each other, 
although the dominant displace1nent on most of the 
north-trending faults is a downthrown east side. 


The north -trending set, particularly, of this system 
of faults seems to be bounded on the south by the west
to northwest-trending Ross Basin fault and on the north 
by the northeast-trending fault near the mouth of the 
gulch and on the south flank of the Poughkeepsie Gulch 
volcano (Burns Formation). This latter fault belongs 
to the peripheral ring-fracture system of the Silverton 
cauldron. Very locally, a few faults of the north-trend
ing set tend to be deflected or to turn into the southeast
trending set, particularly in the vicinity of Lake Como. 


Generally along the west side of Poughkeepsie Gulch 
the rocks dip gently to moderately westward. Northeast, 
in the vicinity of Canadian Lake, the dips are gently to 
moderately northwestward. East of and near the head 
of the gulch in the vicinity of Lake Como, the beds are 
more steeply tilted westward and locally repeated 
along the north-trending faults (pl. 3, section B-B'). 
The gentle dips within the horst block in the bottom of 
the gulch north of Lake Como are generally more to 
the north. 


Some late movement of the rocks is evident on the 
north-trending set but not south of the Ross Basin fault 
or north of the northeast-trending fault near the mouth 
of the gulch; this set was thus established almost concur
rently with major cauldron depression and associated 







22 GEOLOGY AND ORE DEPOSITS, SAN JUAN MOUNTAINS, COLORADO 


faulting. Although the relative ages of displacement on 
the two sets of faults in the gulch are not everywhere 
consistent, the north-trending set is apparently the older 
of the two sets; the latest movements on faults and vein 
fissures a,re confined dominantly to the northeast-trend
ing set and possibly were in response to widespread 
effects of adjustments related to the Eureka graben 
nearer the center of the cauldron. 


On the whole, the structural features of Poughkeepsie 
Gulch are probably more complex than shown on plate 2, 
but many details ·a.re obscured by lack of identifiable 
horizon markers and at places by strong sheeting and 
alteration of the rocks~ 


DOWNFAULTED BED MOUNTAIN BLOCK 


The downfaulted Red Mountain block lies just west 
of the "boot" of the Eureka graben along the west bor
der of the map ·a.rea (pls. 2, 6). It consists of an irregular 
somewhat pear-shaped body of Henson flows and rhy
olitic tuffs, 2-3 miles across, which has been downfaulted 
against rocks of the Burns Formation. The body in
cludes a large part of the highly altered rocks that make 
up the three main Red Mountain peaks and is more 
completely delineated to the west in the Ironton Park 
quadrangle (Burbank and Luedke, 1964). Displace
ments on the faulted borders of this block are not accu
rately determined at most places, owing in large part to 
the extreme alteration that has obscu,rred reliable hori
zon markers. But along the south rim, just northwest 
of Gladstone, the Henson flows ·a.re downfaulted from 
600 feet to possibly more than 1,000 feet against a large 
domelike body of the Burns Formation. Also~ to the 
north across the head of Gray Copper Gulch, the base 
of the Henson Formation on Brown Mountain is a,bout 
1,000 feet higher than the lowest Henson beds exposed 
on the north slopes of Red Mountain No. 1. The down
·throw on the block may, therefore, be in the neighbor
hood of 1,000 feet. 


The boundary faults of the Red Mountain block are 
splayed or offset in line with the projected trend of the 
Ross Basin fault, and beds near the junction are broken 
into small irregularly tilted blocks and are intruded by 
bodies of porphyritic quartz latite. Any minor exten
sions of the Ross Basin fault within the Red Mountain 
block are generally too obscured by alteration to trace. 
It would seem, however, that much· of the displacement 
on the Ross Basin fault was taken up by partly con
cealed or obscure faults at the head of Cement Creek 
and only to a minor degree by bounding faults of the 
Red Mountain block. 


Most of the rock of the Red Mountain block has 
been pyritized, silicified, and kaolinized by gases of 
solfataric origin. The block as a whole probably repre-


sents a localized minor subsidence associated with late 
magmatic and volcanic actiV'ity of the Silverton caul
dron ring zine. 


CONJECTURAL STRUCTURAL FEATURES 


Some of the structural features and trends in the 
map area are believed to be related to extrusive and 
intrusive activity and associated fracturing. Cone frac
turing and cylindrical sheeting in areas of deformed 
volcanic rocks may be of some importance with regard 
to possible underlying vents through which the move
ments of both magma and later mineralizing fluids have 
tended to converge. Several such channels presumably 
underlie the Eureka district and, from the few out
cropping vents observed, are believed to be mainly of 
the central type rather than the fissure type (Luedke 
and Burbank, 1961). 


Characteristic structural features of the central-type 
vents and intrusive centers, such as ring fractures, cone 
fractures, radial and concentric dikes, and domelike 
accumulations of lava, are represented at various places 
throughout the cauldron area in all degrees of develop
ment. Many of these structural features, however, are 
much obscured because younger volcanic formations 
are superposed or because the features are in an incip
ient stage of development. 


Sections 0-0' and F-F' (pl. 3) across the Mineral 
Point dome of the Burns Formation illustrate the 
structural relations exposed at the surface, and it is 
inferred that this domal extrusion mass had its source 
under the Mineral Point-Seigal Mountain area. The 
varying gentle to steep dips in rocks of the underlying 
Eureka Tuff, and crushed and brecciated rocks in the 
northeast-striking belt northeast of Denver Lake indi
cate repeated adjustment and fracturing on the south 
side of this mass. 


On Houghton and Wood Mountains, the quartz latite 
bodies emplaced as dikes and sills in the Eureka Tuff 
and Burns Formation suggest concurrent faulting and 
intrusion related to an underlying lava vent, possibly 
of a linear rather than a central type. The steeply tilted 
to vertical rocks of the Burns Formation between Lake 
Como and upper California Gulch are likewise indica
tive of a vent underlying this locality. 


In the peripheral-fault belt of the Silverton cauldron 
and within the Red Mountain block, many small intru
sive bodies with the form of nearly circular plugs per
haps represent central-type vents. A few plugs of this 
kind, chiefly porphyritic quartz latite and rhyolite, are 
found in the map area on Red Mountain No.1, in Gray 
Copper Gulch, in Mineral Creek, and on Abrams 
Mountain. Detailed studies of plugs in the Red Moun
tains area indicate that they originated as follows. 
Gases escaped along fissure intersections causing leach-







ALTERED VOLCANIC ROCKS 23 


ing, fluxing, and metasomatic alteration of the rocks 
followed by brecciation of the vent roof by magmatic 
pulsations and finally by eruption of molten rock (Bur
bank, 1941, p. 170-179). Some of these breccia pipes 
and vents may have contributed to surface volcanic 
activity, possibly by the formation of local lava domes 
or explosive fragmental cones. Many of them, however, 
are choked with breccia and debris from the walls, or 
they nre filled with a kind of lava found only locally 
at the surface. In the rocks surrounding some of the 
vents are peripheral structures resembling cone sheets 
as well as ring and radical fractures. 


Ring structures of obscure origin occur north of Lake 
Como in Poughkeepsie Gulch, in the head of Picayune 
Gulch, and in the vicinity of Hanson Peak. They are 
tentatively interpreted as the sites of underlying intru
sive plugs or of incipient volcanic vents which failed· 
to extend to the surface. 


The ring structure 'at the head of Poughkeepsie Gulch 
is about 3,000 feet in diameter, and except for a few 
small rhyolite and porphyritic quartz latite dikes in 
discontinuous ring fractures, the structure is devoid of 
any sign of intrusive activity that might account for its 
presence. The locally downfaulted beds inside the ring 
fractures indicate perhaps a final withdrawal of magma 
in an underlying plug (Luedke and Burbank, 1960). 


The ring structure in the head of Picayune Gulch, 
including parts of Eureka and Treasure Mountains, is 
about a mile in diameter and is centered in the glacial 
basin. The bedded volcanic rocks and tuffs here are 
broken into small blocks by curved faults and are tilted 
somewhat concentrically both inward and outward with 
respect to the central part. The local thickening of the 
rhyolite flows near the base of the Henson Formation 
and the intrusive rhyolite along many of the fissures, 
probably feeders of the flows, indicate that this was 
possibly a minor center of eruption. Possibly comple
mentary to this center are a series of somewhat con
centric 'fractures on the southeast side of the basin 
(northeast spur of Eureka Mountain) -and several 
curved fractures containing andesi:tic dikes on the north
west side of the basin (flank of Treasure Mountain) . 


A conjectural cone structure, centering about Hanson 
Peak, consists of a series of fissures and sheeted rocks 
that curve from north of Hanson Peak east to the Silver 
Queen vein at the head of Placer Gulch and then south 
to the Clipper vein south of Lake Emma. The diameter 
of the fracture set is somewhat more than ·a mile. The 
fractures, which are locally mineralized, dip 50°-65° 
~eneath Hanson Peak and conceivably represent a cone 
fracture set. The north contact of the California Peak 
rhyolite intrusive body about 3,000 feet north of Hanson 
Peak may belong to the same series of conelike fractures. 


The attitude of the flow lines within the body suggest 
thrut it was formed by rhyolite rising along a south
ward-dipping cone fracture rather th~n vertically as a 
plug. 


BASEMENT STRUCTURE 


A discussion of the structural features of the map 
area would be incomplete without at least brief mention 
of features that may result from reactivation of old 
structural trends in the basement rocks not exposed in 
the district. These trend lines in the Precambrian base
ment rocks are reflected locally in features in the over
lying volcanic rocks (pis. 1, 2) , a relation which suggests 
that movement along these old lines of weakness re
curred throughout geologic time until the end of 
volcanic activity in 'the late Tertiary. 


A . system of east-southeast-1trending faults and 
faulted folds in the Precambrian rocks extends from 
Ouray south nearly to Abrams Mountain (pl. 1). The 
old Precambrian faul;ts were reactivated several times, 
most recently after the Silverton Voleanic Group erup
tions. Patterns of fissuring and faulting in the Tertiary 
volcanic rocks indicate that these old trend lines may 
extend 4-5 miles beneath the lavas, especially beneath 
those to the southeast along Mineral Creek (pl. 2), as 
denoted by the set of fissures and faults extending north
west from the vicinity of the San Juan Chief mine and 
mill site. 


ALTERED VOLCANIC ROCKS 


A variety of hydrothermal agents and volcanic 
emanations has altered the volcanic rocks of the Eureka 
district and adjoining areas. By far the most widespread 
of the altered rocks are the propylites, which extend 
throughout and in places well beyond the limits of the 
San Juan volcanic depression. For several miles north 
of the depression rim and for 8-10 miles northwest, the 
effects of this alteration are recognizable by changes in 
color and induration of the breccias and tuffs of the San 
Juan Formation. Alteration has changed the gray, red, 
or pinkish-gray colors of fresh rocks to a dull green or 
greenish gray and has indurated breccias so that they 
break across- most fragments rather than around them.· 
The surface area of propylitized rocks in and around 
the volcanic basin is 500-600 square miles. Within the 
Eureka district, virtually all rocks have been altered to 
some degree. Locally, later and more intense types of 
alteration have masked or destroyed effects of propylit
ization, particularly along the west edge of the district. 


Less extensive but intense solfataric alteration (Bur- , 
bank, 1941, p. 194-205) has taken place in local patches 
and longitudinal belts most commonly along the ring
faulted .peripheries of the Silvevton cauldron. This 811-
teration is comparable to that at modern fumarolic and 
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hot-spring sites where volcanic' emanations containing 
considerable sulfur have mixed with shallow meteoric 
waters. These s~lfurous agents have attacked the rocks 
along the west border of the district and more partic
ularly in the Red Monntain area on the west. A few 
pat.ches of this type of altered rock are found in the walls 
of some veins and locally in the northern part of the 
district and beyond to the depression rim. Hot acidified 
waters containing sulfur in various states of oxidation 
have leached the rock bases and converted much of the 
original iron to pyrite. Clay minerals, alunite, diaspore, 
and quartz are among the dominant products of alrtera-
6on. The altering gas~; and solutions bleached the rocks, 
.but more recent oxidation of pyrite has stained the 
mountain slopes brilliant hues of red, orange, and yel
low. Solfataric activity has altered the rocks over an 
area of about 10 square miles along the west rim of the 
Silvert.on cauldron. 


Along stretches of the ring-faulted zones, the sheared 
and broken rocks werp, more altered e.specially to mica
ceous minerals, chlorite, and clays with finely dissemi
nated pyrite. ThP.se ro1 ks are found generally near the 
bottoms of deeply incised valleys that partly encircle 
the Silverton cauldron. In the Eureka district, a patch 
of ·this type of alteration, in part transitional to the 
solfataric type, is found nea.r the junction of Eureka 
Gulch with the Animas valley. Similarly altered rocks 
found locally beneath .the solfataric 2ione probably indi
cat.e that rocks so altc~·ed generally underlie the solfa
t·aric layer. 


Several other kinds of altered rock are coextensive 
with the mineral deposits and generally restricted to 
within a few feet or rtens of feet of veins and ore bodies. 
Many veins were opened repeatedly during their forma
tion, so that several suites of alteration products have 
become superimposed. Most vein walls have quartz-seri
cite-pyrite assemblages typical of many western vein 
deposits. Some vein walls have also been silicified or 
car~bonatized. Rhodonite and rhodochrosite have re
placed vein ;walls rto some degree, especially along veins 
containing large bodie~ of mixed manganese silicates. 
These and other superimposed stages of alteration 
yielded disequilibrium mineral assemblages that cannot 
be readily systematized by chemical or mineralogical 
tei~minology. 


Correlation between various products of rock altera
tion and the ores and gangues of mineral deposits ranges 
from obscure to almost obvious. Significant or useful 
correlations seem to be lacking between the altered walls 
of ·veins and sulfide ores in the veins, but some correla
tion is evident locally between the altered wallrock and 
dominant gangues of the veins. In general, it would seem 
that many of the common preore gangues had insulated 


or sealed the vein walls to such an extent that the effects 
of ore-bearing solutions were closely confined to their 
channels. On the other hand, obvious differences are 
found between the altered walls of vein deposits, mostly 
in propylitized rocks, and the altered walls of chimney 
deposits that are for the :most part in or adj acerut to 
areas of solfataric alteration. The ores in these two kinds 
of deposits also differ appreciably, and the possible 
significance of these features will be discussed in follow
ing comparisons of vein and chimney deposits. 


PROPYLITIZED VOLCANIC ROCKS 


MINERAL AND CHEMICAL NATURE 


Virtually all volcanic rocks within the Eureka dis
trict and adjoining areas were propylitized prior to ore 
deposition (Burbank, 1960, p. B12). The mineral 
changes in the Eureka district range from weaker phases 
found in shallower formations and characterized by 
chlorite, calcite, and clays, to stronger phases found 
mainly in deeper formations and characterized by epi
dote, albite, and chlorite. Chemical changes for the 
most part are relatively minor and involve chiefly the 
addition of carbon dioxide and water (table 4), although 
some migration of chemical rock bases has taken place 
in fractured bodies of rock. Recognition of precise 
chemical changes is hampered by the widespread or re
gional nature of the alteration, but fortunately the uni
formity of many flow rocks of the Burns Formation 
within and around the Silverton cauldron permits some 
significant comparisons between fresh and altered rocks. 


TABLE 4.-Estimated volatile contents of volcanic rocks before and 
after propylitization 


Before propylitization After propylitization Volatiles 
added 


Volatiles Range Average Range Average (million tons 
(percent) (percent) (percent) (percent) per cubic 


mile) 
H20! ___________ 0.36-2.8 1. 20 1. 5-3.7 2.2 125 
C022


------------ Trace-o.89 0.08 0.1-3. 5 1. 6-2.0 230 sa ______________ Trace-o.04 o. 001-o. 004(?) Trace-o. 5 0.1(?) 12(?) 


1 Fresh rocks, 57 analyses, San Juan region; altered rocks, 8 analyses from Silverton 
area. (Larsen and Cross, 1956.) 


2 Fresh rocks, 25 analyses (C02 determined) San Juan region; altered rocks, 20 
analyses from Silverton area, including 12 superior analyses. (Larsen and Cross, 
1956 and unpub. analyses.) 


s Fresh rocks, 10 analyses, scattered in San Juan region; altered rocks 6 analyses 
from Silverton area, excluding solfataric types with abundant pyrite. (Larsen and 
Cross, 1956 and unpub. analyses.) 


The diagnostic weaker phases of alteration caused 
first the partial to complete decomposition of the ferro
magnesian minerals. Even in the freshest appearing of 
the dense flow rocks, the pyroxenes have been changed 
to aggregates. of quartz, chlorite, calcite, or an altered 
serpentine after hypersthene, iron oxides, and rutile. 
Calcite, clays, and micaceous minerals have replaced 
the feldspars to a minor degree along cleavages and 
cracks without changing their original characteristics. 







ALTERED VOLCANIC ROCKS 25 


With increased intensity of alteration the phenocrysts 
lose their luster and the groundmass or any· glassy base 
is changed to fine-textured aggregates of the various 
secondary minerals. Pyrite does not appear as an essen
tial product of this alteration, but in areas where the 
veins are closely spaced or the rocks are fractured, scat
tered pyrite is found locally. Possibly a trace of sulfur 
was introduced by the propylitizing agents, but evidence 
for this is generally inconclusive. The weakly altered 
rocks are represented especially by the dark-colored 
dense flow rocks of the Henson Formation capping 
the ridges on either side of Poughkeepsie Gulch and by 
equivalent flows on high ridges elsewhere. 


More intensely altered rocks occur throughout the 
Eureka district, particularly in flows and breccias of 
the older and deeper Burns Formation, Eureka Tuff, 
and Picayune Formation. Epidote is a conspicuous prod
uct of alteration, and in large bodies of rock the feld
spars were converted to albite and various micaceous 
minerals. Determination of the separated micaceous 
products by X-ray analysis shows abundant chlorite, 
1noderate to abundant micas of the illite-muscovite 
group, and moderately abundant kaolinite. Montmoril
lonite was not identified in highly altered rocks from 
widely. separated localities and probably is not repre-


sentative of the typical propylite. The white micas are 
commonly of fine to medium texture and will be referred 
to as sericite. Chlorite seems to be represented by two 
varieties, as indicated by its reaction to heating and by 
its 1nineralogical characteristics. In more strongly frac
tured rocks, quartz and chlorite or quartz and epidote 
fill open fractures. In general; calcite is less prominent 
as an alteration product in the more highly altered rocks, 
but commonly, it is irregularly distributed. 


The 1nore intensely altered rocks are characteristic 
of thick d01nelike bodies of the Burns Formation and 
of the breccias and flows of the Picayune Formation 
exposed along the lower parts of Picayune Gulch and 
the Animas River canyon. In parts of the Picayune and 
Burns Formations, the rocks are converted to quartz
albite-epidote-chlorite aggregates analogous to a prod
uct of low-grade regional.metamorphism. 


The chemical analyses of table 5 are representative of 
some flow and vent rocks of the Burns Formation from 
the central and northern parts of the map area. The 
analyses of columns 1 through 4 are typical of fine
textured porphyritic rocks that have been weakly propy
litized, but have not been appreciably alb1tized or 
epidotized. Analyses in columns 5 and 6 represent epi
dotized, albitl.zed, and e;hloritized samples of flows from 


TABLE 5.-Chemical analyses of propylitized and pyritized volcanic rocks of the Burns Formation 


2 3 4 5 


Laboratory No •.•••• 157571 157576 157672 157574 162207 
Field No .••••...•..• 1-58-26 HP-59-54 HP-6G-57 HP-59-34 61HP31 


Wergbt Weight Weight Weight Grams Weight Orams 
percent percent percent percent per cubic percent per cubic 


centimeter centimeter 


810~--------------- 59.1 57.4 56.1 57.0 1.548 59.4 1.640 
AhOa............... 16.8 16.0 17.6 15.9 .432 16.2 .447 
FeaOa •••....•....••• 2.4 2.5 3.4 3.2 .087 4.5 .124 
Feo................ 3. 2 3. 9 3. 3 3. 6 . 097 2. 6 • 072 


~:8:·.-::::::::::::: ~:~ ~J ~:: ~J :m l:~ :~t~ 
Na20--------------- 4.1 3. 4 3. 2 2. 7 . 074 3. o . 082 
K~o ________________ 4.o 3.5 3.2 3.4 .002 3.6 .099 


HaO+ • - • --- -- -- -- -- ·} 1 2 2 3 2 0 1 9 . 052 { 2· 1 · 058 
HaO---------------- · · · • .47 . 013 
TlOa................ .81 .92 .84 .88 .024 .SO .022 
PaOa---------------- .37 .36 .40 .34 .009 .39 .011 
Mno________________ .10 .10 .16 .13 .003 .45 .012 
C02---------- ------- . 90 1. 9 1. 3 1. 3 . 035 .12 . 003 
s_------- ... -- ... -----.----------.--------.-----------------------------.-----------.- .. ----.-----


6 7 8 


162208 
61HP32 61HP31 61HP32 


Weight Grams Gains Losses Gains Losses 
percent per cubic 


centimeter 


57. 1 1. 613 o. 092 -------- o. 065 --------
15.1 . 427 . 015 ---------------- 0. 005 
5.8 .164 .037 .077 --------
.60 .017-------- 0.025-------- .080 


2. 6 . 073 -------- . 032 -------- • 011 3.9 .uo ________ .037 ......... 042 
3.1 . 088 • 008 -------- • 014 --------
3.2 .090 .007---------------- .002 
1
: ~7 : gf~ ) . 019 ---------------- . 008 
• 61 • 017 -------- . 002 -------- • 007 
• 29 • 008 • 002 ---------------- • 001 
.16 .005 .009 -------- .002 --------


<. 05 ------------- ·------ . 032 -------- . 035 
5. 7 .161 ---------------- .161 --------


TotaL ..... __ • 99 99 2. 689 99.73 2. 750 99.78 2. 817 .189 .128 . 319 .191 


f~&!~ ~~~t-~ :~~~ ~ ~ ~ ~~ ~~ ~~ ~ ~~ ~ ~ ~ ~~ ~ ~~ ~ ~ ~ ~~ ~ ~ ~~ ~ ~~~ ~----- ----~~ ~~---- ------------ --~--;~-- ------------------~--~~~ ---- .. 0. 001 -------- 0.128 ------.-. 


Speclflo gravity 
(powder) .......... 2.70 2.72 2.74 2.72 2.78 2.86 


1. Rapid rock analysis. Analysts: P. L. D. Elmore I. H. Barlow, S. D. 
Botts, and Gillison Chloe, U.S. Geol. Survey. Volcanic neck on west 
side and near mouth of Poughkeepsie Gulch at altitude of 11,000 ft, 
San Juan County. 


2. Rapid rock analysis. Analysts: Same as sample 1. Probable vent of 
flows on ridge between California and Poughkeepsie Gulches at 
altitude of 12,850 rt, San Juan County. 


8. Rapid rock analysis. Analysts: Same as sample 1. Dacite of the Mineral 
Point domal mass at Junction of Henson Creek valley and Schafer 
Gulch, Hinsdale County. · 


4. Rapid rock analysis. Analysts: Same as sample 1. Specific gravity 
(bulk): W. S. Burbank. Propylltlzed flow on south side of Hurricane 
:Peak, west of and near Sunnyside Saddle at altitude of 12,500 ft, San 
J unn County. · 


5. Rapid rock analysis. Analysts: P. L. D. Elmore, B. D. Botts, Gllllson 
Chloe, L. Artis, and H. Smith, U.S. Geol. Survey. Specific gravity 
(bulk) of similar but not Identical specimen at this locality: W. S. 
Burbank. Altered flow rock from American tunnel, approximately 
9,935 ft from portal. . 


6. Rapid rock analysis. Analysts: Same as sample 5. Specific gravity (bulk) 
of similar but not Identical specimen at this locality: W. B. Burbank. 
Altered flow rock from American tunnel, approximately 1 mile from 
portal. · 


7. Gains and losses in grams per cubic centimeter of column 5 as compared 
with column 4. 


8. Gains and losses In grams per cubic centimeter of column 6 as compared 
with column 4. 
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the American tunnel that came from the down faulted 
wedge between the Ross Basin, Bonita, and Toltec fault 
systems. This fractured block contains numerous small 
and locally mineralized fissures, accounting for the addi
tion of sulfur to rock of column 6. Despite the consider
able variations in C02 , S, and water content, variations 
of the chemical rock bases and silica are relatively small. 
The two highly altered rocks from the tunnel (columns 
5 and 6) are considered to be in roughly the same posi
tion o£ the Burns section as the flow represented in 
column 4 ; gains and losses of constituents in grams per 
cubic centimeter are given in column 7. Both rocks 
show a gain in silica and a loss in carbon dioxide com
pared with the standard, but most other gains and losses 
are not significant. The iron oxides computed as metallic 
iron indicate a slight gain in one rock and a slight loss in 
the other. The addition of Mn in column 5 is no doubt 
real, as this figure is appreciably above the average in 
all·analyzed rocks of the area. Table 6 compares the 
minor elements o£ the rock specimens shown in table 5 
and seems to indicate, as might be expected from their 
environment, gains in copper and lead. 


TABLE 6.-Minor elements of propylitized and pyritized volcanic 
rocks of the Burns Formation 


[Analyses by P. R. Barnett, U.S. Geol. Survey] 


2 3 


Ag ___________________________ _ 
Ba ___________________________ _ 
Be ___________________________ _ 
Co ___________________________ _ 
Cr ___________________________ _ 
Cu __________________________ _ 
Qa __________________________ _ 
La ___________________________ _ 
Ni ___________________________ _ 
Pb ___________________________ _ 
Sc ___________________________ _ 


Sr----------------------------v ____________________________ _ 
y ___________________________ _ 
Yb __________________________ _ 
Zn ___________________________ _ 
Zr ___________________________ _ 


0 
.10 


0 
. 0025 
. 0043 
. 0057 
. 0007 
. 0047 
. 0038 
. 0015 
. 0012 
. 15 
. 02 
. 0025 
. 00025 


0 
. 015 


o. 0001 
. 1 


0 


. 0002 


. 003 


. 003 


. 015 


. 002 


. 005 


. 003 


. 003 


. 15 


. 02 


. 003 


. 0003 
0 
. 03 


0. 0003 
. 1 
. 0002 
. 002 
. 0015 
. 05 
. 002 


0 
. 003 
. 005 
. 001 
. 1 
. 01 
. 002 
. 0003 


0 
. 03 


1. A vere.ge of four semiquantitative spectrographic analyses of the rocks in columns 
1-4, table 5. · 


2. Semiquantitative spectrographic analysis of rock in column 5, table 5. 
3. Semiquantitative spectrographic analysis of rock in column 6, table 5. 


A considerable increase in bulk and powder densities 
in the strongly epidotized rocks (2.75-2.86, table 5) and 
in other unanalyzed samples (bulk densities 2.75-2.8) is 
noted over nonepidotized or weakly epidotized propy
lites (2.69-2.74). The increases in density and in dura
tion o£ tuffs and breccias may be attributable mainly to 
compaction during recrystallization, but changes in the 
densely textured flows must be due mainly to mineralog
ical factors. In epidote particularly, the resulting 
mineral density is appreciably greater than that o£ its 
constituents in original silicate minerals. Also, some 


oxides, chlorites, and micas possibly contribute to these 
increases. Changes in porosity could not be checked 
definitely because o£ uncertainties in correlation of indi
vidual flows, but original porosities were probably very 
small and near 1 percent. Nevertheless, pore spaces are 
undetectable microscopically in either flows or frag
mental beds that have been propylitized. Cavities in 
breccias or amygdaloidal flows are commonly filled with 
the alteration products. Thus, the typical propylitic 
alteration increased density rather than decreased it, a 
result commonly considered more typical of wallrock 
alteration in the vicinity of veins. 


The comparisons o£ the analyses and the computations 
made in table 5 are subject to many uncertainties be
cause o£ the dubious correlation of beds as well as ob
vious variations in degree of alteration from place to 
place in the same rock. The computations were made for 
better comparison because o£ the marked increases in 


. density in more highly altered rocks and not with the in
tention of showing precise changes in chemical con
stituents. To check possible additions and subtractions 
of substances, some propylitized rocks of the Burns 
Formation from different parts of the Silverton caul
dron are shown in figure 4, in which some major con
stituents are plotted against the carbon dioxide content. 
Only rocks classified as dacites were used. Most varia
tions, except silica and alumina, are very erratic. The 
number of samples available is obviously inadequate 
for definite conclusions, but MgO and total iron (as Fe) 
show increases with increased C02 content that appear 
significant. For comparison, the limits of variation o£ 
four samples that had little or no C02 are also indicated 
at the left of the diagram. I£ meaningful, the increases 
in total iron and MgO are indicative of migration of 
these constitutents in carbonatic and siliceous solutions 
that traversed rock pores and minute fractures, but such 
migration need not have been far or indicative of ver
tical zoning in the rock column. Rather, it is suspected 
that additions may have taken place along paths of 
migration locally favored by carbon dioxide and other 
fugitive emanations. Both magnesia and iron in· solu
tions should be promptly precipitated by silica released 
from carbonate formation. 


There is also a slight indication of silica loss with in
crease in fixed carbonate. This excess silica may be rep
resented by the quartz-chlorite or quartz-epidote seams 
along joints in many places. Many of these seams are 
paperthin and noticeable only along broken joint sur
faces. A very extensive sampling of the rock column 
would be necessary to confirm the extent of migration 
and its pattern. The possibility that carbonate fixation 
at considerable depth may have been the cause of much 
vein .quartz will be discussed in a later section (p. 49) · 
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---·........... --------~22 
'~~~ ~-~-


... __....,_ ... _ ... ~···---. .. ·-... 
Zero to trace C02 


0~--------------------~~----~----------------------------L---------------------------~ 
0 2 3 


PERCENTAGE CARBON DIOXIDE 


]j.,IGURE 4.-Percentage of some major rock constituents plotted against percentage of carbon dioxide in propyllti.zed dacites of 
Burns Formation. NaaO and &0 plotted as a ratio. At left at diagram, the range of some major constituents·, silica and 
alumina expressed as one-tenth of contained value, in dacites with no or only traces of CO!!. 


ORIGIN AND TIMING OF PROPYLITIZATION 


Propylitically altered rocks have been explained in 
n number of ways. for different mineralized districts. 
Most of these explanations can be categorized as ( 1) 
those related to residual gases and solutions of igneous 
crystallization that were active immediately following 
eruption of the volcanic rocks and that involved proces
ses generally considered deuteric in nature, ( 2) those re-


lated to solutions that were directly associated with vein 
formation and ore deposition, and ( 3) those related to 
postvolcanic and preore episodes in which altering 
agents were connected with some deep volcanic origin·. 


The generally low grade of alteration in some propy
lites is such that rocks so classified may very well have 
been formed under a variety of conditions wherever hot 
waters and associated gases permeated the rocks. But in 
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the Eureka district the increase in intensity of alteration 
with depth and the· distribution of altered rocks over 
hundreds of square miles in and around the San Juan 
volcanic depression favor a postvolcanic and preore 
incidence of alteration and its relation to some wide
spread and deep source of the agents. Carbon dioxide, 
which could have had its source in some deep igneous 
bodies at an early stage was also a common constituent 
of later vein-forming solutions. Narrow altered selvages 
of some veins resemble weaker kinds ·of the more gen
eral propylitic effects, but the scale of alteration is in
significant in comparison. 


Ransome (1901, p. 118) considered that the propylite 
of the Silverton quadrangle had an origin probably co
incident with ore deposition. But he may have thought 
of this only as a broad relationship, as he qualified his 
statement by noting that "the metamorphism is so gener
ally prevalent that it cannot in any case be recognized as 
being connected with desposition of ore in any given 
fissure." He also wrote, 


Close to the veins, usually within a few inches, and in small 
horses within the veins, metamorphism of an entirely different 
kind frequently occurs. Here the calcite and chlorite have di
minished in amount or are wholly absent and quartz and seri
cite constitute the bulk of the rock. This alteration which plain
ly emanates from the individual fissure differs from the more 
general metamorphism less in kind than in the relative pro
po~tions of calcite and chlorite on the one side and of quartz 
and sericite on the other. 


To suppose that the altering agents emanated di
rectly from the numerous fissures exposed in some 
localities requires a very selective penetration of car;bon 
dioxide, at least as compared with other constituents of 
the mineralizing solutions, and such pervasive action 
could apply equally well to agents from other and 
deeper sources. The regional -alteration does not appear 
to have any detectable relation to frequency and near
ness of veins or to exposed igneous bodies. These condi
tions are simila.r to those noted by Takeo Kato (1928) 
who described propy litization near .Japanese epithermal 
deposits. He considered that alteration so widespread 
must have been of deep origin and that it must repre
sent, therefore, the first stage of postvolcanic hydrother
mal processes. Coats and Calkins (Coats, 1940, p. 6-7), 
who had a similar opinion about the origin of propylite 
in the Comstock district, considered that the deeper 
parts of a dioritic stock were the probable source of the 
altering agents. 


Some reasons are suggested as to why so much carbon 
dioxide was released in a postvolcanic and preore in
terval with respect to the evolution of the Silverton 
cauldron. ( 1) The latest volcanic eruptions were· vio
lently explosive ash flows of dacitic to rhyolitic com
position that may have drained much of the upper more 


siliceous parts of the magmatic reservoirs charged with 
gases. (2) Carbon dioxide tends to become more highly 
concentrated in intermed!ate or mafic silicate solutions 
than in siliceous differentiates. ( 3) The gradual cooling 
and differentiation of rising or static parent magmas 
might tend to release carbon dioxide into overlying 
fractured rock covers during decadent stages of vol
canism. This action would apply especially if conditions 
around the Inagmatic reservoirs had been osmotic so 
that pressures on the magma ·would have been greater 
than pressures on its gaseous constituents. Thus carbon 
dioxide, water, and other fugitive constituents may have 
been squeezed out from partly crystallized magmas 
prior to the latest stages of crystallization. 


Magmatic activity after the latest ash-flow eruptions 
was manifested by doming, fracturing, and intrusion of 
parts of the cauldron floor and some surrounding areas. 
Some plutons intruded in outlying areas at this time 
are rather mafic and approach diorite and gabbro in 
composition. With decreasing pressures and some sink
ing or readjustment of local crustal blocks, further in
jections took place in the form of clastic dikes, either 
alongside igneous dikes or in new fissures. Various clays, 
sericite, and calcite in these dikes and narrow green 
selvages along the dikes where they cut red beds prob
ably indicate that gases analogous to those causing 
propylitic alteration were propelling agents. Hence, 
the incidence of propylitic alteration just following 
dike intrusion seems indicated. As many dikes contain 
fragments of Precambrian basement rocks, they must 
have originated by explosive disintegration of rocks a.t 
depths locally exceeding a mile. These clastic injections 
tended to seal or choke fissures; thus high pressures 
were retained at depth and perhaps promoted the pene
tration of the gases throughout the· volcanic rocks. 


As represented by table 7, the better sources of carbon 
dioxide are likely to have magmas of intermediate to 
mafic composition, rather than more siliceous differen
tiates such as the dacitic domes of Japan. The experi-


. mental work of Morey and Fleischer ( 1940) on the 
system C02-H20...:.K20-Si02 shows that solubility of 
C02 in alkali silicate ~olutions decreases much more 
rapidly than that of H02 as the silica content of the 
solutions increases. They concluded (p. 1056) that this 
relation would also apply to more complex silicate 
mixtures. 


Had the ratio of C02 to H 20 been relatively low, 
about 1 : 30 or 1 : 100 as in dacitic fumaroles, presumably 
all 002 would have been contained in more or less satu
rated solutions of various bases. Such solutions seem 
incompatible w1th the pervasive nature of alteration in 
compact rocks of low porosity. With high ratios of C02 
to H 20, however, gre3iter penetrating action might have 







ALTERED VOLCANIC ROCKS 29 


TABLE 7.-Cornposition, in weight percent, of gases from volcanic fumaroles, igneous rocks, steam wells, and geysers 
[Dnta from Rubey (UJ51, p. 1137) and White and Waring (1961, p. C311). Data in parentheses added for comrarative purposes. Small quantities of CH4 and CO ignored In 


figures for total C as C02. n.d., not determined 


Kilauea 
and 


Mauna Loa 


Basalt 
and 


diabase 


Obsidian, 
andesite, and 


granite 


Fumaroles, 
steani wells, 
and geysers 


Fumaroles of dacitic lava domes, Usu 
volcano, Showa Shinzan, Japan 


760°C 525°C 200°C 


H20------------------------------------------ 57. 8 69. 1 85.6 99. 4 96. 7 97. 1 98.4 
Total Cas C02-------------------------------- 23. 5 16. 8 5. 7 . 33 2. 92 2. 58 1. 30 
Total 8 as 82---------------------------------- 12. 6 3. 3 . 7 . 03 (. 078) (. 040) (. 138) 
1128----------------------------------------------------------------------------------
8------------------------------------------------------------------------------------
802----------------------------------------------------------------------------------
803----------------------------------------------------------------------------------


. 0008 
. 0004 
. 1490 
0 0021 


. 0042 0 1080 
. 0002 ----------
. 0716 . 0716 
. 0011 . 0003 


N2------------------------------------------- 5. 7 2. 6 1. 7 . 05 . 0567 . 0676 . 1250 
A_________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 3 Trace Trace Trace ------------------------------Cl_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 1 1. 5 1. 9 . 12 . 0728 . 0420 0 0433 
F-------------------------------------------- n.d. 6. 6 4. 4 . 03 . 0238 . 0169 . 0035 
112------------------------------------------- . 04 . 1 . 04 . 05 0 0685 . 0381 . 0020 
8i0a------------------------------------------ n.d. n.d. n.d. n.d. . 0253 . 0289 . 0048 
Metals-------------------------------------;-- n.d. n.d. n.d. n.d. . 00014 0 00007 . 000004 


prevailed because of tho low mutual solubilities of these 
substances. Garrels and. Richter ( 1955, p. 449) have 
shown that under lithostatic loads to depths of more 
than 10,000 feet and near 150°C, only 3-4 mol percent 
C02 is soluble in H 20. Although the density of gaseous 
C02 at such depths is near tha.t of water, it seems likely 
that water would condense first in minute pores and 
cracks of the rocks and thus promote conditions favor
able for reaction between C02 and rock minerals. A·t 
shallow depths, C02 would expand very rapidly and 
tend to saturate rock pores. Tha.t pressure gradienw 
may have been maintained in a pervasive ga.s phase rela
tively rich in C02 may account for the very great dif
ferences in penetrating actions of propylitic agents and 
solutions of ·the vein systems. 


Temperatures involved in propylitic alteration may 
be gauged roughly by experimental work on hydrolysis 
of feldspars (Remley, 1959; Hemley and others, 1961), 
but the systems studied are much less complex than 
actual rock environments. The effects of magnesia., iron, 
and lilne and the coexistence of chlorit.ic products in 
the system a.re yet to be evaluated. White and Sigvalde
son (1962) noted that the chlorite-epidote-albite suite 
of meta.morphic minerals· was generally considered .to 
form at depths of 25,000-30,000 feet at temperatures 
near 250°C. Recent core drilling in the Salton Sea re
gion, however, has disclosed a similar suite of minerals 
in young sedimenta.ry rocks at a mile depth and a.t 
temperatures believed between 270° and 370°C (White 
and others, 1963). The occurrence o£ kaolinite rather 
than mont.mor:il1onite in alteration of plagioclase in 
.the Eureka district agrees with ·the conclusion of Hem
ley, Meyer, and Richter (1961, p. D340) that at low Na+ 
to H+ ratios, representing moderate acidity, kaolinite is 
the stable product. As most of the reactions are exother-


SfS~fSl 0-69-8 


mic and because .the local environment is volcanic, the 
lower ranges in temperature previously noted do not 
appear excessive for depths of about 1 mile. The effects 
of possible osmotic conditions and the presence of con
siderable C02 on the partial pressure of H 20 cannot be 
evaluated at present. 


ALTERED ROCKS OF THE SOLF ATARIC ENVIRONMENT 


The solfataric envi~onment as recognized locally 
(Burbank, 1941, p. 194-205; 1950, p. 291) is charac
terized by a variety of al·tered rocks, most of which have 
been attacked by gases and solutions containing sulfur 
in states of oxidation ranging from native sulfur to sul
furic acid. This chemical environment is estimated to 
have extended several thousand feet beneath .the origi
nal volcanic surface, a distance which is much greater 
than thaJt known in modern environments designated as ' 
solfataras. All the volcanic and late intrusive rocks have 
been leached and altered to some degree so that condi
tions clearly represented those of decadent stages of 
the volcanism. The large qua.nti.ty of sulfur in va.rious 
mineral combinations introduced ·into altered rocks 
sharply distinguishes the alteration from that of the 
propylitic type. 


The main parts of the Eureka district, as properly 
restricted to the central and southern parts of the map 
area, do not contain appreciable bodies of rock altered 
by solfataric processes. The Red Mountain ridges along 
the west border of the map area, extending from Gray 
Copper Gulch south to .the head of Dry Gulch, form the 
east edge of a large area of extensively altered rocks 
that includes the' Red Mountain district to the west. The 
east limit of the most strongly altered rocks is defined 
roughly by a series of curved faults outlining a la.rge 
block of the Henson Formation called the Red Moun-
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tain block that is downfaulted against rocks of the 
Burns Formakion. The downfaulted block, several miles 
in diameter, includes all the highly altered Red Moun
tain peaks and ridges (pl. 1) and is intruded by numer
ous plugs of rhyolite and quartz latite. The block sub
sided after propylitic al·teration was well advanced and 
before solfataric alteration began, as indicated by the 
strongly epidotized Burns rocks along ~the fault line in 
contrast to the weakly chloritized Henson rocks within 
the sunken block. 


There are local patches of rocks altered by solfataric 
emanations in the extreme northern part of the map 
area on the higher slopes of Engineer ~fountain and 
on .the ridges extending from it. These patches are gen
erally centered about intrusive or breccia pipes, but 
selvages of this type of altered rock border some veins. 


The restriction of solfataric alteration to the periph
eries of the cauldrons and to local faulted blocks and 
pipelike bodies of breccia and intrusive rocks is indica
tive of .the control by late ring intrusions and disloca
tions caused by them. In general, the most strongly 
a1tered rocks are the interbedded breccias, flows, and 
tuffs of the Henson Formation, as shown in the rocks 
of the R.ed Mountain ridges. Nevertheless, near chan
nels of the altering solutions, even the most compact 
flows and intrusive rocks have been strongly leached or 
silicified and kaolinized with introduction of sulfur to 
form sulfides and sulfates. Bleaching of the rocks and 
their subsequent staining by surficial oxidwtion of pyrite 
is generally an indication of solfataric emanations. 


MINERAL AND CHEMICAL EFFECTS OF SOLFATARIC ACTIVITY 


The strongest effects of solfataric activity, especially 
in porous ground or at centers of pipelike bodies, is a 
complete leaehing of the rock substance, leaving only 
irregular open channels or cavernous and porous 
ground. Some of these leached openings remain barren, 
but- others are partly lined or filled with products of 
rock decomposition and sulfide ores. Some bodies of sul
fides that filled cavities and replaced their walls formed 
exceedingly rich but small ore bodies ~n the Red Moun
tain district. In some bodies of rock, the sulfides are 
widely disseminated in porous leached ground but in 
insufficient concentration to form ore. 


In some channels, especially vertical pipelike forms, 
there is a definite zoning of altera;tion products from 
silicified casings around the channels, to argillized 
walls, and locally to surrounding_ bodies of propyli.tized 
rock. The immediate walls were converted to fine
textured and dense aggregates of quartz, or qual'tz and 
clays and minor accessory minerals. The outer walls 


were altered to quartz and various day minerals, such as 
dickite, pyrophy llite, montmorillonite, and kaolinite. 
Locally, the minerals alunite, zunyite, and diaspore are 
mixed with clays in pockets or are disseminated in 
strongly altered rocks. Near sulfides, micaceous min
erals allied to sericite or illite are generally intergrown 
with or replace clays and quartz. Any remaining iron in 
the leached and altered rocks has been converted to 
pyrite. Oxidation of pyrite disseminated in altered rock 
in the Red Mountain area results in surficial staining of 
the bleached rocks. 


The chemical results of solfataric alteration are well 
illustrated by the walls of the Polar Star vein on 'the 
higher slopes of Engineer ~founbuin. Analyses of the 
altered wallrock and of the equivalent nearby propyli
tized country rock (flow in the l-Ienson Forma.tion), as 
given by Ransome ( 1901, p. 122), have been recalculated 
to changes in grams per cubic centimeter in table 8. 
This example is especially significant in showing 
changes brought about by the alteration in rock pre vi
ously propylitized, and it also avoids the widely variant 
results obtained in anlyzing strongly leached and po
rous bodies of altered rock. The chemical changes show 
a typical gain in silica and l~oss in carbon dioxide, alu
mina, and chemical rock bases. Most, but not all, of the 
iron is converted to pyrite. The recalculated mineral 
compositions of the propylite and its altered products 
are also shown in table 8. A moderate increase in poros
ity of the rock is probably the- result of unfilled spaces 
that were leached in ea.rly stages of a.lteration. 


The sequence of aJtera.t.ion processes and their changes 
in depth are perhaps 'best shown in the mineralized 
chimney deposits. In upper pa.rts of the chi1nneys, large 
cavernlike spaces or irrEb<TUlar tubes were leached in the 
rocks, and these spaces were later pa.rtly or completely 
filled with products of rock decomposit,ion or with ore 
minerals and gangues. The margins of some of these 
chi1nney deposits have many smaH or even large unfilled 
spaces, illustl~ating tha.t in some places leaching con
siderably exceeded filling except along cert-ain pteJerred 
channels of continued solution migration. In deeper 
parts of channels, the excess leaching tends to d~iminish 
both in relative volumes left unfilled and in size of 
the spaces leached. The leaching and filling effects 
gradually becoJp.e indistinguishable from conditions 
generally considered indicative of metasomatic replace
ment. The processes thus represented fr:om the top to 
the deeper parts- of the chimneys are considered to rep
resent coupled processes, whieh merely become more 
closely balanced at depth. Replacement hy many of the 
secondary minerals and sulfides does not constitute lat
tice substitution of one molecule for .another, hut rather 
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TABLE B.-Chemical analyses of altered wallrocks at the Polar Star mine, Engineer Mountain 


[Source: Ransome (1901, p. 122-123)) 


Propylitized 
wnllrock 


Solfatarically altered Gains Losses Calculated approximate compositions 
wall rock 


Propylitized rock Solfatarically altered rock 
Weight 
percent 


Grams per 
cubic 


centimeter 
Weight 
percent 


Grams per 
cubic 


centimeter 
Grams per cubic 


centimeter Mineral Weight 
percent 


Mineral Weight 
percent 


--------------------------------------------------------·1------------·--·------------------------------
Si011--------------------
Ah03-------------------
Fe1103-------------------
Fo0 ••...•.•............. 


55.61 1. 533 64.79 1. 773 0. 240 .......... Labradorite (Ab, An) .................... . 33.9 
22.4 
14.0 


Quartz ....... . 48.8 
30.3 16.40 . 455 18. 93 . 518 . 063 . . . . . . . . . . Orthoclase 1 __ • ___ • _ ••••••••••••••••••••••• Kaolinite .... _. 


5. 44 . 150 None ..... ----------- .. _____ 0.150 Quartz ............... -------- ______ .. ____ _ Diaspore .... _. 6. 6 
2. 37 . 066 None ___ --------- ...... .. .. . . 066 Diopside [Ca Mg(Si03)2) ...... -------------


None ------------------···-- . 090 Chlorite [H.o(FeMg)nAluSII30uol----------
4. 7 
7.0 
3.0 
2.8 
2. 6 
2.3 
3.8 
1.0 
1.4 


Pyrite ........ . 7. 2 
3. 9 
1. 2 


a. 25 . o9o Sericite .... _._. ~g&:::::::::::::::::::: 5. 85 0 162 .43 .012 ---------- .150 Calcite .............. ---------------------- Rutile ••...... 
Apatite ... __ ._ Na110 ••.................. 


K110 ••••••••••••••••••••. 
lhO+ ..••.•.•............ 


2. 61 0 072 . 15 . 004 _______ . _. . 068 Sorpen tine .. _. _____ ...... _ .. _ .. _._._._. __ . 
0 7 


3. 77 0 104 . 24 . 007 _ .. ______ . . 097 Kaolinite ........... __ ---------· __ ------ __ . 
1. 51 0 042 5. 39 .147 .105 ---------- Magnetite ________________________________ _ 


lhO-................... . . 46 . 01a . 50 . 014 . 001 -------... Hematite ...... ______________ ·--------- __ _ 
~l'iOII--------------·------ 1.10 0 030 1.21 .03a .003 __________ Apatite __________________________________ _ 
coll .................... . 1. 33 0 037 None ___ .. ___ . _ ...... _______ . 037 Rutile, etc .. _ .. ________________ .. ________ . 
P1103 •••••••••••.••••••••• 
MnO ........•.•...•...... 


0 45 0 012 0 51 0 014 0 002 ----------
0 ij(J .003 None ----------------------- . 003 


BaO .................... . .03 .001 .06 .002 .001 -···---·--
SrO ••.•.................. 
FoS2 ...••••.............. 


. 05 .001 Trace . __ --------- ____ .. __ __ _ . 001 
0 -------··---- 7.19 .197 .197 ----------


TotaL............ 100.32 •••.......... 99.40 ------------- 0.612 0.662 TotaL .... ___ ...................... . 98.9 TotaL •. 98.7 


Specific gravity (bulk)... 2. 764 2. 734 
Specific gravity (powder) 


(calculated)............ 2. 8± 2. 86± 
Porosity (percent)....... 1.3± 4-5 
Not loss (g per cc) •.••. ------------------------------------ ... --------------..... 0. 050 


1 Includes some micaceous minerals (sericite and similar minerals) normally found in propylites of area. 


the con1plete destruction of one minera.l lwtt.ice and sub
stitution of n.nother. Probably both forms of su1bstitution 
ta.ke pln.ce where leaching and filling n.re closely bal
u.nced n.nd where ionic diffusion is more important. 


CHEMICAL AND PHYSICAL PROBLEMS OF 


SOLFATARIC ALTERATION 


The chemicnJ problems of a. solfa;t.a.ric ~nviroim1ent 
n.ppen.r to be mor:e com.plex than the physical problems. 
As yet, there does not seem to be. any unique answer to 
the or.igin of sulfates in shallow volcanic environments, 
n.nd very likely the sulfn,t.es origina.te in n1ore ways 
than one. Rn,nsome (1DOD, p. 1D3-1D7), in reference to 
occurrences of a.lumit.e at Goldfield, proposed that hypo
g-ene sulfide solutions ]mel becmne oxidized by atmos
pheric oxygen in t.he surface waters and that theseacidi
fi.ed solutions upon descending in t.he fisstires by con
vection reacted with the rocks to form alunite. This 
mode of origin of sulfates cannot be dismissed alto
gether, ns some modern cold waters of the Red :M:oun
tn,ins n.rea contn.in free sulfuric acid generated by 
sha.llow oxidation of pyrite. These acidified wn.ters cir
culate to depths of a. few hundred to perhaps 1,000 feet 
in open fissures a.nd mine workings, but such conditions 
n.re hardly .n.pplicah.le to deep hydt~otherm.al environ
ments where temperatures n.nd pressures of emanations 
wou.ld tend to limit downwa.rd circulation of surface 
wn;t:ers. On the ot.l1er hand, convection to 1nodera.te 
depths tmder fumarolic a.nd hot-spring conditions c.an
not be e.liminaJed as a factor of solftutaric alteration. 


A number of oxidation reactions have been suggested 
(White, 1957, p. 1648-1651; Graton and Bowditch, 1936, 
p. 687-691) as applying to waters that may in part be 
magmatic. Aside from surface oxidation, suggested 
origins include direct emission of oxidized sulfur gases 
from magmas, decomposition of polybisulfides to form 
sulfide .and sulfate plus free acid, and catayltic effects of 
halogen acids in oxidizing sulfur in acidified solutions 
(Burbank, 1932, p. 84). That the gases and water con-
tained both chlorine and fluorine is indicated in Red 
Mountains area by minerals such as zunyite and fluorite. 
None of the suggested reactions has been definitely 
established to the exclusion of possible surficial reac
tions. The fact that sulfates do form under hydro
thermal conditions at depths generally considered below 
the limits of surface reactions seems weU established 
however. Even in some modern hot-spring areas, such 
as at Frying Pan Lake in New Zealand (White, 1957, p. 
1648), the discharge of free sulfuric acid at the surface 
appears much beyond the quantitative ca-pacity of oxi
dation by surficial agents. 


The reconstructed physical conditions that seem to 
have prevailed in solfataric ground at Red Mountains 
(Burbank, 1941, p.194-199; 1950, p. 288-300) have some 
bearing on the relations between rock alteration and the 
occurrence of associated ore deposits. The rocks now 
exposed by deep erosion in the western pn.rt of the 
Eureka district and the adjoining Red Mountains area 
probably ranged from nearly 1,000 feet to more than 
3,000 feet beneath the reconstructed surface at the time 
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of solfataric -alteration. The base of solfatarically al
tered rocks is not exposed everywhere, but the walls of 
some deeper explored ore deposits consist of propylit
ized rocks that have been only partially decomposed 
by the acidic emanations. The positions of these par
tially decomposed rocks are considered to be near the 
base of an irregular zone from which hypogene solu
tions or gases passed from narrow constricted channels 
to more open breccias and fractured shallow rocks that 
form the bulk of highly altered ground. These observed 
conditions appear compatible with a near-surface en-
vironment and with the strong telescoping of alteration 
and ore deposition brought about by abrupt release of 
pressure on various emanations . .The numerous intrusive 
plugs in this ground indicate also that temperatures 
were probably fairly high during initial stages of 
alteration. 


Parts of altered ground and the tops of some ore 
chimneys have been converted to fine-grained semi
pervious siliceous rocks. Those parts associated with 
ore chimneys tend to have the form of inverted cuplike 
bodies that encase or overlie the main ore zones. Com
monly these caps or en~elopes diminish in size and 
prominence with depth (fig. 5). These siliceous bodies, 
consisting in pl·aces of 85 percent or more silica· with 
minor clays and accessory minera-ls, are considered to 
represent the redeposition of silica that has been leached 
from underlying channelways by the acidified emana
tions. The silica and clays have filled cracks, fissures, 
and pores of the altered rocks to form envelopes that 
must have resisted the passage of condensed solutions 
but very likely were more or less pervious to gaseous 
emanations. Wherever appreciable ore bodies are pres
ent beneath such caps, the siliceous caps and the altered 
ground above contain only minor seams or dissemina
tions of ore minerals. 


These various conditions seem related to two kinds 
of physical effects (Burbank, 1950, p. 289, 309): (1) 
a throttling action as emanations from depth at rela
tively high temperature and pressure passed through 
constricted openings to lower pressures and (2) a seal
ing or plugging effect in higher ground where expand
ing gases and solutions redeposited the least soluble 
substances in spaces already leached or in any fractures 
that had formed. These two effects in conjunction would 
exert a certain control on pressures prevailing in any 
body of ground. As sealing became more effective, the 
pressures in leached ground and channels beneath would 
tend to rise and thus permit the entrance of solutions 
from below at pressures sufficiently high that vaporiza
tion and explosive expansion of gases would be greatly 
restrained. A continued passage of gases through the 
capping envelopes or walls might then result in cooling 
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FIGURE 5.-Environment and depth zones in fissure and chimney 
systems of the Silverton cauldron mineralized belts. A. Zone 
of mixing of mineralizing solutions with partly oxygenated 
meteoric waters (locally 3,000--4,000 ft deep). B. Zone of in
flux of fractionated end-products of rock alteration that mix 
with meteoric waters from above and sulfide solutions from 
·below. 0. Zone of influx of primitive ore solutions and products 
of deep rock alteration. Chimney deposits are in rocks locally 
preheated by volcanic pipes and ·have only minor influx of 
solutions from zone B. Chimney feeders are not reopened as 
frequently ·as feeders of fissure systems. Crosshatching indi
cates siliceous envelope of altered and mineralized ground; 
black areas indicate sulfide deposits. Propylitic zone repre
sents rocks charged with c.arbon dioxide and other gases, 
coming from deep-seated sources of cauldron core. Dashed 
arrows indicate general movemen·ts of gases, solid arrows 
movement of solutions. 
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of solutions and in more gradual precipitation of en
trained substances, whether those substances were ore 
minernls or products of rock decomposition. 


The overall results of alteration in solfataric ground 
thus represent a coupling of physical and chemical ac
tions that permitted the local passage of solutions from 
depth into relatively shallow positions to form ore 
bodies. For the most part, the ores deposited in open 
spaces contain very little intergrown quartz gangue, 
although some ore has been deposited in and around 
quartz crystals and porous siliceous aggregates formed 
by rock decomposition. In general, the conditions of 
rock alteration and ore deposition are believed to differ 
n1arkedly from those in the extensive open fis..sures char
acteristic of the greater part of the Eureka district. In 
the open fissures it is thought that the ore solutions from 
below mixed with meteoric waters, a.nd became greatly 
diluted, and then passed to the surface under pressures 
more nearly n.pproaching bydrostatic gradients than 
did solutions in the chimney enyironment. In general, 
the steeper gradients prevalent in chimney ground re
sulted in telescoping of the ore bodies. 


The thermodynamics of throttling processes has been 
discussed nt some length in various texts and recently 
in connection with deposition of ores (l{eenan, 1941; 
Barton and Toulmin, 1961). Irreversible throttling 
processes are those thought most likely to prevail in an 
environment such as that under consideration. In gen
eral, irreversible throttling (l{eenan, 1941, p. 138, 314-
336)' results in the cooling of the throttled fluids. If 
pressures fall sufficiently below the throttling point, 
un original dense gaseous fluid may change from a 
single-phase condition to a two-phase condition where 
both condensed fluid and gas coexist. Accordingly, 
both gases and solutions could have coexisted in some 
leached spaces in solfataric ground. An exception to 
the cooling of fluids may take place when the velocity 
of gases escaping through n. tluottling position exceeds 
the velocity of sound in the fluid. In such a case, shock 
waves form .and the hen.t content and the pressure of 
the fluid increase, but this condition would be likely to 
prevail only, if at all, in the throats of exceptionally 
violent fumaroles. Whatever other conditions prevail, 
the entropy of irreversibly throttled fluids always 
increases. These various changes in the thermodynamic 
properties of throttled fluids may have important bear
ing on the chemistry of precipitation and on the for
mation of mineral substances. Barton and Toulmin 
(1961), in applying throttling processes to precipita
tion of ores and vein material, considered the processes 
as ideally taking place at constant heat content ( isen
thalpic). It may be argued that work must generally be 
performed by the expanding fluids in displacing sub
stances in the path of the fluids, such as pockets of con-


densed solutions or ground waters that may have seeped 
into openings, and in raising substances in a gravita
tional field. As such work is performed, the heat content 
will decrease rather than remain constant. However, 
owing to various chemical reactions that may be in
duced in complex chemical solutions, such as oxidation 
of sulfur compounds, the net changes in heat content 
of throttled fluids cannot be estimated with any degree 
of assurance. Speculations on the thermodynamic prop
erties of pure substances, such as water, acocrdingly 
seem of minor value in solving the chemical problems 
of solfataric alteration. However, it may be concluded 
that throttling probably had an important effect on the 
processes involved in solfataric alteration. 


The formation of new mineral substances in the 
altered rocks and ores and the modes of their precipita
tion probably included, in part, some of the following 
processes: ( 1) abrupt· cooling as a result of throttling, 
resulting in telescoped deposition, ( 2) loss of some 
vapors by osmosis through sealing envelopes and rock 
walls or by simple boiling, (3) mixing reactions in solu
tions of diverse origin, ( 4) decomposition of various 
solution complexes of the mineral anions, .such as sul
fide complexes to yield sulfides and sulfates, and ( 5) 
dilution and mixing of rising solutions or gases with 
ground waters, probably including shallow oxidation. 
Most of these processes need no explanation and have 
been commonly recognized, but some comment regard
ing mixing reactions may be necessary. 


·Wherever acidic gases escape from hypogene fluids, 
by either osmosis or vaporization, they will tend to 
recondense in cracks and pores of colder rocks or in 
any dilute or connate waters in porous rocks. The sec
ondary acidified solutions, the!l being unsaturated with 
rock substances, will tend to tl!ttack and partly dissolve 
minerals. Part of the solutions containing dissolved 
minerals will be forced away by pressure of expanding 
gases, but some will remain in pores and cracks. If seal
ing causes pressures to build up ·again in this partly 
leached body of rock, primary or modified solutions 
from below, l.1nder higher pressures, may advance into 
the spaces, mix with remnants of the secol).dary solu
tions, and react with them to form new mineral sub
stances. Loss of pressure and heat are not of course 
the sole causes of precipitation of these new substances, 
since the mixing may take place with rising tempera
ture and pressure. If reactions are exothermic, they 
may even cause a further rise of temperature. 


ALTERED W ALLROCKS OF VEIN DEPOSITS 


The wa.llrocks of the common types of veins in the 
Eureka district have been subjected generally to several 
periods of alteration and to successive changes in chemi
cal and mineral composition. Many veins are com-
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pound and indicative of repeated openings, along which 
solutions of obviously different composition circulated. 
Quartz, sericite, and pyrite are common products of 
alteration in many of the siliceous sulfide veins. Chlorite 
and calcite in weakly altered walls may represent at 
places an intensification of processes allied to propy
litization. The introduction of sulfur and traces of 
metals into altered walls is illustrated in analyses of 
rocks from the American tunnel under the discussion 
of propylites (p. 26). Locally, a particular stage of rock 
alteration is characterized by some unique mineral 
assemblage or compositional change, such as the high 
content of manganese in rocks adjacent to veins of man
ganese silicate and carbonate. Manganese minerals are 
common constituents in veins of the central part of the 
Eureka district, and enrichment of vein walls in man
ganese gives an indication of the degree to which vein 
solutions have penetrated their walls. This penetration 
may be estimated at places on the surface by characteris
tic stains from oxidation of manganiferous carbonates 
in the rock. 


Table 9 illustrates gross changes in the composition 
of propylitized dacite of the Burns Formation as a 
result of mineralizing solutions that penetrated the 
footwall of the mineralized Ross Basin fault. Two 


samples were selected about 20-25 feet within the 
slightly shattered footwall of tl1e vein zone, one 
showing obvious stains of manganese oxides and the 
other showing none. Fractures in the analyzed rocks 
were noticeable only on a microscopic scale, and 
no veinlets were visible to the naked eye. The two 
altered and mineralized rocks (columns 2, 3) are 
compared with rock (column 1) from a nearby ledge of 
propy lite of similar texture though not certainly from 
the identical horizon. All rocks show the common 
products of propylitic alteration with only minor epi
dote. The two mineralized rocks show an obvious intro
duction of quartz and pyrite with intensification of 
sericitic alteration in plagioclase and groundmass. The 
gains in S and Si02 and losses in Al 20 3 probably took 
place when solutions of the early quartz-pyrite stage 
of mineralization were introduced into the fractured 
walls. 


Semiquantitative spectrographic analyses (table 10) 
suggest that there is a slight gain in Ph and possibly 
a loss of Ba and Sr. The gain in Ph doubtlessly took 
place during the main sulfide stage of vein genesis, but 
the losses in total iron as Fe, in N a20 and K 20, and in 
Ba and Sr cannot be as definitely correlated with vein 
stages. The changes in C02 and MnO are more defi-


TABLE 9.-Chemical analyses of altered rocks near Sunnyside Saddle 


2 3 


Weight 
percent 


Grams Weight Grams Weight Grams 
per cubic 


centimeter 
per cubic percent per cubic percent Gains 1.osses Gains Losses 


centimeter centimeter 


Si02--------------------- 517.0 1. 548 63 .. 68 1_. 714 65'. 61 1. 758 0. 166 -------- 0. 210 --------Al20a- ___________________ 15. 9 . 432 11. 74 . 316 13. 16 . 353 -------- 0. 126 -------- 0. 079 
Fe20a------ -------------- 3. 2 . 087 . 70 . 019 . 41 . 011 -------- . 068 -------- . 076 FeO _____________________ 3. 6 . 097 3. 78 101 4. 44 119 . 004 -------- . 022 --------
~gO ____________________ 3. 1 . 084 2. 39 . 064 1. 89 :051 -------- . 020 -------- . 033 CaQ _____________________ 5;. 6 1~2 4. 96 . 134 2. 19 . 059. -------- . 018 -------- . 093 
~a20-------------------- 2. 7 . 074 1. 47 . 038 3. 13 . 084 -------- . 036 . 010 --------
K20--------------------- 3. 4 . 092 2. 32 . 062 2. 61 . 070 -------- . 030 -------- . 022 
H20--------------------- 1.9 . 052 ~· 2.4 . 060 2. 00 . 054 . 008 -------- . 002 --------
Ti02--------------------- . 88 . 024 . 58 . 016 . 68 . 018 -------- . 008 -------- . 006 
P20s--------------------- . 34 . 009 . 23 . 006 . 28 . 008 -------- . 003 -------- . 001 
~no ____________________ 13 . 003 1. 09 . 029 19 . 005 . 026 -------- . 002 --------C02 _____________________ 1.3 . 035 2. 89 . 075 1. 07 . 029 . 040 ---------------- . 006 
SOa------------------------------------- . 02. . 001 . 06 . 002 . 001 -------- . 002 --------s _______________________________________ 1. 63 . 044 2. 52 . 068 . 044 -------- . 068 --------


TotaL _____________ 99 2. 689 99. 72 2~ 679; 100. 24 2. 689 . 289 . 309 . 316 . 316 Less 0 ___________________ . 41 


99.31 


Specific gravity (bulk) _____ 2. 69 2. 68 
Specific gravity (powder) ___ 2 .. 72 2. 75 
Porosity (percent) _________ 1. 1 2. 4 


1. Field No. HP-59--34; lab. No. 157574. Rapid rock analysis. Analysts: 
P. L. D. Elmore, I. H. Barlow, S.D. Botts, and Gillison Chloe, U:S. 
Geol. Survey. Speciflc gravity (bulk): W. S. Burbank. Propylitized 
flow of Burns Formation from south side of Hurricane Peak, west of and 
near Sunnyside Saddle. 


2. Field No. 59--B-10; lab. No. G3152. Standard rock analysis. Analyst: 
Paula M. Buschman. Specific gravity (powder): V. C. Smith U.S. 
Geol. Survey. Specific gravity (bulk): W. S. Burbank. Altered flow of 
Burns Formation in footwall of Ross Basin mineralized fault, west of 
and near Sunnyside Saddle. 


. 63 


99. 61 


2. 68 
2. 73 
1.8 


3. Field No. 59--B-12; lab. No. G3153. Standard rock analysis. Analyst: 
Paula M. Buschman. Specific gravity (powder): V. C. Smith, U.S. 
Geol. Survey. Specific gravity (bulk): W. S. Burbank. Specimen from 
same location as specimen in column 2. 


4. Gains and losses in grams per cubic centimeter of specimen in column 2 as 
· compared with specimen in column L 


5. Gains and losses in grams per cubic centimeter of specimen in column 3 as 
compared with specimen in column 1. 
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TABLE 10.-.. Minor elements of altered rocks near Sunnyside 
Saddle 


Ag _______________________ _ 


Bfi------------------------Be _______________________ _ 
Co _______________________ _ 
Cr _______________________ _ 
Cu _______________________ _ 
Gfi _______________________ _ 
Lfi------------------------Ni _______________________ _ 
Pb _______________________ _ 
Sc _______________________ _ 
Sr _______________________ _ 
v ________________________ _ 
y ________________________ _ 
Yb _______________________ _ 
Zn _______________________ _ 
Zr _______________________ _ 


Propylitized 


0 
. 10 


0 
. 0025 
. 0043 
. 0057 
. 0007 
. 0047 
. 0038 
. 0015 
. 0012 
. 15 
. 02 
. 0025 
. 0002.5 


0 
. 015 


Mineralized 


0 
. 03 
. 00015 
. 0015 
. 0015 
. 003 
. 0007 
. 003 
. 0007 
. 0007 
. 0015 
. 03 
. 015 
. 0015 
. 00015 


0 
. 015 


3 


Trace 
0. 03 
. 00015 
. 0007 
. 0015 
. 003 
. 0007 
. 003 
. 0015 
. 03 
. 0015 
. 03 
. 015 
. 0015 
. 00015 


0 
. 007 


1. Semiquantitative spectrographic analyses or average propylite. From column 1 
of table 6. 


2. Semiquantitative spectrographic analysis or rock in column 2 or table 9. Analyst: 
.P. n. Hamett, U.S. Oeol. Survey. 


3. Semiquantitative spectrographic analysis or rock in column 3 or table 9. Analyst: 
P. n. Bnmett, U.S. Oeol. Survey. 


nitely correlated with the manganese silicate and car
bonate stage of vein formation that followed the main 
sulfide introduction. Microscopic examination of the 
altered rocks shows that some rhodonite was first 
formed by reaction of the manganese-bearing solutions 
with rock silicates and that the rhodonite later became 
converted in part to manganiferous carbonate by con
tinued or later introduction of carbon dioxide. Possibly 
some of the losses in chemical rock bases took place dur
ing the later carbonate stage of alteration. There are 
sl~ght gains .in P?wder density and porosity as compared 
with the propyhte used as a standard. It is likely that 
leached rock constituents were carried outward into 
fractures of the wall rather than diffused back into the 
vein, both because of the distances to which alteration 
extends from vein walls ttnd probable negative O"radi
ent.s o:f carbon dioxide pressures outward from th; wall. 


These samples confirm other evidence that carbonatic 
alteration in walls adjacent to carbonate stages of vein 
formation took place subsequent to propy litization. As 
the R.oss Basin fault zone has considerable displacement 
and has fractured the rocks over widths measurable in 
tens of feet, t:he penetration of altering solutions into 
~valls here was proba:bly near its maximum. The signif
Icance of this alteration will be considered further in 
d.iscussion of vein formation. 


MINERAL DEPOSITS 


The mineral deposits centered about the Silverton 
cauldron have been described in a number of geolorric 
and engineering articles, but R.ansome's ( 1901) bulle~in 


on the economic geology of the Silverton quadrangle is 
the only comprehensive review of the Silverton area 
as a whole. Some aspects of the geology and general 
mining development to the mid-1940's were published 
by the Mineral R.esources Board of Colorado (Vander
wilt and others, 1947). Local details of the. geology, 
mines, and veins in various parts of the area have been 
described by Varnes ( 1948; 1963), l(elley ( 1946), Bur
bank (1933a, b; 1935; 1951), Burbank, Eckel, and 
Varnes (1947), Collins (1931), Hulin (1929), Bastin 
(1923), Prosser (1910), Purington (1898, 1905, 1908), 
Hazen (1949), and l(ing and Allsman (1950). The sev
eral papers published since 1933 on the geology and ore 
deposits of the area have dealt mainly with structural 
aspects of the volcanism and ore deposits . 


The ore deposits centering about the Lake City caul
dron have much in common with those of the Silverton 
area, and mineralized country rock is virtually continu
ous between the two areas. Selected articles on the geol
ogy and ores of the Lake City area include those of 
Irving and Bancroft (1911), Brown (1926), Woolsey 
(1907), and Cross and Larsen (1935). 


There have been some important mining develop
ments in the Eureka district since ~ansome's work, but 
except for brief local or general articles, much of the 
history and many of the underground geologic details 
of larger mining enterprises have never been published. 
A general historical summary to 1926 was made by 
Henderson ( 1926). It is not, however, the purpose of this 
paper to detail the gap in this record, much of which is 
not readily available, nor is it the purpose to discuss in 
detail the individual mines, most of which were not fully 
accessible to examination during the course of this in
vestigation. The purpose of this paper is to discuss more 
the theoretical aspects of ore deposition based on avail
able information. Vein structures discussed are based 
upon study of shallow and deep levels of a few larger 
mines and numerous smaJl mine openings. Lack of full 
access to the older very extensive mine workings is partly 
compensated for by the vertical and lateral extent of 
surface e~posures. 


The two principal types of mineral deposits repre
sented in the map area are vein systems and chimney 
deposits. Vein systems are by far the 1nore important 
type. A. few_ chimney deposits and some disseminations 
of ore minerals are found along the west margin of the 
map area, but for the most part these deposits are con
fined to the solfataric zones of the cauldron margins. 


Veins of the Eureka district formed in extensive sys
tems of open fissures of small displacem~nt or along 
major faults and their subsidiary fissures. The shoots of 
ore are commonly tabular, although of limited lateral 
extent compared with the more productive veins of the 
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northwest sector of the Silverton cauldron in the Tellu
ride and Sneffels districts. 


The vein systems are described first, followed by a 
brief resume of the main characteristics of chimney 
deposits. The two types are contrasted with emphasis on 
the origin and nature of the mineralizing solutions in 
the different environments. The principal contrasts, 
aside from form of the ore bodies, lie in the extent 
to which ore-forming solutions mixed with shallow 
meteoric waters. Extensive mixing is believed to have 
taken place in open fissures of the vein systems under 
conditions approaching hydrostatic pressures, whereas 
mixing in chimneylike channels was greatly restricted 
except in shallowest ground, which was for the most 
part above the ore bodies, where prevailing pressures 
were probably much above those of hydrostatic levels. 


VEIN SYSTEMS 


• The major radial and concentric fault and fissure 
systems of the Silverton cauldron are not evenly distrib
uted about the cauldron margins l:;mt tend to be clustered 
into several dominant groups (pl. 1). Plate 1 does not 
give a complete picture, as some areas have not been 
mapped in equivalent detail, but the north margin from 
the northeastern to western sectors has been mapped 
in sufficient detail to be adequately represented. Sectors 
with strong radial systems alternate with those having 
relatively weak radial systems. The central Eureka 
district spans the area covered by a strong northeasterly 
system and parts of a weaker north-south system in 
Poughkeepsie Gulch. A curved set of northeasterly to 
easterly trend belonging to a concentric ring-fault 
system is prominent in the northwestern part of the 
Eureka map area and forms some of the principal veins 
of the Poughkeepsie Gulch area, where the north-trend
ing radial fissures were but weakly opened and con
tain few veins. Moderate subsidence toward the central 
part of the cauldron sympathetic to the Ross Basin 
fault is believed responsible for opening of the north
easterly and easterly sets of Poughkeepsie Gulch. The 
central and northeastern parts of the Eureka area are 
dominated by the strong northeasterly radial system. 
Here the concentric fissures are but weakly opened and 
mineralized, whereas the northeasterly system contains 
the more persistent veins. Opening of the northeasterly 
system of fractures is believed to have resulted from 
subsidence related to the northeast-trending graben de
fined by the Sunnyside and Toltec fault systems (pl. 6). 


Some individual veins and dikes show changes in di
rection as they pass from the northeastern sector into 
the area between the head of Poughkeepsie Gulch and 
the ·Ross Basin fault. Thus, some veins along the north 


slope of California Gulch swing from a northeasterly 
to an easterly trend near ·the head of Poughkeepsi~ 
Gulch. A dike of porphyritic quartz la.tite along Cali
fornia Gulch also changes from a northeasterly to an 
easterly trend where it crosses Poughkeepsie Gulch. 


Faults and fissures commonly curve and splay at in
tersections of major trends (fig. 6). This type of inter
section is illustrated where the Ross Basin and Sunny
side fault systems join just north of Lake Emma (pl. 6; 
fig. 6A). Both represent major faults of the cauldron . 
that have undergone displacements of 800-1,000 feet. 
.Numerous sets of curved fissures lie across the interior 
angle of the fault junctions, and near the main junc
tion ·where the curved fissures are closely spaced, the 
rocks forming the common footwall are strongly sheeted 
and brecciated. 


Some major faults and fissures are deflected in their 
trends where they cross intersecting fissure and sheet
ing systems, as illustrated by stretches of the main 
Toltec fault. This fault swings westw.ard in a series of 
deflections on the south slope of Eureka Mountain, 
where it is deflected by east-west to N. 80° W. fissure 
systems. It continues across this belt and again swings 
back to its more normal approximately N. 50° E. trend 
in McCarty Basin south of Eureka Gulch. This deflect
ing belt of east-west sheeting and fissuring seems to rep
resent the extension of the Ross Basin fault zone, which 
widens into ~broad band of sheeted rock step-faulted 
and tilted down to the south. 


CONTROLS OF ORE SHOOTS 


Many mineralized faults and fissures can be traced 
for distances ranging from hundreds of feet to several 
miles, but ore shoots are much more restricted in their 
lateral extent. Intersections, deflections in direction, and 
variations in dips, as well as more obscure factors, have 
influenced the location of ore shoots. Some 1najor faults 
and fissures have nearly continuous fillings of vein mat
ter which vary in width and in proportion of barren 
gangues and ores. In part, this distribution is the result 
of numerous reopenings of the fissured ground and of 
variations in the mineral content of solutions at different 
stages of vein formation. Conditions either favorable or 
unfavorable to precipitation of ore minerals from 
solutions may have been a factor in some places, but 
such factors are of a chemical or thermodynamic nature 
and will be considered in connection with the nature 
and origin of the vein-forming solutions. Some con
trols of ore shoots are obviously structural, however, 
and the influence of structural patterns on distribution 
of ore and vein widths is summarized in this section. 
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FiounE 6.-'l'ypes of fault intersections in plan view; ore shoots 
and deflections in fault trend related to fault intersections. 
A . . Junction of two major faults with weak extensions be
yond junction. 'l'he faults appear to horsetail into each other, 
forming fnulted and fractured ground chiefly iu footwall at 
junction. Detnil of ore shoot in this ground shown in H. 
B. l\Hnor fnult ending nt intersection with major fault. 
'Vedge of rock near junction is fractured, altered, and 
replaced by qunrtz. 0, D, and E. Minor faults intersecting 
to form ncute angle. Frncturing and veining chiefly iu com
mon hanging wall of obtuse angle. F. The fault intersections 
are somewhnt like B, but the faults continue through each 
other. I.Jater frncturing between the hanging wall of one 


Several of the major ore shoots of the district are 
either in major fault systems or in subsidiary fissures 
related to the faults. Shoots of intermediate to minor 
productivity are widely scattered in veins of the north
easterly system where fault displacements are relatively 
minor. These are represented by the veins of Mineral 
·P~int nnd ;poughkeepsie Gulch. 


The major ore shoots of the district are clustered near 
the intersection of the Sunnyside and Ross Basin faults 
(pl. 6) nnd account for the greater part of the district 
production. Shoots of the Sunnyside vein systems·have 
been mined to depths of about 2,500 feet beneath the out
crop, and some are known to extend· 500 feet deeper. 
Near the stn·face, the lateral extent of the known produc
tive shoots is about 1,000-1,500 feet on the Sunnyside 
fault system and less on the Ross Basin fault. The wider 
veins and bodies of veined and altered rock span as 
much as 100 feet, and stopes on ore in the Sunnyside 
mine are reported to have been 50 feet wide in places. 


Altered rock, partly replaced by sulfides 


fnult and the footwall of the other has produced ·steep fis
sures that are ·filled with narrow veins of~ late stage of gold
bearing quartz. The main intersections have a steep pitch, 
and the narrow veins probably are continuous individually 
in depth ; others may occur at similar positions in depth. G. 
1\:lajor mineralized fault intersects a barren fault of the 
cauldron peripheral belt. Indications are that fractures 
were deflected into the hanging wall of the mineralized fault 
on one side of the barren fauU. H. Detan of ore shoot in 
ground of A, showing wedgelil{e growth of fissured and 
mineralized ·ground into footwall of mineralized fissure. 
The rhodonite is later than base-metal ore. Modified froll1 
Hulin ( 1929) . 


Hulin has figured (1929, p. 42, fig. 12) a large wedge
shaped shoot in plan and argued from the distribution 
of different stages of vein matter that the widening 
took place by successive reopening and growth of the 
vein by accretion. (See fig. 6E(.) He also noted that 
shoot widths are greater along stretches of steeper dips, 
as illustrated by the Washington vein. Some roughly 
. parallel and curving branches of the Sunnyside vein 
system were .formed in the footwalls of the Sunnyside 
and Ross Basin faults; these branches are illustrated by 
the No N arne vein and the hanging wall and footwall 
branches of the eastward-trending veins related to the 
Ross Basin fault (fig. 6A). Inasmuch as there is con
siderable vertical displacement on some of the branch 
veins and fissures, the widths of openings may have 
been controlled to some degree by juxtaposition of ir
regular walls and by the tilting of some segmented 
blocks in the common footwall. Under such conditions 
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the localization of wide openings might be erratic and 
thus difficult to predict from local strikes and dips. 


Shoots of ore were formed locally along intersections 
·of the northeast-trending fissures and east-west fissures 
in the Ross Basin area and adjoining parts of Pough
keepsie and California Gulches. These ore bodies form 
dogleg shoots where the veins switch locally from a 
northerly or northeasterly trend to an easterly trend 
(figs. 60, D, E). Shoots of this type are at the Mountain 
Queen at the head of California Gulch, at an undevel
oped body about 1,500 feet to the southwest, and in 
several veins about 1,500-2,000 feet southwest of Lake 
Como in the high north branch of Ross Basin. Few 
shoots of this kind are longer than about 1,000 feet 
along the outcrop, but small patches of ore or quartz 
appear elsewhere along straight stretches of the veins. 


Deflections in trend of numerous faults and fissures 
control the location of some wider shoots of vein matter, 
whether they are of barren gangues or of ore. This con
trol is evident from many surface outcrops, for example, 
the min.eralized Toltec fault where it crosses the south 
slope of Eureka Mountain. The several wider mineral
ized stretches of the fault system were formed near 
deflections in its trend, such as near the crossing of 
Eureka Gulch, near the crossing of Parson Gulch, and 
just east and west of the crest of Eureka Mountain. A 
branching and deflection of the Sunnyside fault resulted 
in a wide band of quartz veins where the fault crosses 
the north end of Treasure Mountain (pis. 2, 6) and 
passes through the Lost· Treasury vein to join the Cin
namon fault east of the Animas River. Not all these 
widenings were favorable to shoots of sulfide ore, how
ever; some consist mainly of barren gangues, and others 
are part gangue and part ore. A wide band of relatively 
barren quartz was formed where the Bonanza vein 
crosses Lake Cmno near the head of Poughkeepsie 
Gulch. A number of 1najor and minor features of this 
type are illustrated in figure 6. 


The structural control of shoots that yielded 15-20 
percent of production from the central part of the dis
trict is represented by veins, of which two of the most 
productive were the Gold King and the Lead Carbonate 
(pl. 6, Nos. 2, 3) near the footwall of the Bonita fault 
(Burbank, 1951, p. 296). As shown on plate 3 (sections 
A-A', B-B') and plate 6 (section B-B'), the volcanic 
formations are tilted away from the downfaulted graben 
block. Opening of the faults during distension of the 
crust permitted the block between the Toltec and Sunny
side faults and the Bonita Peak block east of the Bonita 
fault to subside. The downward wedging of these blocks, 
perhaps during alternating tensional and compressional 


stresses resulting in part from resurgeht doming caused 
by magma pressure tended to accentuate outward tilting 
of the bounding volcanic beds. The sinking of the key
stone blocks would produce some wedging action on 
surrounding bodies of fissured rock, and this action 
would tend to dilate fissures trending at high angles to 
the fault faces. This kind of action seems most pro
nounced in the footwall of the Bonita fault where a 
few fissures of northeastward trend, as represented by 
the Gold l{ing and Lead Carbonate, intersect the north
westward-trending fault. Similar action on a minor 
scale is noticeable on northeasterly fissures in the foot
wall of the Ross Basin fault (fig. 6B). 


Antithetic fissures in the hanging walls of some major 
faults are fairly common loci of ore deposition. Several 
of the more.prominent examples are the Hidden Treas
ure, Sound DemocrUJt, and Silver Queen veins in the 
hanging wall of the Sunnyside fault near the head of 
Placer Gulch east of Hanson P~ak ( pls. 2, 6). These are 
shown somewhat diagramma1tica.lly in sections A-A' 
and B'-B' of plate 3. They diverge in strike from the 
main fault zone and apparently converge wi:th the fault 
somewhere beneath the alluvium at the bottom of the 
Gulch. Possibly some mineralizeit fissures in the hang
ing wall of the Ross Basin fault near the head of Cement 
Creek are of similar origin. These· dip in reverse direc
tion and diverge westward from the main fault zone 
(pl. 2~). 


More complex fissuring in hanging walls and foot
walls of minor· faults is illustrated by the Golden 
Fleece and other veins near the junction of the Scotia 
and Great Eastern mineralized faults (pl. 2; fig. 6 F) . 
The Golden Fleece is a narrow, steep vein composed 
largely of quartz and free gold, occurring in the angle 
between the two mineralized faults. Possibly ]ate ten
sion fracturing in the block between the two faults per
mitted access of late-stage gold-bearing· solutioi1s to the. 
Golden Fleece vein. From the. known stopes, it. would 
appear to have been fed from the footwall of the Scotia. 
Several other small veins in the footwall of the Scotia 
just to the north have also been mineralized. Veins such 
as the Golden Fleece probably do not have much vertical 
continuity. 


Examples of relatively minor vein patterns and their 
control of small ore shoots are illustrated in figure 7. 
The rather common angular forms of vein structure re
flect control by preexisting joint and fissure systems. 
Probably at moderate depths many of these minor and 
more complex patterns change shape or assume simpler 
forms. 
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l~'wum~ 7.-Plnn view of types of vein patterns as illustrated on 
plute 2. A. l\:Inin vein deflected from one major joint to 
another lJy diagonal linl{s. 11-G. Loop structures along veins 
formed in purt hy double linldng structure and possibly in 
pnrt by snncerlil{e frnctures produced by percussion in one 
of the wnlls. l\:Iuny of the fractures rejoin the main break 
both verticnlly nnd horizontally and thus enclose a horse of 
nltered ot· pnrt.ly replaced rock as in B. In structures like 
0 nnd P, which nre comparable in origin to A, the junctions 
nuty huve modernte verticnl continuity ; small thickened 
Y-shaped shoots of ore form at the forks. In F the double 


VEIN STRUCTURE 


Ideas concerning the origin of veins in the Eureka 
district nnd adjoining areas of the Silverton cnuldron 
evolved from the work of Purington (1898) on mines 
:in the Tell uri de area .. l-Ie postulated that vein material 
in the outer mineralized zones 8-10 miles northwest of 
the Eurelm district filled open fissures and that the in
c.l uded rock fntgments and vein walls were little cor
roded or replaced in the process. Moreover, he noted 
thn,t :individual vein zones commonly show alternating 
ore rt..nd country rock, as illustrated in figure SA, and 
that the succession of minerals deposited in the different 
.luyers of vein matter may be repeated several times 
aeross the full face of the vein. l-Ie (1898, p. 799) also 
recognized that in addition to a repetition in kind of fill
.i.ng, the succession of bands differed in composition and 
in proportion of ore minerals and gangue. Thus Pur
.ington recognized early that veins of the region were 


Fault, showing dip 


U, upthrown side; D, downthrown side 


Jointing and sheeting 


. ·:- ....... :: 
Altered rock, partly replaced and veined with 


sulfides and gangue 


curvature of the linking structures has produced a series of 
small steep shoots (somewhat enlarged in true proportion 
so as to show their shape in plan). H, I. Horsetail structures 
where movements on faults and fissures are dispersed along 
numerous smaller fissures. J. En echelon and shingle fis
sures that have the general pattern of horsetail structure. 
1\., L. Vein systems produced by primary acute angular 
patterns of fracturing. The fault in Jl. is the main feeding 
channel for small veins and sets of altered and weakly 
mineralized joint fissures (herringbone pattern). 


compound and were formed by successive depositions of 
ore and gangue minerals. Purington also favored in 
some degree the ideas that fillings of some gangues 
might have been in part derived by dissolution and re
deposition of materials already present in deeper parts 
of the fissures or in part derived from interaction with 
the wallrock. 


Hulin ( 1929), with reference to the Eureka district 
and in particuhu to the Sunnyside veins, expressed 
views generally in accord with those of Purington. He 
stressed repeated opening of fissures as a cause of accre
tiona.l growth of veins and the importance of these fac
tors in the localization of ore shoots. Also, he ( p. 32) 
recognized three suc-cessive major periods of vein for
mation: barren pyrite-quartz veins, base-metal veins, 
and barren rhodonite veins and ribs. Examinations tha;t 
we were able to make both in .the upper near-surface 
positions and near the deeper levels off the American 







40 GEOLOGY AND ORE DEPOSITS, SAN JUAN MOUNTAINS, COLORADO 


1 FOOT 


A 


a c 


,.. 


[, ( ~ 


' "I ,l : ( . 
' 


3 FEET 


B 


a b c d e d' e b a 


c 


FIGURE 8.-Structural features of compound veins within and 
northwest of the Eureka district. A. Vein in Mendota work
ings, Smuggler vein, Telluride district (modified from Pur
ington, 1898). 1, country rock; 1', sericitized and impreg
nated country rock; 2, sphalerite with calcite; 2', sphalerite 
and galena ; 3, white quartz ; 4, rhodochrosite ; 5, blue quartz 
with finely disseminated sulfides and sulfosalts. B. No Name 
vein, Eureka Gulch (modified from Ransome, 1901). a, 


country rock; b, ore, chiefly galena with quartz gangue ; c, 
rhodonite. 0. Banded vehi near the London shaft, Mineral 
Point ( modi:fied from Ransome, 1901). a, country rock; b, 
quartz and chalcopyrite; c, tetrahedrite; d, d', quartz; e, 
galena. D. ·washington vein, raise from American tunnel, 
Sunnyside mine. a, quartz-pyrite and sheared ba·se-metal 


tunnel confirm Hulin's generalized sequence for the 
Sunnyside veins, but in ·addition, we find that the late 
rhodonite stage is complex and possibly divisible into 
a number of prerhodonite and postrhodonite stages of 
evolution. 


Ransome ( 1901, p. 87-92) classified the vein structures 
as massive, banded by deposition (figs. 8B, 0), brecci-
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sulfide vein replaced locally by rhodonite and rhodochrosite; 
b, rhodonite vein with angular inclusions of base-metal ore ; 
c, altered wall. E. No Name vein, Sunnyside vein system, 
Eureka Gulch (from Burbank and Luedke, 1961). a, quartz 
with pyrite and minor sphalerite and galena ; b, mainly 
sphalerite, galena, •and chalcopyrite, intergrown with quartz 
and some pyrite; c, rhodonite ribs with patches of tephroite, 
friedelite, carbonates, and quartz; d, quar.tz. F. Vein in 
Placer Gulch, Eureka district. 1, quartz, barren or with 
minor sulfides ; 2, silicified and sheared country rock; 3, 
altered and sheared country rock; 4, quartz, rhodonite, 
galena, chalcopyrite, sphalerite, and pyrite. The barren 
quartz veins represent a late stage of filling. 


ated, cellular, and spherulitic. He did not subscribe to 
the view that successive deposition could account for all 
the vein structures. He stated ( p. 1'36) : 


The fissures are filled by coarsely crystalline allotriomorphic 
aggregates of ore and gangue (massive structure) and there is 
no evidence to show that .such· a structure could result from 
suecessive deposition upon the walls of the fissure until the 
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whole was finally tilled. On the contrary, crystallization has 
proceeded simultaneously from many points within the solu
tion. Qunrtz, gnlenn, pyrite, sphnlerite, chalcopyrite, and other 
1ninernls hnve formed practically contemporaneously about 
locnl centers of crystnllizution scattered irregularly through the 
solidifying muss. 


In this statement he presumably refers to ore such as 
represented in bands marked "b" in figure 8B. 


Figures 8D, E, and F illustrate structural variations 
in veins of the Sunnyside system and of a siliceous vein 
in the footwall of :the Sunnyside fault on the northeast 
slope of I-Ianson Peak. AU show the same general se
quence of early quartz-pyrite, quartz and base-metal 
sulfides, rhodonite-rhodochrosite veins, a.nd late comb 
quartz. T'he breccia and sheared quartz-sulfide ore of 
sketch D are described and figured later in connection 
with microscopic features of the ores. In parts of the 
Sunnyside workings and in other mines of the district, 
these clearly defined sequences are much obscured by 
repeated crushing and veining m1d by replacement of 
one gangue by another. 


Moehlman (1936) stated that the role of metasomatic 
repln.cement in vein-forming processes had been greatly 
underestimated, especially with reference to veins of 
the northwestern sector of the Mount Sneffels area (pl. 
3). For exa1nple, he found that barite in some veins 
had been more or less replaced by qua1~tz. This sort of 
replacement of one gangue by another is not uncommon, 
but it affords no clue to the space originally available 
for deposition of the barite. On 'the whole, evidence 
fn.vors n. considerable amount of open space available 
for filling during ;the different stages of vein formation 
even though leaching and redeposition or replacement 
took place in all stages. 


The proportion of space provided by openings as 
compared with that provided by chemical leaching or 
by repln.cement of preexisting ·material is very difficult 
to estimate in the more complex veins of a compound 
origin. Successive depositions and resolution or replace
ment of vein mn.tter seem typical of most veins, whether 
massive, banded, brecciated, or compounded of these 
vn.rious structures. The compound banded veins permit 
in many instances the unraveling of complex relation
ships thrut are otherwise obscure. Studies of the minutia 
of ore and gn.ngue aggregates in randomly collected 
samples of vein matter may lead to contradictory and 
confusing mineral succession unless these samples are 
correlated with the grosser features of vein structure. 
Some of the common sulfides may be found in most or 
all of the major stages of vein formation. 


STRUCTURAL CONTROL OF CHIMNEYS AND BRECCIA 
BODIES 


Certain physical and chemical factors controlling 
deposition of alteration products and ores in solfataric 
ground have been reviewed (p. 31). These factors are, 
however, mainly secondary effects of the altering agents 
and are not related to any structural eontrols that may 
have influenced the position and form of chimneylike 
ore bodies. Detailed description of the many complex 
forms of ore bodies in chimneys, breccia bodies, and 
disseminations in solfatarically altered rocks is beyond 
the scope of this report. But a brief mention of some 
controls affecting the various types of ore bodies and 
their localization is desirable in view of these marginal 
areas of the map area (pl. 2) tha:t lie within the east 
border of highly altered ground. 


Because of the general north-south alinement of some 
larger chimney ore bodies of the Red Mountain district, 
the control of north-striking fissures or faults, called 
breaks by the miners, has been recognized since the early 
mining operations. Exposures at depth in some of the 
chimneys reveal fissurelike bodies of ore trending in 
the direction of elongation of the ore zones. In the 
Guston mine at Red Mountain No. 2, for example, a 
tabular body of sphalerite and galena that seems clearly 
to hn.ve been a fissure filling lay along the east edge of 
stoped chimney ground. There are also reliable reports 
(G. E. Collins, oral commun.; see also Collins, 1931, 
p. 419-422) that at the bottom levels of at least one 
mine (now inaccessible) the ore was mainly confined to 
fissures. At other plaees, the ore is found mainly in 
fissures without ·associated chimney bodies or in bunches 
along gougy :fault zones. 


Cross fissuring that aided in guiding the altering and 
mineralizing agents at certain places along the feeding 
fissures probably was a factor in controlling the position 
of some chimney bodies. Collins (1931, p. 418), in con
nection with ore bodies at Rico, Colo., distinguished 
so-called ".pay" fissures and "cross" fissures, the pay 
fissures being those opened during favorable stages of 
mineralizing solutions. This condition may hold for 
some fissure intersections in solfatarically · altered 
ground. Such conditions might also result from purely 
structural factors, fissures of certain trends being more 
generally subjected to tensional stresses. Insufficient data 
and usually poor exposures in the altered and fractured 
ground do not permit complete judgment regarding the 
major factors that controlled many small ore bodies in 
the solfataric environment. There are three main types 
of ore bodies, pyrite-enargite ores, copper-silver ores, 
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and sphalerite-galena ores, but whether or not these 
were sharply separated in time of emplacement and 
represent several major openings of the feeding chan
nels is not well established as a general rule. Some of 
the chimneys contain complex mixtures of all types. 


Both coarse structural and microscopic evidence es
tablishes an indefinite number of stages of fissuring 
in .cl~imneys, as in vein deposits, but because of leaching 
or1gn1 of many spaces filled with ore, banded sequences 
are more likely to be found along the walls of partly 
filled caves than in fissures. Fissuring of the siliceous 
envelopes that permitted solutions under pressure to 
advance into shallow ground tended naturally to relieve 
pressures until the new openings became repaired by 
further sealing action. Locally, 'release of pressure 
furthered. activity of acidic vapors or solutions; 
so that minerals typical of acidic environments alter
nate with those of more -alkaline or neutral conditions. 
In the same manner, leaching ma.y have alternated with 
filling. ~he co~plete history of such stages in chimney 
grQund IS not likely to be found at any one place as it 
is for vein deposits. Thus, the lack of any thorough 
study of a single chimney ore body during its develop
ment. and minii~g results in gaps in the knowledge of 
the history of clnmney formation. 


Some mineralized bodies of breccia represent min
eralized and altered pipe breccias of volcanic origin 
as these contain fragments of several intrusive rocks and 
are locally exposed in their unaltered condition. Other 
breccias evidently represent frarrmentation of the rocks 
b 


. b 


y Infiltration of altering and mineralizinO' solutions· 
in. these, leaching and possibly slumpingb have con~ 
tr1 buted to breccia formation. Still other mineralized 
layered. brec~ias :epresent extreme alteration, leaching, 
and mineralizatiOn of layers that are considered to 
have been original volcanic breccia beds. In some places, 
these beds are so highly altered and silicified that 
gh.os.tly outlines of fragments are the only clue to their 
origm. 


A mineralized breccia body of uncertain outli.ne in 
the propylitized Burns rocks north of Gladstone is 
1~arked by a wide apron of iron oxide along the east 
Side of Cement Creek. Its origin and nature is obscured 
by poor exposures, but one tunnel exposed altered and 
brecciated country rock containing chiefly pyrite· oxi
dation of this pyrite by ground :waters has fo~ed a 
b}anket of iron oxide on the hillside. 


MINERALOGY AND MINERAL PARAGENESIS 


The most common sulfide minerals of the ·veins are 
pyrite, chalcopyrite, sphalerite, galena, and tetrahedrite 


or tennantite. Native gold is widely distributed, but in 
scattered shoots in siliceous gangues and in minor asso
ciation with sulfides of the base-metal ores. Silver is 
found mainly in argentiferous tetrahedrite, locally asso
ciated with various sulfobismuthites, and less commonly 
with silver sulfosalts. The common gangues of the veins 
include quartz, rhodonite, rhodochrosite, calcite, fluo
rite, and barite. Adularia is associated with some late 
quartz veins. In the vein systems of Sunnyside Basin 
and at the head of Placer Gulch, some less common man
ganese minerals are associated with the predominant 
rhodonite and rhodochrosite gangues (Burbank, 1933a). 
These include friedelite (H7 (MnCl) Mn4Si40 16 ), 


alleghanyite ( 5Mn0 · 2Si02 ), tephroite (2Mn0 · Si02 ) 


helvite (3 (1\in,Fe) BeSi0.1 • MnS), and alabandite 
(MnS). 


The veins of Poughkeepsie Gulch and Mineral Point 
in the northern part of the map area contain many of the 
common gangues and sufides, but are notable especially 
for pockets of soft lead-gray minerals rich in silver and 
identified generally as sulfobismuthites (l(elley, 1946; 
Ransome, 1901, p. 83). 


Some of these minerals have been shown to be mix
tures. A notable example is alaskaite, a mixture of matil
dite, aikinite, and other m~nerals (Thompson, 1950). 
Beegerite, reported from the Old Lout mine in PouO'h
keepsie Gulch, may be all or in part mixtures of schir
merite and matildite (Eckel, 1961, p. 67). A mineral 
generally identified as cosalite occurs fairly c01nmonly 
in bismuth-bearing ores, some of it being argentiferous 
and locally associated with bismuthinite (Eckel 1961 


' ' p.117). 
A number of quartz-pyrite veins of Cement Creek 


contain hi:ibnerite, locally in sufficient quantity to con
stitute marginal ore of tungsten. Adularia, hii.bnerite, 
and molybdenite have also been identified as rare con
stituents in late quartz veins, such as the O'O]d-bearino-


~ b 


quartz of the Sunnyside vein. 
Common minerals of the chimney ores include en


a~·gite, pyri~e, sphalerite, galena, bournonite, chalcopy
rite, proust1te, pyrargyrite, stromeyerite, covellite and 
chalcocite. Specks of a mineral identified as colusite 
(Burbank,.Eckel, and Va:rnes 1947, p. 4'30) were found 
in enargite-tennantite-galena ore. Spectroscopic exami
~ation re~eal~d traces of tin a.nd larger ·amounts of gal
hum and 1ndn1m. The mineral associations of the latter 
metals have not been completely identified. Other bulk 
samples of sulfides from several deposits contained from 
0.01 to 0.1 percent tin and as much as 1 percent indium. 
Barite, calcite, fluorite, and sericite occur as O'an rrue 
minerals in addition to secondary products of r~ck 
decomposition. 
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PHYSICAL AND CHEMICAL PROPERTIES 


"Tide variations in the colors of sphalerite, both in 
vein and chimney ores, led to the belief that this min
eral might prove useful in geologic thermometry. In 
general, the younger sphalerites tend to be light or 
rosin colored in contrast to the dark-colored variety 
of the older base-metal ores. Weinig and Palmer (1929, 
p. 54) reported that some sphalerite of the Sunnyside 
vein was high-iron mnrmatite; however, quantitative 
spectrographic analyses of 12 sphalerites from vein and 
chimney deposits revealed only one sample that con
tained ns much as 1 percent iron (table 11). Several 
samples of low iron content were checked by wet
chenricnJ methods by J. J. Fahey of the U.S. Geological 


Survey, and these results confirm~d an iron content 
of less than 1 percent. Very possibly sphalerite high~r in 
iron might be found in deep Sunnyside ores. Some black 
sphalerite with associated pyrite was found at the Amer
ican tunnel level after these iron anaJyses were made. 
The reason for the dark colors of several vein sphaler
ites, including some from the Sunnyside mine, is not 
known. Although the results did not prove useful in 
geologic thermometry, certain contrasts. in. minor ele
ments between sphalerites of the ore chimneys and those 
of the veins are of interest. Manganese and iron are 
generally higher in the vein sphalerites, whereas ger
manium, thallium, and indium are generally higher in 
the chimney sphalerites. 


TABLE 11.-Selected minor elements in sphalerites from vein and chimney deposits 


!Quantitative spectrogl'tlphic analyses. Analyst: Sol Berman, U.S. Geol. Survey. Zero in unit colu:nn me.ms element not detected] 


Location Field No. Laboratory 
Elements analyzed, in weight percent 


No. Fe Mn Cu Ge Sn Pb As Cd Tl In Ga Ag 


Chimney deposits 


National Bell ____ ---------- ___________ ------ ______ SJ-56-1 150149 0.009 0.02 0.3 0.003 0 0.05 0.3 0.1 0.07 0.01 0.007 o.ox 
Do •• _------ _____________________ ------- _______ SJ-56-2 150150 . 004 .004 . 1 . 02 0 . 01 0 .2 . 03 .008 .005 .ox Carbon Lako _____________________ ----- ____________ SJ-56-4 150152 .006 .03 .3 .002 0 .08 .2 . 7 .05 . 08 .03 .X 


Robinson.----------------------------------------- SJ-56-7 150154 .08 .03 .3 .003 0 .1 0 .3 . 05 .06 . 03 .X Guston ____________________________________________ 
SJ-56-8A 150155 .3 .02 .2 0 0 . 08 0 .3 . 05 .1 .03 .X 


Do ••• ----_----- _________ --------- _____________ SJ-56-8B 150156 .08 . 01 .2 0 0 .07 0 .4 . 04 .09 .03 .X 


Vein deposits 


~unnysido __ ------------- _________ ----- ___________ SJ-56-13A 150160 0.3 Do_- __________________________________________ 
SJ-56-13B 150161 .8 


Barstow--------- _____ ----- ______________ ------- ___ SJ-56-14 150162 ~ 7 
Old Lout._--------------------------------------- SJ-56-12 150159 1. 
'l'crrible ____ ---- _ ---- _ ------ _______________________ SJ-56-11 150158 . 7 
Altoona_---------------------------- ___ -------- ___ SJ-56-9 150157 .6 


Microscopic examination of the abundant rhodonitic 
gangue of the Sunnyside vein systems (Burbank, 1933a) 
reveals that thick bodies are locally complex mixtures of 
a number of manganese silicates containing different 
proportions of manganese and silica. The optical prop
etties of these minerals are given in table 12. The most 
conspicuous, but not the most abundant, of these sili
cates is orange to rose-red friedelite, which occurs in 
scattered patches throughout some bodies of massive 
mixed silicate gangue. As seen in thin section, these 
masses of friedelite nre composed of fine compact mica
ceous-appearing plates 0.01-0.02 mm in diameter. Near 
so.me vuggy areas the friedelite forms tabular crystals 
0.06-0.13 mm in diameter. Qualitative chemical tests of 
the mineral made by vValdemar Schaller of the U.S. 
Geological Survey showed the presence of both chlorine 
and n.rsenic. An analysis of a sample of the mixed sili
cates (table 13), which contained roughly 5-10 percent 
friedelite, indicated that chlorine is in excess of arsenic 
and thus confirn1ed the optical identification as frie
delite rather than the arsenic variety, schallerite. 


0.3 0.02 0 0 0. 005 0 0.6 0 0 0.009 o.oox 
1. 1. 0 0 .03 0 . 7 0 0 .02 .ox 


. 07 .1 0 0 .02 0 .5 0 0 .004 .ox 


.2 .3 0 .003 . 06 0 .7 0 0 . 003 .oox 


.5 .1 0 0 .04 0 .6 0 0 .002 .X 


.6 .1 0 0 .07 0 .7 0 0 . 002 .X 


TABI"E 12.-0ptical properties of some manganese silicate minerals 
from the Sunnyside veins, Eureka Gulch, San Juan County 


[Source: Burbank, 1933a, p. 513-527) 


Friedelite Alleghanyite Tephroite Rhodonite 


Indices of refraction ________ _ w=l. 657 
E=l. 625 


0.032 
Negative 


0° or small 


a=l. 756 
13=1. 776 
-y=l. 790 


0.034 
Negative 


75°-80° 


a=l. 771 
13=1. 800 
-y=l. 815 


0.044 
Negative 


70°± 


a=l. 733 
13=1. 736 
-y=l. 747 


0.014 
Positive 


55°-60° 


TABLE 13.-Partial chemical analysis of mixed manganese sili
cate gangue, Sunnyside mine, Eureka Gulch, San Juan County 
[Field No. 60-B-1, serial No. 287139; As (sample in duplicate) deter-


mined colorimetrically by E. J. Fen111elly, U.S. Geol. Survey; C02 
determined gasometrically, total S and sulfide S determined gravi
metrically by I. C. Frost, U.S. Geol. Survey; l\ln determined color
lmetrically by D. L. Skinner, U.S. Geol. Survey; H20+, H20·, P2011, 
Cl, and F determl1,1ed by Elaine L. l\1unson, U.S. Geol. Survey; calcium 
content not determined in this sample. See also table 15] 


Constituent Percent Constituent Percent 


l\in ----------------- 40. 4 F ------------------- . 21 
As ------------------ . 043 C02 ----------------- . 30 
Cl ------------------ .64 P20~ ---------------- .01 
H20+ ---------------- 3. 94 Sulfide s_____________ . 04 
H20- ---------------- . 05 Total 8-------------- . 18 


Patches of mixed tephroite and alleghanyite can gen
erally be recognized in hand specimens by the gray to 
grayish-green color in contrast to the bright pink of pure 
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rhodonite. These patches also we3!ther more readily than 
does the rhodonite to a dark stain of manganese oxide. 
The alleghanyite in thin section is chaJ"acterized by con
spicuous twinning normal to elongation of crystals. 


Judged from its optical properties, the rhodonite is 
low in the CaSi03 molecule. A bulk spectrographic anal
ysis of the rhodonite gangue from the No N arne lode 
indicated only 0.7 percent Ca, equivalent roughly to 2 
percent CaSi03 • (See table 15.) 


The helvite first identified in mixed silicates from the ' .. Sunnyside veins, occurs in very small but brilliant 
honey-yellow crystals in vuggy patches of the gangue. 
Microscopic examin3!tion of rhodonitic gangues from 
other veins, notably the Ben Franklin vein of Sunny
side Basin, showed the presence of strongly zoned crys
tals probably indicative of different proportions of the 
zinc and iron-bearing molecules. _Spectrographic ·anal
yses of bulk rhodonitic gangues of the Sunnyside veins 
and others in the area. (Warner and others, 1959, p. 177, 
table 76) showed from less than 0.0001 (detectable limit) 
to 0.0021 percent BeO. Of 10 samples from the Mineral 
Point and Poughkeepsie areas, only one contained de
tectable quantities of BeO. 


PARAGENETIC AND TEXTURAL RELATIONS 


The gross pa.ragenetic relations of vein structure ha.ve 
been summarized (p. 39) and shown in figures 8B-F. 
As the original vein matter of the shallower late-stage 
o-old-'hearing parts of the Sunnyside vein systems is no 
longer exposed fur study, the observations of Ransome 
(1901, p. 177) on these earlier exposures are worth quot
ing in full: 


The Sunnyside vein is frozen to the walls, and gouge is usually 
a1bsent. The ore mine•rals of the vein are galena, sphalerite, chal
copyrite, pyrite, tetrahedrite, and free gold, in a gangue of quartz 
and rhodonite. The ore streaks occur irregularly in the vein be
tween partitions of rhodonite. As a rule the ore occurs nea.r the 
walls, and when -an ore shoot pinches on one wall it usually 
thickens on the other. The best ore, carrying free gold, occurs in 
irregular lenses parallel with the plane of the lode and sometimes 
30 or 40 feet in diameter. It is usually associated with rosin-col
ored sphalerite and small amounts of lilac fluorite. The,se are 
regarded as useful indications, but are not invariwbly accom
panied by free gold. The ore has been brecciated to some extent 
since its original deposition and is sometimes traversed by a 
network of veinlets. These are usually filled with quartz carry
ing a little chalcopyrite. But where the veiulets traverse rhodo
nite they are often filled with that mineral instead of quartz. 
'l"he exact relations of the rhodonite 'partitions' to the ore is 
not -always clear. In some cases the rhodonite appears to form 
the mass of the vein, in which the ore occurs as lenticular bod
ies, and sometimes lenses of rhodonite a.re ,surrounded by ore. 
The .large masses of rhodonite, or 'pink', as the miners term it, 
are never regarded as ore, although they are not destitute of 
ore minerals. The material is rose-pink in color on fresh frac
ture, very compact, and exceedingly hard to work. It always. 
contains a little quartz, calcite, and rhodochrosite. The rhodo~ 


nite ,sometimes occurs as distinct stringers cutting the quartz and 
ore, while in other places it may be seen intimately and irreg
ularly, intercrystallized with them. As far as observed, .neither 
the rhodonite nor the ore shows any regular megascopic struc
ture,· such as banding, crustification, or comb structure, other 
than the general relationship already indicated. 


For the most pa.rt Ransome's descriptions of the gen
eral rela6onships o{the va.riorus types of ore and gangue 
do not conflict with the recognized major stages of vein 
developn1ent namely, an ea.rly quartz or quartz-pyrite ' . stage preceding a base-metal stage, an intermedi~.te 


rhodonitic stage, and final stages of quartz, sphalerite 
(rosin jack), galena, chalcopyrite, tetrahedrite, and 
fluorite locally containing free gold. But in part his 
comments on the relations between rhodonite and ore 
seem contradictory, perhaps because it is not always 
clea.r whether his "ore" refers to ea.rly base-metal or to 
later sulfides and gold-be.aring ore or to both intermixed. 
Also, the comments rega.rding late qua.rtz cutting rho~o
nite and the change from quartz filling to rhodonite 
fillilig where the veins traverse rhodonite give ris~ to 
questions of paragenetic relations. Many of these p01mts 
are clarified by microscopic examination of ore and 
gangue from the several vein stages. The d~velopme~t 
of rhodonite by rep1acem~nt of country rock 111 the vmn 
walls has already been described (on page 33). The man
ganese-bearing solutions reacting with siliceous min
erals tended to yield rhodonite, which is the manganese 
siloicate having the highest ratio of silica to manganese. 
On the other hand, when solutions saturated with silic.a 
traversed a rhodonitic n1ass containing. the low-silica 
man·ganese silicates, such .as tephroite or alleghanyite, 
these minerals wer~ presumably unsta:ble and reacted 
with excess siltica in solution to form rhodonite. This 
kind of reaction relation between preexisting minerals 
and later stages of· vein-forrning solutions i.s confirmed 
by microscopic studies of the gangues. The following 
descriptions of some microscopic features of sulfides and 
associated gangues will illustra.te these r~lations in more 
detail. 


The earliest quartz of the veins is practically barren 
of valuable metals, although locally it gr.ades inward 
from the vein walls to sulfide ore. The qua.rtz is fairly 
commonly frozen against partly silicified walls, but 
repeated movement of vein walls tended to disrupt orig~
nal quartz and caused repeated veining and recrystalh- ' 
zation. Early milky-white quartz from deep levels of 
the Washington vein of the Sunnyside mine shows a 
rather crude ribbon structure a.djacent to the wa-ll (fig. 
9A). The grain size ranges fro1n about 0.1 to 2 mm where 
quartz has repl.aced •included rock fragments. The part
ings in places consist pa.rtly of chloritized and silicified 
material containing finely divided .pyrite and partly of 
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FIGURE 9.-0re and gangue textures. A. Early quartz illustrating 
crude ribbon structure. Quartz specimen on right is partly 
replaced by rhodonite along and near partings. !-level, 
Washington vein, Sunnyside mine. B. Breccia of base
metal sulfide ore in rhodonitic gangue. Ore mainly sphal
erite and pyrite with some galena in a quartz gangue. Some 
incipient replacement of quartz by rhodonite. Raise from 
American tunnel, Washington vein, Sunnyside mine. (See 
fig. BD.) C. Polished slab of mixed manganese silicate 
gangue, illustrating guidance of replacement processes by 


thin layers of sulfide, chiefly sphalerite. In other places, 
rhodonite, guided by the parting surfaces, has somewhat 
replaced the quartz. Pyrite is very sparsely disseminated 
and for the most part seems to represent iron derived 
from included fragments of wa.llrock. 


The quartz, sphalerite, and galena ore in some shal-


3110-4111 o-69--4 


B 


D 


hairline fractures. Early friedelite (F) is partly replaced 
by mixtures of alleghanyite and tephroite (A), which are 
replaced in turn !Jy rhodonite (R) in lighter colored streaks 
and patches. The gangue encloses a fractured crystal of 
sphalerite (S). Sunnyside mine. D. Polished slab of mixed 
manganese silicate gangue, illustrating guidance of replace
ment along drusy channels lined with rhodonite crystals. 
Darkest patches are fried elite (F) ; other dark areas consist 
of alleghanyite and tephroite (A) in various stages of 
replacement by rhodonite ( R). Sunnyside mine. 


low exposures at the Sunnyside locality consist of fine 
even-grained intergrowths (figs. 10 A-D) without 
clearcut evidence of a sequence in crystallization. 
Locally the sulfides are segregated in coarse-grained 
patches or lenses, and in some veins (fig. 8) they occur 
as practically gangue-free veins or lenses. 
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FIGURE 10.-Photomicrographs of ore and gangue minerals of the No Name vein. (For descriptions of individual photographs 
see facing page.) 
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The rhodonitic gangue with mixed silicates forms 
either distinct veins or a matrix of sulfide-ore breccia, 
whereas rhodonite, in addition ;to these forms, alone re
places earlier quartz gangues. A conspiciuous breccia of 
:fragments of qtmrtz-.pyrite-sphalerite-galena ore in a 
matrix of rhodonitic gangue is exposed in the lower 
levels of the 'Vashington vein on and below Sunnyside 
I-level in 1the raise from the American tunnel (figs. 8D, 
9B). The rhodonite has partly replaced the quartz that 
is :associated with the sulfides and at places surrounds 
grains of the earlier sulfide. The replace·ment of quartz 
by rhodoni,te crystals is shown in figure 11D, a photo
micrograph o:f n. thin section of the quartz shown at the 
right in figure 9A. In wide parti,tions, the massive 
rhodonitic materin1 contains irregular patches of the 
silicate mixtures consisting of friedelite, tephroite, and 
alleghanyi,te. These minerals have not been observed re
placing quartz or wallrocks. The structural relations of 
these .~vi de bodies of the mixed m·anganese silicaJte 
gangue indic~vte t}ut;t they represent fillings of open 
spaces, n.nd none of the thin sections of this mixed 
gn.ngue conta.ins remll'ants of pregangue Jna.terial that 
might have been replaced. 


The pn.ragenetic relations of the several silicates show 
1that friedelite was one of the earliest minerals, being 
repln.ced in succession .by mixtures of tephroite and al
leghanyite and finally by rhodonite (figs. 11A -0). 
Rhodonite veinlets locally cut across all previous min
erals. Two textural types of replacement are repre
sented, one where the replacement proceeded outward 
from crisscrossing fractures and another where replace
ment proceeded outward from drusy centers and formed 
irregular whorls and concentric bands (figs. 90, D). 
I-:Iow much of the original ribs of manganese silicate 
gangue consisted of mixtures of friedelite, alleghanyite, 
and tephroite and how much consisted of initial 
rhodonite is problematical. In some places, probably 
much of the wide ribs consisted originally of the low
sil icn. rn inerals. 


Rhodochrosite is a local replacement product of the 
rhodonite and of earlier quartz gangues and is found 
also in vugs as crystals perched on quartz. Patches of 
fluori,te occur in nearly all gangues. Fluorite was ob
served with calcite filling vuggy patches of early quartz 
and also associated with rhodochrosite in replacements 


of other minerals. As noted by Ransome (1901, p. 177), 
a purplish fluorite was associated with late gold-bearing 
quartz. The common sulfides with chalcopyrite ·and 
tetrahedri,te occur also with lrute quartz; the sphalerite 
with 1the late quartz is generally light in color, .whereas 
the sphalerite in the early base-rrietal ore is almost black. 


The complexities of intergrowths in veins that have 
been repeatedly mineralized are such that ~t .was not .pos
sible in exa·mining the early products of mineral inter
growths to distinguish whether fluorite, for example, ac
companied all stages of mineralization or whether it 
was a replacement product only in some stages. Small 
grains of helvite found in base-metal ore associated with 
rhodonite that formed by replacement of earlier quartz 
is presumed to be a product of the rhodonite stage. 
Grains of sulfide, usually sphalerite but also alabandite, 
molded on crystals of helvite would accordingly be con
sidered of probable late origin. 


Associated chalcopyrite, rosin sphalerite, and tetra
hedrite appear to be primarily minerals of the later 
quartz stages in ores from 1the Sunnyside veins, but these 
sulfides are found less frequently in banded and crusti
fied rhodonite and rhodochrosite (fig. 12B). Chalcopy
rite is known to be associated with sphalerite and galena 
in some early stage base-metal veins of the area; failure 
to find more than a few specks in some polished slabs of 
early sphalerite-galena ore from the Sunnyside veins 
may be a matter of its pauci1ty or of chance. The ratio of 
copper to combined lead and zinc in ore milled is re
ported to be about 1: 27 (I<:ing and AUsman, 1950, p. 
70). 


Minor accessory minerals of the rhodonitic veins also 
include alabandite in minute green grains associated 
with specks of pyrite or with helvite. A few other ac
cessory minerals, such as neotocite or bementite, in the 
rhodonitic gangue must be of isolated occurrence and. 
perhaps are of doubtful identity, for they could not be 
separated in sufficient quantity to be confirmed. Sul
fobismuthites, molybdenite, native silver, and native 
copper were reported by Ransome (1901, p. 180-182) as 
minor accessory minerals in veins along the Sunnyside 
fault system in Placer Gulch. These are associated in 
part with barite and quartz, an association more typical 
of the Poughkeepsie Gulch vein system than of the 
Sunnyside and Ross Basin vein systems. 


EXPLANATION 0~' FIGURE 10 


A .. Quartz -sullide intergrowth of .mnssive ore (b of figure 8E) 
illustrating fine-textured nature of some bodies of base
metal ore. Pyrite, P; sphalerite, S ; galena, G ; and quartz, 
a. Reflected light. 


.8. Same us A, lligher magnification, showing galena, G, inter
stitial to rounded grains of sphalerite, s, and quartz, a. 
Reflected light. 


G. Same as B, but showing coarser textured intergrowth of 
sphalerite, S, and galena, G, with minor quartz, Q. Illus
trates that quartz-sulfide intergrowths have considerable 
range in grain size without appreciable change in mutual 
intergrow;th pattern. Reflected light. 


D. Quartz, Q, from near right wall of quartz vein (a of figure 
8E) with sphalerite, S, and vesuvianite, V. Partly crossed 
niCols. 
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FIGURE H.-Photomicrographs of mixed manganese silicate gangues. (For descriptions of individual photographs see facing 
page.) 
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The hanging wall and branch veins of the Sunnyside 
fault system, at the hea.d of Placer Gulch, and the 
Golden Fleece vein, transverse ~to the Scotia vein of 
Treasure Mountain, all tend to confirm :that the gold 
is a product of late quartz veining, usually with some 
associated rhodochrosite and less commonly rhodonite. 
With respect to the Soru1d Democrat vein at the head 
of Placer Gulch, Ransome ( 1901, p. 182) noted aJso 
that chalcopyri'te is not abundant but where found was 
considered an indication of the presence of gold. This 
relation conforms generally to our observations of the 
occurrence of chalcopyrite in Stmnyside ores, that it is 
found more commonly with late quartz or rhodonite
rhodochrosite mixtures rather than with the early sphal
erite-gnJena ·ores. In the Golden: Fleece vein, some parts 
of which were accessible :to examination in the course 
of this work, the gold is in a very narrow quartz vein 
with little rhodochrosite and minute specks of sulfides 
(fig. 12D). Small plates of gold occur a.Iong partings, 
and Ransome (1901, p. 189) also reported that the gold 
occurred in beautiful branching dendritic plates. 


ORIGIN OF ORES AND GANGUES 


VEIN DEPOSITS 


The sulfide ores and gangues of the central parts of 
the Eureka district, as well as those of Poughkeepsie 
Gulch and Mineral Point, have a common evolution in 
that early quartz and base-metal sulfide deposition was 
interrupted by major refissuring and the introduction 
of manganiferous gangues. The gangues were followed 
in turn by siliceous, carbonati~ or baritic ga.ngues con
taining lesser amounts of sulfides, which are commonly 
the principal sources of the precious metals. The minor 
quantities of the manganiferous gangues found in some 
veins 1night be considered fairly normal occurrences for 
certain manganiferous provinces of the western United 
StRJtes (Hewett, 1964). In the Eureka district, however, 
especially along the Sunnyside and Ross B.asin faults 
and along the fault fissures of Treasure Moru1tain, the 
large bodies of the rhodonitic ga.ngues and the abrupt 
termination of early quartz-sulfide ore deposition prior 
·to their introduction oonsti,tute a problem in vein evo
lution. Ransome ( 1901, p .. 132) commented on this as 
follows: 


The origin of the rhodonite, which is so abundant in many 
of the lodes of the northem half of the quadrangle, and its exact 


relation to the quartz and ore which accompany it constitute a 
puzzling problem, for which no satisfactory solution has been 
found. Such a solution must account for the presenc.-e of large 
lenticular or partition-like masses of rhodonite, carrying a few 
specks of low-grade ore, and dividing the ore bodies longitudi
nally into two or more parts, and for the presence of patches 
and stringers of rhodonite. In the Saratoga mine rhodonite ha~ 
formed by metasomatic replacement of limestone. It is possible 
that in such lodes as the· Sunnyside the large, solid masses of 
rhodonite within the vein may represent metrusomatically al
tered horses of country rock. This, however, is merely a hypoth
esis, which requires confirmation before acceptance. It has 
undoubtedly been deposited also in open fissures as a true vein 
mineral. 


Our own observations lead us to believe that much of 
the early rhodonitic mixed silicate gangue was de
posited in open fissures, since wherever rhodonite has 
replaced country rock or quartz gangue, -the relations 
are-clearly shown and remnants of the replaced mate
rial are found mixed with the rhodonite. 


Hulin (1929) suggested that reopening of the com
pound veins tended to concentrate prod.ucts of a given 
stage, such as the rhoq.onite, depending upon the timing 
of these openings with respect to some evolutionary 
processes at the source, such as a magma. Another possi
ble viewpoint is that reopening of the fissures and faults 
to great depth was not merely passively related to the 
timing of differentiation processes at the source, but 


. rather that numerous releases of pressure brought about 
at depth by fissuring initiated some entirely new process 
of fractionation that concentrated manganese in solu
tiqn (Burbank and Luedke, 1961). Under this hypoth
esis, problems arise as to the kinds of solutions involved, 
their sources, and reasons for the dominant precipita
tion of low-silica manganese minerals abruptly follow
ing quartz-rich sulfide ores. 


Intermittent evolution of carbon dioxide from 
sources at depth is suggested as the possible catalytic 
agent of this abrupt change in vein filling. The general 
propylitic alteration of the country rocks ove.r hun
dreds of square miles, with the introduction of enormous 
quantities of carbon dioxide prior. to as well as during 
vein formation, is indicative of major sources of this 
fugitive substance at depth. Whether it came from 
rather mafic parent magmas or from other sources in 
the crust, such as carbonatites (Pecora, 1956), does not 
seem particularly significant to the problem at hand. 


EXPLANATION OF FIGURE 11 


A. Light-colored field of fine-textured friedelite, partly replaced 
by alleghanyite, and crisscrossed by rhodonite veinlets 
along hairlhie frac.tures. No Name vein, Sunnsyside mine. 
Plane polurized light. 


B. 1Same as A, crossed nicols. iSome granules of tephroite in al
leghanyite nre not distinguishable. Cross-twinning in al
leghanyl te visible at places. 


G. Detail of aHeghanyite twinning. tSome of small rounded 
grains are tephroite. Crossed nicols. 


D . . Replacement front of ·rhodonite in clear quartz gangue con
taining a layer of scattered sulfide grains. Rhodonite ·has 
partly enveloped sulfide grains. Early quamz gangue of 
Washington vein, American tunnel, :Sunnyside mine. 
Plane polarized light. 
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FIGURE 12.-Photographs and photomicrographs oif ores and gangue;;. (l!'or descriptions of individual photographs see facing 
page.) 
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Either in solution or as a free gas, carbon dioxide must 
have thoroughly penetrated all rocks and fractures 
from the sudace downward to unknown depths. The 
first reopening of fissures resulted in explosive in
jections of clastic debris from depths in excess of a 
mile, and the evidence of the dikes indicates that car
bon dioxide was a constituent of the propelling gases. 
As pointed out by Garrels and Richter (1955, p. 450), 
the volume of one mole of carbon dioxide and one mole 
of water at the surface are, respectively, 23,100 cc and 
18 cc. At rather shallow depths of a few thousand feet, 
depending upon load and temperature, the density of 
carbon dioxide is equal to or slightly greater than water. 
The expnnsive force of n fluid rich in carbon dioxide 
is very great as it rises townrd the surface. Hence, any 
fracturing of rock ·bodies at depth causing dilation of 
spaces would result in movement of carbon dioxi<;le
benring solutions into these spaces and toward the roots 
of faults nnd fissures. During vein formation with 
numerous repeated episodes of fracturing, this migra
tion of fluids might be expected to continue intermit
tently, but not with the explosive intensity of earlier 
clastic dike injection. 


The number and frequency of major and minor dis
locations of vein walls is pertinent to any hypothetical 
pressut·e-dependent meclutnism of differentiation in 
solutions that entered the roots of fissures. The peri
odicity of structural disturbnnces in decadent stages of 
volcanism probably v~tries greatly in different districts. 
Evidence from structures of the local veins, however,· 
indicates that there were probably many minor episodes 
of readjustment of vein walls in addition to the major 
ones that are evident from 1negascopic examination of 
the veins (fig. 8). Microscopic examination of vein 
minentls commonly shows repeated fracturing and heal
ing of mineral growths, which is especially noticeable 
in the various stages of quartz and rhodonitic gangues 
and in ribbon types of quartz veins; however, in some 
wide veins of quartz-sulfide intergrowths, these dis
locations of minera.l intergrowths tend to be n1ore ob
scm·e. For example, a common patchy mottling of fine
textured quartz-sulfide intergrowths in some exposures 
of base-met~tl ore, such as sketched by Ranson1e (1901) 
and shown in .figure 8B, may possibly represent dis-


locations of incipient crystal networks that have be
come healed by continued growth and recrystallization. 
Hence, both coarse and fine microscopic textures of 
of mineral intergrowth would seem to confirm numerous 
episodes of structural disturbance that probably re
sulted in transient releases of pressure nenr the roots of 
fissures and major faults. 


Fractionnl concentration of manganese in carbonatic 
solutions from depth would be dependent upon several 
factors : ( 1) Release of carbon dioxide and other gases 
from altering solutions in country rock, or even from 
partly crystallized magmatic sources, would tend to 


·fractionate the solutions and leave behind the less solu
ble compounds as the solutions n1oved toward open fis
sures or small fractures in the rocks, (2) solid solution 
and decomposition relations in some compounds, such 
as carbonates, tend to enrich escaping solutions in cer
tain constituents; for example, calcium-manganese 
mixed carbonates subjected to isothermal loss of car
bon dioxide pressure tend to become depleted in the 
manganese molecule, which is enriched in any fluid 
remainder (Goldsmith and ·Graf, 1957), (3) the forma
tion of chlorite, epidote, pyrite, and iron oxides during 
alteration of the rocks, or under deuteric conditions, 
tends to fix much of the iron and magnesium as well 
as some sulfur in relatively stable compounds. Accord
ingly, intermittent releases of pressure on fractured 
rocks undergoing alteration by carbonatic solutions at 
depth could conceivably r:esult in fractional enrichment 
of mangai1ese in fluids that gained access to the roots 
of faults and fissures. The concentrations of ~inO in 
normal rocks of the province appear adequate as a 
source. 


In assuming that manganese could have been concen
tr·ated in some such manner in solutions relatively rich 
in carbon dioxide, a problem is raised as to why the 
earliest vein-forming mineral was chiefly quartz of low 
metallic content. Ra.rely, ankeritic carbonates have been 
found as a selvage of qunrtz veins in an area west of the 
Silverton cauldron, but no such occurrences were noted 
in the Eureka district. If alteration of country rocks 
was initiated at considerable depth during and prior to 
injections of clastic dikes, then the walls of some deep 
fissures could have been carbonatized prior to and during 


EXPLANATION OF FIGURE 12 


A .. Photograph of polished slab of sulfide ore cut by quartz
rhodonite vein. Quartz is mottled with pinkish inter
growths of rhodonite, similar to those shown in photo
micrograph 0. 


JJ. Photogrnph of uauded rhodonite-sulfide intergrowths. Sul
fides consist chiefly of tetrahedrite, chalcopyrite, and 
gnlenn. 


0. Photomicrogruph of quartz-rhodonite intergrowths. Quartz 


in hand specimen mottled with salmon-pink patches from 
intergrown rhodonite. American tunnel level, 'Vashington 
vein, Sunnyside mine. Plane polarized light. 


D. Photomicrograph of quartz containing minor sulfides and 
free gold. Dark bands in quartz growth lines are dusty 
layers, mostly particles of rhodochrosite. Black patches 
are mixed sulfides and free gold. Golden Fleece vein, 
Treasure Mountain. Plane polarized light. 







52 GEOLOGY AND ORE DEPOSITS, SAN JUAN MOUNTAINS, COLORADO 


early stages of shallow vein formation. Knopf (1929, 
p. 44-45), for example, has shown that the attack of 
carbonatic solutions on ferromagnesian minerals in the 
walls of quartz veins at depth in the Mother Lode system 
of California could have supplied all the silica for the 
veins. Bodies of rock, either representing the ferro
magnesian schists of the San Juan basement rocks or 
other country rocks could have become partly desili
cated along solution .channels prior to the manganese 
stage of mineralization. Such desilication of source 
rocks would also accord with the fact that the earlier 
manganese minerals tha.t precepitated after refissuring 
of quartz-sulfide veins were those of relatively low silica 
content. 


Conversion of the low-silica molecules to rhodonite in 
later phases of the manganese stage requires addition of 
silica in any volume-for-volume substitution; however, 
that some MnO is set free in this process probably ac
counts for late veining by rhodonite, quartz-rhodonite, 
or the quartz-rhodochrosite assemblages that carried 
some of the later silver-bearing sulfides and gold. As 
shown in table 14, both alleghanyite and tephroite con
tain more MnO per unit volume than rhodonite, whereas 
friedelite contains somewhat less. Thus, the direct con
version of friedelite to rhodonit.e requires addition of 
~oth silica and manganese oxide, according to the fol
lowing equation based upon volume-for-volume re
placement for lee of mineral : 


3.07 g (solid friedelite) +0.63 g (Si02 in solution) 


+0.35 g (MnO in solution)~3.68 g (solid rhodonite) 
+0.212 g (HCl in solution) +0.158 g (H20). 


On the other hand, in converting tephroite or alleghany
ite to rhodonite, 0.88 g per cc of MnO for tephroite and 
0.99 g per cc of MnO for alleghanyite must be removed 
in solution: 


4.00 g (solid alleghanyite) +0.67 g (Si02 in solution) 
~3.68 g (solid rhodonite) + 0.99 g (MnO in solution). 


Hence, depending upon initial proportions of friedel
ite, tephroite, and alleghanyite, some excess MnO would 
be available to form additional rhodonite by reaction 
with siliceous solutions. The conversion of 1 cc of aile-


ghanyite to rhodonite yields enough excess MnO to form 
nearly 0.5 cc of rhodonite. This relation probably ac
counts f?r the fact, noted by Ransome (1901, p. 177), 
that where veins normally filled with quartz traverse 
bodies of rhodonitic (mixed silicate) gangue, the vein 
filling tends to be rhodonite. However, some such veins 
cutting base metal sulfides as well as rhodonitic gangue 
prove to be microscopic intergrowths of quartz and 
rhodonite (figs. 12A, B). Similar quartz-rhodonite in
tergrowths were also found in the deep levels of the 
'Vashington vein (fig . .120). 


By the addition of C02, both alleghanyite and 
tephroite could be converted to rhodochrosite with ex
cess MnO and Si02 per unit volume: 


4.00 g (solid aJleghanyite) + 1.38 g ( C02 in solution)~ 
3.61 g (solid rhodochrosite) +0.77 g (MnO in solution) 


+ 1.00 g (Si02, as solid quartz, or in solution). 


A common association of late drusy quartz in vugs with 
perched crystals of rhodochrosite could accordingly 
have been formed by late C02-bearing solutions contain
ing little else in vein-forming sub~tances. The conversion 
of rhodonite to rhodochrosite requires a small addi
tion of MnO (table 14), which could have been derived 
from excess MnO released in the decomposition of the 
other silicates. 


The question of whether or not carbon dioxide is an 
ore-forming fluid under shallow-earth conditions, a 
point raised by Garrels and Richter ( 1955), is not neces
sarily involved in the previous analysis of vein forma
tion. The evidence of the veins points rather to the con
clusion that most of the ore-forming substances were 
carried in siliceous or·sulfur-bearing solutions and that 
solutions depositing early rhodonitic gangues were for 
the most part rather barren of valuable metals. Excep
tions are to be noted in late phases of the rhodonite-rho
dochrosite mineral sequence, during which admixtures 
with chalcopyrite, tetrahedrite, and quartz locally car
ried valuable amounts of silver and gold. As has been 
noted, these later vein assemblages probably represent 
in part reaction between siliceous ore-bearing solutions 
containing some carbon dioxide and previously depos
ited low-silica manganiferous gangues. 


TABLE 14.-Constituents, in grams per cubic centimeter, of manganese silicate gangues 


Fried elite Tephroite Alleghanyite Rhodonite Rhodochrosite 
6Mn0·2Mn(OH,Cl)2- 2MnO·SiU2 5Mh0-2Si02 MnO-Si02 MnO·C02 


6Si02·3H20 


Si02---------------------------------------- 1. 05 1. 22 1. 01 1. 68 None 
~n0 ______________________________________ _ 


1. 65 2. 88 2. 99 2. 00 2. 22 
II20---------------------------------------- . 158 None None None None IICl _______________________________________ _ 


. 212 None None None None C02- ______________________________________ _ None None None None 1. 38 
Specific gravity _____________________________ _ 3. 07 4. 1 4. 0 3. 68 3. 61 
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On the possibility that the manganese-bearing solu
tions were similar to some recent hot-spring waters that 
continue to deposit manganese oxide at Ouray, about 8 
1niles northwest of the Eurekn nrea, some samples of the 
spring qeposits have been analyzed and are compared 
·with the silicate deposits (table 15). (See ·also· Hewett, 
1964'; Burbank and Luedke, 1961.) Correspondence be
tween the silicate nnd oxide deposits is obvious in some 
samples, but the oxide deposits are higher in tungsten 
and barium and lower in the proportions of silica depos
i1ted. The hot-spring waters contain calcium and sodi
um sul·fate n.nd bicarbonate chiefly, with some duo
ride, and minor fluoride and boron, but :are lacking in 
I-I2S (table 15). If these spring waters c9rrespond in 
composition to the much older manganiferous vein solu
tions, they evidently represent some further evolution, 
such as loss of C02, oxidation of H 2S, and greater dilu
tion with meteoric waters. The presence of barium and 
tungsten in the spring de1.iosits also shows some similar
ity to later stages of vein evolution. There are narrow 
baritic lead-silver veins with rhodochrosite near the sites 
of the hot springs, and possibly some constituents of the 
waters were leached from similar deposits at depth. 


The ultimate sources of the manganiferous gangues 
and of the siliceous sulfide ores are problematical. 
Either a single source, different sources, or intermixing 
of solutions from different sources seem to be possibili
ties. The very low sulfide and metal content of the early 
si~ica-deficient manganiferous gangues would seem to 
indicate that the solutions did not have a common source 
with the quartz and associated metal sulfides, but inter
mixing of the two types of solution to some degree would 
then be .. required for vein evolution. The widespread per
nleation of all country rocks with carbonatic agents of 
nJteration, which suggests possible different sources, 
wo1:1ld provide both shallower and less restricted sources 
of manganese-bearing solutions as compared with possi
ble deep sources of sulfur and metals. Had the manganif
erous solutions migrated rapidly into roots of the re
opened faults and fissures, only minor mixing might 
hnve taken place with the siliceous sulfide solutions pre
viously occupying narrow feeding channels. Reduction 
in the precipitation of ma.nga.nese from the latest quartz 
and sulfide solutions could have resulted from the lack 
of time to build up manganese concentration again, 
from the sealing off of manganeous sources by plugging 
of fractures, or from the gradual reduction in pressures 
of carbon dioxide at depth through continued reaction 
with rock minerals. If both quartz-sulfide and later 
manganese-bearing solutions had common sources, the 
abrupt change from excess silica with sulfides to silica 
deficiency in the early manganiferous gangues would 
seem to require further explanation. This explanation 


TABLE 15.-Analyses of hot-spring deposits and water and of 
manganese silicate gangue of upper Tertiary veins, western San 
Juan Mountains 


[Samples 1-5: semiquantitative spectrographic analyses, in percent; M, greater than 
10 percent; ----• not looked for. Sample 6: chemical analysis, in parts per million] 


Ouray hot-spring deposits 
Manganese silicate 


gangue 
No Name vein 


Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 


SL----------------------·---------- X ------------ M M 
AL--------------- ___ - _- ___ - ___ - _ _ _ _ . X _ _ _ _ _ _ _ _ _ _ _ _ 0. 3 0. 3 
Fe______________________ 7.0 X 0. 7 .15 .15 
Mg- - - - -_-- -_ _ _ _ _ _ _ _ _ _ _ _ . 15 _ _ _ _ _ _ _ _ _ _ _ _ . 07 . 3 . 3 
Ca__________________________________ X ------------ . 7 . 7 
Na--------------------------------- .X ------------ .0 .0 
K---------------------------------------------------------- .0 .0 Mn_____________________ 15.0 XX 30 M M 
Ag----------------------------------------------- ---------- _ . 003 . 0015 
Ba______________________ . 7 X . 7 0 . 0007 
B------------------------------------------------ ----------- . 007 . 0 Be ______________________ .015 .OX .001 .0003 .0007 
cu_____________________ .0015 .ox .03 .015 .015 
Pb_____________________ .07 .OOX .7 .3 .3 
Sb______________________ .02 .OX .3 .0 .0 
Zn______________________ .02 .OX .2 .15 .3 
w______________________ .2 x 1.0 .o .o 
F-----------------------------------------------------------------------------------


Si02-------------------
Fe ••••. -------------~--Mn ____________________ _ 
Ca ____________________ _ 
Mg ____________________ _ 
Na ____________________ _ 


K----------------------LL ____________________ _ 


HCOa------------------
S04-------------------
CL---------------------


Ouray hot
spring water 


Sample6 


49 
.42 
. 92 


376 
6.1 


111 
8.0 
1. 0 


128 
1,030 


45 


F---------------------
P04--------------------B _____________________ _ 


H2S--------------~-----Solids _________________ _ 


pH ____________________ _ 
Temperature F ________ _ 
Discharge gpm ________ _ 


DESCRIPTION OF SAMPLES 


Ouray hot
spring water 


Sample 6 


3.0 
.06 
.23 


0 
1, 760 


6.8 
143° 


15 


1. Lab. No. ·.')8-1145: U. Oda, E. F. CoolerJ analysts, U.S. Geol. Survey; collected 
by D. E. White and R. W. Lakin, u.S. Geol. Survey; from material being 
deposited at time of sampling, Pavillion spring. 


2. Lab. No. 52-1637: R. C. Havens analyst, U.S. Geol. Survey; collected byW. S. 
Burbank and C. T. Pierson, U.S. Geol. Survey; from old travertine, Pavillion 
spring. 


3. Lab. No. 58-1139: U. Oda, E. F. Cooley, analysts, U.S. Geol. Survey; collected 
by D. E. White and R. W. Lakin; from oxide vein in fissure occupied by hot 


4. L:b~t~~: 287139: N. M. Conklin, analyst, U.S. Geol. Survey; collected byW. S. 
Burbank and R. G. Luedke; from 5-foot rib of No Name vein, Sunnyside 
mine. 


5. Lab. No. 287137: N. M. Conklin1 analyst~,.y.s. Geol. Survey; .collected byW. S. 
Burbank and R. G. Luedke; rrom No Name vein, Sunnyside mine. 


6. Lab. No. 850: H. C. Whitehead, analyst, U.S. Geol. Survey; collected by D. E. 
White and R. W. Lakin; from Pavillion spring. 


would involve complex solution chemistry and causes of 
precipitation of the different mineral aggregates, prob
lems beyond the scope of this report. 


As suggested by White (1955, p. 148), 
In general,. geologists have probably had an oversimplified 


picture of the origin and nature of ore-bearing solutions and 
muny have favored the derivation of most hydrothennal ore 
deposits from a single type of solution. The present review of 
hot springs and related ore deposits supports the hypothesis that 
some deposits were formed by solutions closely related to vol
canism .but that others were probably formed by Circulating 
meteorie and connate waters. 


In environments where repeated faulting and fissur
ing have taken place over a period of time, there would 
seem to be no reason why solutions of somewhat differ
ent origin could not have entered the various fissures at 
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different times. If solutions that secreted most of the 
manganese and some early silica of the veins are tenta
tively classed as metamorphic, of intermediate depth, 
and if the metals and sulfur along with carbon dioxide, 
chlorine, fluorine, barium, boron, arsenic, and antimony 
n.re considered of deep volcanic origin, then at least three 
major types of solutions including the shallow waters of 
meteoric origin may have been involved in local miner
alizing processes. 


COMPARAfriVE EVOLUTION OF VEIN AND CHIMNEY DEPOSITS 


The evolution of the chimney deposits differs in im
portant particulars from that of most vein . deposits. 
The spaces occupied by chimney sulfides were for the 
most part the product of leaching by acidified solutions 
and to some extent the result of replacement. By com
parison, the prime space occupied by vein deposits was 
produced by mechanical action, although as fissures be
came clogged with the abundant gangues, replacement 
assumed more importance as a vein process. The pro
portions of space filling and replacement varied con
siderably in both types of deposits, but precise estimates 
of these processes are difficult to make. In some places, 
vein fillings have boon largely replaced by new minerals, 
but in other places, only moderate exchanges have taken 
place in the sulfide minerals. In both chimneys and 
veins, the pavtial sealing or plugging of channels, with 
probable rises in temperature and pressure, seem to 
have favored replacement action. 


In general, the environment of the chimney deposits 
was less subjected to tensional forces than the sites of 
veins in arched or domed areas. Accordingly, solutions 
:feeding from narrow channels beneath chimney de
posits were less diluted with meteoric waters or with 
carbonatic solutions that carried manganese. Thus, 
chimney sulfides contain chiefly barite and fluorite, to
gether with products of rock decompo$ition, as com
mon gangues. Rhodochrosite is found locally in chim
neys as small crystals in vugs, locally associated with 
pyrite and free gold, but large bodies of the manga.nese 
silicates are unknown in chimney deposits. These dif
ferences perhaps emphasize the points made as to pos
sible different sources of sulfides and certain gangues. 


Mineralogical differences between the sulfides of 
chimneys and primitive veins could be either the result 
of differences in dilution of the solutions, of differences 
in kinds of metal complexes involved, or perhaps of 
differences in ultimate sources. The widespread pyriti
z·ation of rocks in chimney environments would seem to 
indicate much greater concentrations of sulfur .in the 
solutions that formed chimney deposits than in those 
that formed most veins. Differences in sulfide mineral
ogy could in some way be related to differences in sol-


vent properties between more primitiye sulfide solutions 
and the diluted· vein solutions. The possibility that the 
chimney solutions came from different magmatic sources 
than those of the veins finds but little support in the 
closely associated intrusive igneous rocks. The quartz 
latite ·and rhyolite intrusives of the chimneys and asso
ciated volcanic pipes seem to represent only minor 
bodies of late differentiates, which are also found in 
scattered positions throughout ·all mineralized areas. 


Neither veins nor chimneys afford any definite clues 
to the types of solvent complexes that carried metals, 
aLthough it might be suspected that· sulfur complexes 
rather than chloride complexes were ·more important in 
chimney solutions. Very likely some kind of bicarbonate 
solutions and their. complexes were responsible for 
transportation of manganese in veins. The late. forma
tion of lead and zinc carbonates in the walls of some 
chimney deposits could be the result o:f local late evolu
tion of carbonatic solutions in chimney ground, but on 
the whole, calcite is not an abundant gangue of the 
chimney ores. 


The precipitation of the sulfides in both kinds of 
deposits was probably related in part to throttling of 
solutions from positions of higher to lower pressures 
with attendant fall of temperatu_re. Dilution by meteoric 
waters may have been an important factor in shallower 
vein positions, but probably was not an important 
:factor in chimney sites. 


SUPERGENE AND HYPOGENE ENRICHMENT 


On the higher mountain slopes, many of the out
cropping deposits probably do not lie far below the 
Florida erosion surface, one of the more extensive inter
glacial surfaces of the region (Atwood and Mather, 
1932, p. 27-2R). The relation of physiographic develop
ment to the distribution of high-grade ores has been dis
cussed at some length by Kelley ( 1946~ p. 324-341). In 
summary, he found that only the very shallow ores of 
the Engineer Mountain divide could have been ap
preciably affected during the Florida cycle of erosion, 
the most favorable period in which the ores could have 
been enriched. The tenor of these shallow ores, however, 
is not proof of enrichment but is equally good evidence 
that local high gold and silver values in unoxidized 
ores at these altitudes could have been the result of 
hypogene zoning. Plotting of grade of known ore shoots 
with. respect to altitude shows no correlation. 


In summation of the indications of supergene enrich
ment in the vicinity of the Engineer Mountain divide, 
Kelley ( 1946, p. 340) stated, 


the very shallow ores protected from severe glaciation and 
canyon cutting along the remote Engineer Mountain divide may 
indica.te some enrichment in or just below the oxidized zone 
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relo:ted to the Florida surface. Although ores containing argen
tite and proustite at the Polar Star mine, native silver at the 
'Vyoming mine, and chalcocite at the Frank Hough mine may 
owe their richness partly to supergene deposition, it seems more 
than fortuitous that the 'Vyoming ores consistently contained 
bismuthites known to be argentiferous and hypogene else
where, and that hessite occurred in the Frank Hough ores. 


These deposits on the Engineer Mountain ridge are 
nlso among the very few vein deposits in which clay 
minerals, diaspore, and other alteration products in
dicative of acid-sulfate attack are found in the walls. 
These deposits are comparnble in many particulars to 
those in and near the chimney ore deposits of the Red 
Mountain district and may merely be indicative of near
surface conditions of primary mineralization. If, as in
ferred for Red Mountain, throttling and some vaporiza
tion of the ore solutions was n, factor in this type of 
nlteration, both the effects of vapor loss on shallow 
deposition of ore minerals and the oxidizing effects of 
acid-sulfate waters may account very largely for the ob
served enrichment and leaching. In ground from which 
the c01mnon bases of the rocks had been leached by 
solfataric activity, the effects of recent shallow leaching 
nnd oxidation might well appear exaggerated in rela
tion to their true importance. The occurrence of rich 
silver-copper sulfides in deposits beneath the leached 
ground is not believed to be fortuitous, but rather to 
be typical of shoots formed under conditions where 
loss of temperature and vaporization was promoted by 
abrupt decreases in pressure on hypogene ore-bearing 
solutions. 


A few veins have much more extreme local enrich
ments approaching the chimney type. The richer shoots 
tend to be confined to chimney like channels in the plane 
of the vein that, in some places, are very narrow and 
recognizable from one mine level to another for hun
dreds of feet vertically. These richer shoots are usually 
nccompnnied by differences in local rock alteration and 
in mineralogy of the enriched sulfide masses. Minerals 
indicative of enrichment in bismuth or silver may 
!become prominent rather than sparse microscopic con
stituents of the ores. Deep tunnels driven to cut beneath 
high-grade silver shoots have repeatedly found only 
normal base-metal ores or ores rather impoverished in 
silver. A number of veins of the Poughkeepsie Gulch 
and Gray Copper Gulch areas of the map area are rep
resentative of this type. A typical example is the Old 
Lout tunnel driven to undercut the rich shallow silver 
ores of the Forest and Old Lout veins (1\:elley, 1946, p. 
388-392). The ore shoot occurred at and near a junction 
of these two veins and formed a fanlike downward
converging channel that may have enhanced hypogene 
processes of enrichment in the ore shoot. The tunnel 
failed to cut any recognizable downward extension of 


this shoot at a level about 1,000 feet below the outcrop
ping veins. The deeper vein matter consisted of average 
base-metal ore containing only a few ounces per ton in 
silver content. Some observers have considered that the 
root of the rich shoot may have raked laterally beyond 
the deep tunnel openings, but from common experience 
in the district and data gathered by l(elley, it seems 
more likely that the richer parts of the shoot had bot
tomed in the upper workings. The deposit may repre
sent a typical example of sulfide enrichment by hypo
gene solution and redeposition where the later solutions 
converged in the narrowed and chimneylike funnel 
formed by the intersecting vein systems. 


Most veins of the central part of the Eureka district 
contain comparatively unoxidized sulfides at or within 
a few feet of the surface. Locally, as on the high ridge 
between California and Placer Gulches, some small 
bodies of impure manganese oxides were formed by 
oxidation of rhodochrosite-bearing vein matter. These 
oxides seem to have little continuity in depth, and they 
seem to be preserved only where the normally rapid 
erosion has failed to keep pace with oxidation 
processes. 


EXPLORATION AND MINING 


The geologic 1napping program of the U.S. Geologi
cal Survey in the vicinity of the Silverton cauldr.on is 
intended to proV'ide background information to guide 
1nore detailed exploration and mine-development pro
grams by individual mining companies. Local details 
are discussed where they illustrate typical examples, but 
no con1prehensive review of all mines and prospects or 
of all exploration possibilities or contingencies is at
tempted. The history of mining development in indi
vidual ·areas provides additional background informa
tion of value in planning exploration or development 
programs. More specific information covering Pough
keepsie Gulch, Mineral Point, and Engineer Mountain 
areas is contained in a detailed geologic report by Kelley 
( 1946). The mining developments in Poughkeepsie 
Gulch and Mineral Point areas were discussed further 
by Hazen ( 1949) , and mining and milling developments 
in the Eureka district to 1948 were described by King 
and Allsman (1950). The occurrences of tungsten in in
dividual deposits and the potential of its production in 
the Eureka district .and adjoining areas were reviewed 
by Prosser (1910) and Belser (1956). Many mines and 
prospects that were active just before and during the 
year 1900 in the preVliosusly mentioned areas wer.e de
scribed by Ransome (1901). 


Most mines (pl. 7) in the Eureka district ·are small 
and have been explored to only shallow depths. The ex
ceptions are the Sunnyside mine, which h~ provided 
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about 70 percent of the dollar va:lue of ore produced 
from the district, and the Gold King mine, which has 
provided about 13 percent. More than 100 other mines 
are scattered throughout the district, but none has pro
vided more than 1 percent of the value of ore produced. 
The ore deposits in the map area range in altitude from 
a little below 10,000 feet to about 13,000 feet, and the 
size and grade of the ore bodies differ greatly from place 
to place. 


Because past mine development and prospecting have 
been generally small-scale ventures and rather shallow 
in many parts of the Eureka district, susta.ined future 
operations seem practicable only by means of large in
vestments in access tunnels and deeper exploration and 
development work. The successful development of some 
groups of veins will also depend on consolidation of 
numerous properties, just as .. has occurred in the later 
history of adjoining districts in the Silverton .and Tel
luride regions. 


The Lake Emma-Ross Basin area. is the only part of 
the Eureka distvict which has been spot tested at depth. 
Because of its· somewhat unique structural setting in the 
Eureka gntben, however, mineralogic and geologic £ac
tors there ·may not necessarily apply to the success or 
failure of deep exploration and development in other 
areas of the district. 


Mining developments in ·different parts of the Eureka 
and adjoining districts are summ.arized by geographic 
areas rather than individual mines. Aside from the Lake 
Emma-Ross Basin and Cement Creek-Bonita Peak 
areas, the district includes, roughly in order of their 
early .activity and productivity, the Engineer Mountain 
area, the Poughkeepsie Gulch area, the Mineral Point 
area, and the California Gulch-Anim·as Forks-Wood 
Mountain area. Several other small ·areas tributary to 
productive mines or sites of recent exploratory opera
tions include upper Placer Gulch and Brown Mountain
Ironton Park. 


LAKE EMMA-ROSS BASIN AREA 


The Lake Emma-Ross Basin area consists of a mile
wide belt of mineralized country rock extending from 
the Sunnyside fault (Mastodon and Gold Prince veins) 
at the head of Placer Gulch westward past Lake Emma 
and along the Ross Basin fault in the heads of Eureka 
Gulch and Cement Creek to the north b:r.anch of Ross 
Basin at the head of Poughkeepsie Gulch. This is one 
of the more dbvious areas of future interest for deep
level exploration ; however:, the deepest practical tunnels 
beneath the area cannot be driven below an altitude of 
about 10,000 feet. 


The Sunnyside mine, centering near the head of 
Eureka Gulch just above Lake Emma, is the largest in 


the Eureka distvict, and its workings totai many miles. 
These workings and adjoining ones explore a vertical 
range of about 3,000 feet and .a lateral range of 7,000 
feet along several combined vein systems (pl. 8) . The 
explored veins extend from the Lake Emma workings 
(fig. 13) northeast toward the head of Placer Gulch 
and northwest toward Ross Basin. Older stopes in the 
Sunnyside mine were niore than 50 feet wide, but the 
average width of shoots w.as about 20 feet. The impor
tant Washington ore shoot was somewhat less than 1,000 
feet long and had been explored through a vertical range 
of about 1,400 feet when m•ining was discontinued in 
1938. 


The Sunnyside operation started with the discovery 
of gold on the Sunnyside claim in 1873, and from 1875 
until the early 1890's, the deposit was worked with vary
ing success; treatment of the ore was by amalgamation 
and small stamp mills. After the better gold shoots were 
exhausted, J. H. Terry took over the property in about 
1890 and in 1896 installed a table concentration plant 
yielding lead-zinc concentrate. This operation was grad
ually improved and extended, and more than half a 
million tons of ore was treated before the property was 
acquired by the Sunnyside Mining and Milling Co. in 
1917. A 500-ton mill constructed in 1917 was the first 
commercial lead-zinc seleotive flotation plant in North 
America; its capacity was increased to 1,000 tons per 
day in 1928. The ore was delivered from the mine ter
minal at 12,300 feet near Lake Emm.a to the head of 
the mill at 10,000 feet near the Eureka townsite by a 23J.t
mile tramway. About 2,500,000 tons of ore with a gross 
metal value (before treatment) of about 50 million dol
lars was mined during 15 active years between 1917 and 
1948 (King and Allsman, 1950, p. 70). The average 
grade of ore fed to the mill at Eureka was 0.06 ounce 
gold and 3.5 ounces silver per ton, 4.3 percent lead, 6.5 
percent zinc, and 0.4 percent copper. The history of these 
later operations is summarized by King and Allsman 
(1950, p. 70-71), and part of the production record is 
reflected in the Eureka district production figures (table 
1). 


Plans to develop and mine the Sunnyside at depth 
were initiated by the company before mining operations 
ceased in 1938 .. At that time, preparatory work had 
started on a 3-mile mill-level tunnel at an altitude of 
10,220 feet, just above the mill site near Eureka; this 
work was halted in December 1938. The America.n tun
nel, at a portal altitude of 10,617 feet, at the Gladstone 
townsite has since been extended somewhat less than a 
mile by Standard Metals Corporation to the downward 
extension of the Washington vein system, and a con
nection has been completed to the old workings above 
(1960--61). (See pis. 6 and 8.) This work has extended 
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Hanson Peak 


FIGURE 13.-Sketch and view looking northeast from east slope of Bonita Peak into Sunnyside Basin where the 
Ross Basin and Sunnyside vein systems join under talus at north edge of Lake JDmma. Tsb, Burns Formation; 
Tsh, Henson Formation; Qt, talus. Photograph by J. H. Burbank. 
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vertical development on the vein to a total of more than 
1,700 feet. 


Several other properties in this area and near the head 
of Ross Basin were actively mined in the latter 1800's 
and early 1900's. The Great Mogul mine, near the head 
of the main Cement Creek valley, is said to have oper
ated through three 1nain adits and had workings aggre
gating about 20,000 feet; these workings are connected 
underground with those of the Sunnyside mine. The 
mine produced intermittently for a few years during the 
early history of the district. A 200-ton mill, built near 
Gladstone about 1906, was operated in 1907. The ore 
from the Great Mogul mine contained considerable py
rite and sphalerite and apparently could not be treated 
profitably. Other producers of silver-lead ore in upper 
Ross Basin include the Queen Anne and Columbia 
mines, described briefly by Ransome (1901, p. 257). 


The principal veins in this area are associated with 
fractures (Eureka graben faults) tha.t are presumed to 
extend to considerable depths. Mineralogic and geologic 
chaJlges with depth that might have a bearing on 
changes in vein structure and ore deposits are considered 
in the following discussion. 


Differences in wallrocks enclosing the vein constitute 
a factor to be considered in future exploration. Volcanic 
formations other than the Eureka Tuff were thought by 
geologists and engineers to be favorable to miner ali
zation; the Eureka Tuff was thought to have an adverse 
effect upon mineralization. Purington (1908) was con
vinced this was true in the neighboring Eureka 
Mountain and Treasure Mountain areas. Pointing out 
that in general the strong Sunnyside and Cinnamon 
faults, which traverse the shallower flows, are 
underlain by rhyolites and latites, he observed "that 
the veins, which are so strong in the pyroxene 
andesite, narrow down to mere slickensided slipping 
planes in the underlying more siliceous rocks." Mineral
ization was strongest along the Sunnyside and Ross 
Basin fault systems in the more broken rock near their 
junction, and so far as determinable by direct observa
tion at certain structural settings, the welded ash-flow 
materials of the Eureka Tuff were about as favoraible 
to minera1ization as the flow rocks. Unfavorable ground 
here would probably not be the result of change in 
wallrock at depth; at least, no unfavorable ground was 
dbserved at the intersection of the American tunnel 
extension with the Sunnyside vein system where the 
Eureka Tuff was found in the footwall. 


Bejnar ( 1957, p. 171) applied statistical analysis to 
i Ransome's production figures of 1901 to determine the 
: favorableness to mineralization of different formations 


in the Silverton quadrangle. He showed th3!t the San 
Juan Formation and the Burns Form3!tion,_ as classified 


in this report, are the most favorable by far. IIi view of 
the areal distribution of the formations in ground above 
valley levels, the greater favorableness of the Burns 
rocks is bound to hold for most of the Eureka district. 
In some areas, the depth of burial of the Eureka Tuff, 
Picayune Formation, and San Juan Formation (if 
present at depth) would constitute an unfavorable fac
tor with respect to vertical zoning ahd widths of veins. 


Changes in the widths of the veins with depth are 
also a factor to be considered in future exploration. 
The relatively ·wide veins of the Sunnyside system at 
and near the surface, locally with a width of several 
tens of feet, seem to diminish in width downward where 
the fracturing was more confined and the resultino-


. b 


openings were smaller and more discontinuous. Ore 
shoots that may be found in other parts of' this area 
will more probably be associated with softer· walls, 
brecciated bodies of rock, and gougy fissures. Down
ward thinning has been observed in so many places in 
so many veins explored at depth that it may be predicted 
with some assurance; however, depths at which vein 
thinning takes place are difficult or impossible to pre
dict. Development has been carried on in some veins 
west of the Silverton cauldron through a vertical range 
of 3,500 feet into sedimentary formations underlying 
the volcanic rocks (Hillebrand, 1957, p. 180). On strong 


·structural features, such as the major faults of the 
Eureka district, open fissuring might extend equally 
as deep, but on many minor fissures vertical ranges of 
1,000-2,000 feet may be a maximum. 


The possible changes in vein matter with depth are 
of much concern, particularly in the north (Lake Como) 
and south branches of the Ross Basin part of this area 
where deep exploration has not as yet proved continuity 
of exposed ores. According to C. D. Hulin (written 
commun., 1932), the ore shoots of the Sunnyside mine 
had a vertical extent of about 2,300 feet, and he stated 
that 


casual inspection of the veins of the Sunnyside mine shows no 
obvious changes with depth. A detailed consideration of the 
ratio between the several metals at different horizons within 
a single ore shoot, however, brings out certain regular changes 
which must be assigned to zonal control. Calculations were made 
for each of six levels spaced through a vertical distance of 
about 800 feet within a single ore shoot. For each level the ratio 
of each metal to lead was calculated using all available samples. 
I!t was found that the ratio of gold, of silver, and unexpectedly 
of copper to lead showed respective regular decreases with 
increasing depth. Zinc, in contrast, showed no regular change 
in its mtiio to /lead, the ratio varying in a purely erratic manner 
from level to level. 


This decrease in the ratio of copper to lead is not in 
accordance with commonly accepted zoning relations, 
but, as will be noted for other areas in the Eureka dis
trict and parts of adjoining districts, abnormal con-
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centrations of copper, silver, and gold at rather shallow 
depths are very common in veins of this area. For the 
most part, these shallow shoots of rather high-grade 
ore represent the ]ate stages of the cmnpound veins 
(p. 39, 47). 


Our observations of the Washington vein (Sunnyside 
mine) at the surface and at the new deep American 
tunnel level likewise suggest no apparent changes in 
the base-metal vein matter with depth, except in the 
amount of gangues. The very wide masses of rather 
barren quartz and rhodonite at the Stlrface diminish 
with depth. Sphalerite is generally dominant in the 
ores, as shown by the ratio of zinc to lead of about 11h 
to 1 in the average miU feed of the Sunnyside mine; 
however, in the ores of the Belcher, Bonanza, Queen 
Anne, and other mines of the Lake Como part of Ross 
Basin, zinc and lead are more nearly equal, and lead 
locally may somewhat exceed zinc in the exposed ore 
bodies extending to an altitude of more than 12,500 
feet. These differences are not very significant, and it 
can be assumed that in general there will be little change 
of the metal ratio with depth and that zinc will be the 
dominant metal. Strong zoning of the base-metal con
stituents of the veins does not appear characteristic of 
local environments. On the other hand, diminution in 
the gold and silver content of veins may be expected 
with depth, as js generally true of epithermal types of 
deposits. The early base-metal and late silver-gold 
stages of mineralization should be considered in differ
ent ca;tegories with respect to vertical zoning effects. 


CEMENT CREEK-B'ONITA PEAK AREA 


The roughly triangular Cement Creek-Bonita Peak 
area, including Bonita and Emery Peaks near its center, 
lies south of the Lake Emma-Ross Basin area. It is 
bounded on the northeast by the Ross Basin fault, on 
the southeast by McCarty Basin, and on the west by 
Cement Creek and the South Fork of Cement Creek. 
The area is of particular interest because of its struc
tural setting and because situated within it is the Gold 
IGng mine which was the second most important pro
ducer in the Eureka district. Also included in this area 
are the Lead Carbonate mine and smaller mines and 
prospects along the South and Middle Forks of Cement 
Creek, along the upper part of Eureka Gulch below 
Lake Emma, and within McCarty Basin. Some details 
of the geology of the Gold King and neighboring de
posits as exposed in 1900 are given by Ransome (1901, 
p. 254-257). 


The Gold IGng mine (pis. 7, 8), about a mile north
east of Gladstone, is credited with a production of 711,-
144 tons of ore that yielded $8,385,407 in gross value 
of gold, silver, lead, and copper (Colorado Mining 


Association, 1949, p. 126). None of the zinc in the ore 
was recovered. Mine workings reached a depth of 1,800 
feet below the highest outcrops, but the ore came chiefly 
from the upper 1,000 feet of mine workings, above an 
altitude of 11,400 feet. A deep-level exploratory and 
development tunnel (American tunnel) , starting near 
the old millsite at Gladstone at an altitude of 10,600 
feet, was driven 6,233 feet northeastward, but it has not 
been connected with the workings more than 800 feet 
above (pl. 6). This tunnel has since been extended to 
the Sunnyside mine workings (1960-61), but no addi
tional work has been done on the Gold King vein. A 
brief description of the veins and earlier operations is 
given by Ransome (1901, p. 254-256). 


The old Gold King adit to the first level of the mine 
.is at an altitude of about 12,160 feet on the slope of 
the gulch above the North Fork of Cement Creek. The 
adit was driven about 700 feet slightly west of north to 
the intersection of the Gold King lode. At this point of 
intersection, the Gold King vein is offset 30 feet by the 
so-called Red vein, the northeast extension of the Gold 
King being offset to the northwest. Judged from sur
face exposures of the Bonita Peak fault, the Red vein 
is along or near the faultline and, according to Ran
some dips 75° NE. at this position. As shown on plate 
8, most of the stopes of the Gold King mine lie west of 
and in the footwall of the fault zone. The second level 
was extended nearly 1,000 feet east of the fault, and in 
1920 and later, some ore was mined from stopes mainly 
at and below this level. 


The ore occurs in two nearly parallel stringer lodes, 
the Gold IGng and the Davis, of irregular N. 60° E. 
strike. The Gold l{ing on the northwest dips 70°-80° 
SE., whereas the Davis is nearly vertical or dips some
what northwest. The lodes are said to be about 50-80 
feet apart in the upper levels and to converge at depth. 
According to Ransome, the Gold l{ing lode was irregu
lar, tending to split into two or more lodes of varying 
strikes and dips. About 400 feet west of the adit crosscut 
on the first level there was a large flat body of ore 
nearly continuous with the. Gold King lode. Ransome 
interpreted this ore body as lying upon a large horse 
of altered country rock between irregular stringer 
branches of the Gold King lode. 


The ore of the Gold King was mainly banded quartz 
and pyrite, but the lodes contained some bunches of 
fine granular galena, sphalerite, chalcopyrite, and 
unidentified silver minerals. The richest concentration 
of gold was in white quartz, but locally in the Davis 
lode, gold was also associated with pyrite. The Red vein 
contained bodies of rhodonite, but so far as known, it 
was not commercially mineralized in this vincity. The 
overall suite of minerals and vein textures indicate 
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intermittent fracturing and reopening of the fissures, 
but for some obscure reason, the rhodonite seems to 
have been confined to cross fracturing along the Bonita 
Peak fault line. Possibly most of the minor sulfides 
other than pyrite belong to the late gold-quartz stage 
of mineralization in this area, formed after the base
metal and rhodonitic stages. The abundant pyrite could 
represent iron derived mainly from the highly frac
tured and silicified zone of wallrock. 


The Lead. Carbonate mine (King and Allsman, 1950, 
p. 77-79), about 2,000 feet south of the Gold King mine 
at an altitude of 11,356 feet, was developed on veins in 
a structural position similar to those of the Gold King 
system. The Lead Carbonate propert,y (fig. 14) was 
prospected and had minor production in the early days 
of mining, but prior to 1946, the mine workings were 
less than 400 feet deep and 1,000 feet long. The mine 
was reopened in 1946, and for a period of several years 
was one of the principal producers in the vicinity of 
Gladstone. Until milling operations on the property 
began during 1947 with ·the construction of a 50-ton 
mill, the mine yielded 6,248 tons of ore with an average 
grade of 0.79 ounce gold and 9.7 ounces silver per ton, 
6.05 percent lead, 5.9 percent zinc, and 1.03 percent cop
per (King and Allsman, 1950, p. 78). 


The dominant structural features of the Cement 
Creek-Bonita Peak area are the Bonita fault ("sole") 
and McCarty Basin extension of ·the Toltec fault 
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FIGURE 14.-Plan map and vertical pr()jection of workings, Lead 
Carbonate m'ine. 


("heel") of the boot-shaped Eureka graben (pis. 2, 6). 
The downdropped triangular wedge or keystone block, 
referred to as the Bonita Peak block, forms the south
weSt termination of the graben. The Bonita Peak block 
is broken into smaller blocks that have setded differen
tially but without very large displacements between 
them, as indicated by faulted tuff beds in the Henson 
FormU~tion adjacent to Bonita Peak. 


The interior of the Bonita Peak block is weakly 
mineralized. Remarkably, the Sunnyside strongly 
mineralized zone in the Lake Emma-Ross Basin area ap
parently does not extend into the block southwestward 
beyond Lake Emma. Both the Gold King and Lead 
Carbonate vein sets are strong outside the block but 
are weak within it. A series of. short diagonal veins in 
the Ross Basin part of the block (pis. 2, 6) do indicate 
a probable trend line of the ·Gold King vein set south of 
the Bonita fault as an extension of the Mountain l{ing 
and Mountain Queen vein sets north of the Ross Basin 
fault. The Lead CarbonU~te and nearby veins south of 
the Gold King set likewise are indicated in the hanging 
wall of the Bonita fault by altered sheeted zones roughly 
parallel to the general trend of the Sunnyside fault. It 
does not seem likely, however, that the strength and 
continuity of these trends and zones within the Bonita 
Peak block will improve appreciably at moderU~tely 
greater depths. This assumption is ruttributed .to .the 
wedging action of the downdropped block which may 
have tended to tighten fissures within the graben block 
and to dilate the fissures outside the block. Most of the 
fissures probably originated from the same tensional 
stresses that formed the graben. 


Local concentration of gold in ores of the Gold l{ing 
and Lead Carbonate veins in the footwall of the Bonita 
faul.t just outside the Bonita Peak fault block probably 
indicates that there are favorable places to prospect 
along other east- or northeast-trending veins in the foot
wall at the southwest boundary of the block. In both 
the Gold King and Lead Carbonate vein systems, the 
gold-bearing ores extend about 1,000 feet outward from 
the wall of the Bonita Peak fault block, but no data 
are available as to the changes in gold content of the 
ore shoots either laterally or vertically. The Gold King 
ores seem ,t<) diminish in average gold content with 
depth, as is generally true elsewhere. 


The Ben Franklin and other short veins along the 
edge of the block just west of where the Toltec fault 
crosses Eureka Gulch do not seem to have been notably 
enriched in gold, but records of production and grade 
of ore are meager. 


In McCarty Basin on the southeast side of the Bonita 
Peak block, fissuring and mineralization seem to be rela
tively weak in the footwall of the fault extending south-
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~est from the Bavarian vein (pl. 2), but this a.rea has 
not been mapped and studied in detail. 


The south corner of the Bonita Peak fault block 
beneath Emery Peak is of interest because it represents 
a junction between the Bonita fault and the extension 
of the Toltec fault (pl. 6) comparable to the j1,1nction 
between the Sunnyside fault and Ross Basin fault. The 
interior block here, however, forms a common hanging 
wall instead of a common footwall. This area has not 
been mapped and studied in detail, but there are veins 
of prospective interest south and west of Emery Peak. 


EN~INEER MOUNT~NAREA 


The Engineer Mountain area lies astride the Engi
neer-Seigal Mountain ridge and includes mines 12,000-
13,000 feet in altitude in Hinsdale, Ouray, and San Juan 
Counties (pl. 2). It is credited with a gross production 
of nearly n. million dollars, of which about $600,000 
came from the Frank Hough mine in Hinsdale County. 
The geology, mineral resources, and mine development 
and history have been described and discussed by Kelley 
( 1946, p. 452) and Ransome ( 1901, p. 189). 


Many of the ores mined were rather high grade and 
occurred in narrow veins having rich pockets; conse
quently, ore values were often high for the small ton
nages produced. The Frank Hough mine is specifically 
credited with producing only about 5,100 tons of ore, 
but this figure may not be complete. This mine, in the 
hea<;l ward basin of Palmetto Gulch, began operating in 
1882 and eventually produced through a 425-foot shaft 
from which short levels were driven. The higher grade 
ore formed irregular or flat shoots in tuffs interbedded 
with flows in the Henson Formation and probably was 
formed by replacement and impregnation of the tuff. 
Fissures along the line of the ore body are said to have 
been rather tight where they passed into the underlying 
and overlying more massive volcanic flow rocks. The 
ore was notable for its high content of copper and silver, 
and many shipments contained as much as 25 percent 
copper and from 30 to 60 ounces of silver. A reported 
3,081 tons of ore shipped between 1908 and 1920 yielded 
1,572,824 pounds of copper,"226,734 pounds of lead, 483 
ounces of gold, and 112,224 ounces of silver (Kelley, 
1946, p. 455) . Ores in other veins of this area were also 
high in silver and gold, but contained more lead and zinc 
and less copper proportionately. 


The Polar Star mine on Engineer Mountain ridge, 
with an output estimated near $250,000, is probably the 
next most productive mine in this area. A quartz vein 
3-4 feet wide was mined for rich silver and gold ores 
near the top of the ridge; below an altitude of 12,800 
feet the ore is said to be of lower grade. Other mines in-
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elude the Palmetto, Engineer, Wyoming, and Mam
moth. 


The problems of hypogene versus supergene enrich
ment of the ores in this very high area are considered 
on pages 54, 55 in this report and also by Kelley (1946, 
p. 324-341) and Ransome (1901, p.132-141). 


Northwesterly-trending structural features south and 
west of Engineer-Seigal Mountain ridge may have had 
some influence on individual veins of the generalJ'lorth
east-trending system (pl. 2) and may possibly have been 
in part responsible for local strength of mineralization 
beneath and on the ridge. 


POUGHKEEPSIE GULCH AREA 


Excluding production of the Mountain Queen mine, 
the total production from the drainage area of Pough
keepsie Gulch is estimated between $700,000 and $800,-
000 through the year 1946 (Hazen, 1949, p. 10-11). 
Poughkeepsie Gulch is a deep glaciated valley contain
ing many mines and prospects (pl. 2), but there has been 
very little prospecting or exploratory activity in recent 
years. This area has been described geologically and eco
nomically by Hazen (1949), Kelley (1946), and Ran
some (1901). 


The largest single producing mine, the Old Lout, 
yielded bismuth-bearing silver and base-metal ore re
portedly worth $300,000-$400,000 in gross value. This 
mine is of particular interest because it is one that has 
been explored at depth in this part of the map area. 
The older workings consist of an inclined shaft about 
4 75 feet deep, and levels extend laterally from it. The 
collar of the shaft is at an altitude of 11,557 feet on 
the east lip of Poughkeepsie Gulch. A crosscut tunnel 
was driven at an altitude of 10,565 feet near the bottom 
of the gulch beneath the older shaft workings; this main 
tunnel is 1,865 feet long and has more than 1,700 feet 
of drifts, crosscuts, and raises extending from it. The 
inclined shaft developed the Old Lout vein near its Y
shaped intersection with the lower grade Forest vein. 
Very rich ore was mined in the upper levels, but the 
grade diminished with depth; at the lower tunnel level, 
a vein averaging 30 inches wide contained 0.05 ounce 
gold and 10 ounces or less silver per ton, 4 percent lead, 
2 percent zinc, and 1 percent copper. There has been 
some debate whether the most favorable structural posi
tion was explored at depth. As shown by Kelley's geo
logic mapping (1946), the upper 400 feet of workings 
was chiefly in the Burns Formation, whereas the deeper 
workings were in the Eureka Tuff. 


A similar early profitable history is recorded for many 
other and mostiy smaller properties of the area, which 
were attractive chiefly during the period of high silver 
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prices and when economic conditions permitted small 
operators to explore shallow shoots and mine very 
selectively. 


The Lake Como area near the head of Poughkeepsie 
Gulch is in a structural province tributary to the north 
side of the large Ross Basin fault ( pls. 2, 6) . Kelley 
( 1946) noted more than 150 prospects and mines within 
an area of about 1.1j2 square miles, but none has been 
prospected deeper than about 200 feet. Numerous small 
rich ore pockets are said to have been found. The Alaska 
mine was repovted by Ransome (1901, p. 195) to have 
produced about $90,000 of silver-bearing ore, most of 
which came from a single small ore shoot along or near 
a fault fissure. The fissures become stronger and more 
numerous to the south, and near Lake Como they con
tain wide veins composed of barren or low-grade quartz 
intergrown with rhodochrosite and rhodonite and en
closing lenses and streaks of base-metal sulfide ore. 


As previously mentioned (p. 58), a concentration of 
north-striking veins on the north side of the Ross Basin 
fault in Ross Basin (pl. 2) may be wo:vthy of further 
deep exploration because of .the possibility that struc
tural control caused some silver or gold enrichment. 
These veins are generally narrow except close to the 
fault where they widen abruptly for a few hundred 
feet (fig. 6B). 


MINERAL POINT AREA 


The Mineral Point area as defined by Kelley ( 1946, 
p. 419 ) covers about 3112 square miles between Pough
keepsie Gulch on the west, Engineer Mountain on the 
north, the California Gulch divide on the southeast, and 
the Canadian Lake basin on the southwegt, It is a high 
rolling glaciated country (fig. 15) that has many small · 
lakes and swamps and that is between 11,500 and 12,000 
feet in altitude. Mining activities in this area have been 
discussed by both Kelley ( 1946) and Ransome ( 1901). 


The principal mines were operated through shafts, 
mostly less than 300 feet deep; the largest of these 
mines are the Bill Young, Red Cloud, Ben Butler, San 
Juan Chief, and London (pl. 2). The Red Cloud 'vein 
alorig the south margin of this area is perhaps the most 
extensively developed both laterally and vertically. 
About 665 feet below the collar of the Red Cloud shaft 
in Burrows Gulch and connected by a raise to the lower 
mine workings is the Frisco (or Bagley) tunnel, which 
has its portal at an altitude of 11,430 feet in lower Cali
fornia Gulch south of this area. Kelley (1946, p. 444-
445) remarked upon the apparent decrease in the num
ber and complexity of vein systems, indicated on the 
Frisco-tunnel level map, compared with their number 
in the near-surface shaft workings above, and he con
sidered that it might be due to differences in suscepti-


bility to fracturing of the Eurek{l. Tuff at the deeper 
level as compared with that of the flow rocks of the 
Burns Formation above. 


Many veins in the Mineral Point area, as in neigh
boring areas, contained high-grade pockets of silver 
and gold ore in quartz or associated with sulfides. 
Accurate records of the production of the Mineral. 
Point mines are not available, but tlw total yield was 
probably less than in the Engineer-Seigal Mountain 
and Poughkeepsie Gulch areas. Early records credit 
the Red Cloud mine with an output of about 800 tons 
of galena and gray copper ore during development 
work between 187 4 and 1880; production after 1900 was 
through the Frisco tunnel. Small shipments have been 
made from some mines since 1900 and most recently 
from the London, Ben Butler, and Lucky Jack in 1948 
and 1949. Some new development work was also done at 
the Lucky Jack property just northeast of Denver Lake 
(pl. 2) on ore consisting chiefly of sphalerite and silver
bearing galena. 


CALIFORNIA GULCH-ANIMAS FORKS-WOOD 
MOUNTAIN AREA 


The California Gulch-Animas Forks-Wood Moun
tain area includes the main glacial valley of California 
Gulch, Houghton Mountain, the Animas River valley 
at and above Animas Forks, and Wood Mountain 
(pl. 2). The more important prospecting and mining 
operations have been along the north wall of California 
Gulch from the Mountain Queen mine at the extreme 
head of the valley to the Columbus mine at Animas 
Forks. Veins in much of the area tend to split, to turn, 
or to jump diagonally from one set of fissures to an
other, and veins or fissure zones of one mine cannot be 
correlated with any assurance with those of another. 
over any appreciable distance. The veins belong to 
three groups: one group at the extreme head of Cali
fornia Gulch in which the east-west trending set of 
upper Poughkeepsie Gulch tends to be dominant or to 
form junctions with a northeast-trending set, another 
group in the remainder of the area in which the north
east-trending fissure set is dominant, and a less pro
nounced group in the Animas Forks-Wood Mountain 
part in which a north-northwest-trending fissure set, 
consistent with the ring-fault belt of the Silverton 
cauldron, is prominent in addition to the northeast
trending set. 


Through the early 1880's, the first period of activity 
in this area,, which included the early operations at the 
Mountain Queen mine and the mines of the Mineral 
Point area to the north (pl. 2) , the town of Animas 
Forks had several mills, one to treat ore from the Red 
Cloud mine, and a smelter. All, however, failed 
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to operate successfully, and bef?re the late 1890's the 
town was almost deserted. 


Following the arrival of the railroad at Animas 
Forks in the late 1890's, the development of hydro
electric power on the lower Animas River below Silver
ton in 1906, and the successful treatment of the Sunny
side and Gold King ores in the early 1900's, several 
ambitious undertakings were initiated centering at 
Animas Forks. They included the construction of a 
larger tunnel and the intensified milling operations in 
California Gulch and the building of the Gold Prince 
mill at Animas Forks, a construction operation that 
included the building of a 2-mile tramway to carry ores 
of the Gold Prince mine at the head of Placer Gulch 
to the mill for treatment. The Gold Prince mine worked 
the vein systems adjoining the Sunnyside on the north
east. The mill had about a 500-ton capacity with 100 
stamps and various tables and tube mills, but appar
ently never worked at full capacity. It was credited 
with appreciable tonnage during part of 1907, was 
inoperative during 1908, and was operated only inter
mittently from 1909 to 1910. 


The more recent operations at the Columbus mine and 
other properties in California Gulch that were initiated 
by World War II and postwar demands for metals 
may be said to mark the third major period of activity 
centering around Animas Forks. 


The Mountain Queen mine at the head of California 
Gulch at an altitude of 12,790 feet is one of the oldest 
mines in the entire western San Juan region; its ore 
was shipped in 1877 by pack train and ·wagon to the 
Crooke and Co. smelter at Lake City via Engineer Pass 
and Henson Creek (pl. 4) . During the height of early 
activity, about 1882, the mine produced more than 1,'700 
tons of ore containing about 40 percent lead and 38 
ounces of silver per ton, but the grade and tonnage 
of other specific shipments prior to 1900 are not record
ed. The mine was worked .through a shaft more than 
400 feet deep. From 1900 through 1946, the mine yielded 
about 3,500 tons of ore, from which were recovered 82.16 
ounces of gold, 26,663 ounces of silver, 25,401 pounds 
of copper, 531,931 pounds of lead, and 278,339 pounds of 
zinc (Hazen, 1949, p. 10). An access road was con
structed in 1944, and from then until 1946 small quan
tities of ore were produced intermittently from work
ings less than 100 feet deep on the northeast-trending 
part of the vein. 


The Indian Chief and Belcher veins, north of the 
Mountain Queen mine on the ridge between California 
and Poughkeepsie Gulches, belong to an east-trending 
vein set near Lake Como in upper Poughkeepsie Gulch. 
The Belcher is explored by several hundred feet of 
workings on the ridge. The vein zone included bodies 


of altered rock 50-150 feet wide.· Veins of quartz and 
rhodonite with streaks and lenses of pyrite, sphalerite, 
and galena were :formed in part by fissure filling and 
in part by replacement of the sheeted wallrock. As 
reported by Hazen ( 1949, p. 39), the vein consists of 
local and small segregations of lead-zinc ore in much 
gangue. Precious metals are erratically distributed in 
the vein. 


Near the crest of the ridge north of the Belcher vein 
and about half a mile south of Tuttle Mountain, the 
junctions of the east-trending vein sets with the north
east-trending vein sets form a complex system of veins 
and a large altered and silicified patch of rock extending 
northeast along the Oberto-Starlight vein to the Silver 
Chord mine. Numerous small workings on these various 
veins and vein intersections indicate small production 
during prospecting operations. 


Prospecting and mine development in California 
Gulch extend fr:om the Little Ida and Burrows veins 
on the valley wall east of Tuttle Mountain north to the 
Vermillion mine in the ''saddle" between Tuttle and 
Houghton Mountains. Bodies of silver-lead and lead
zinc ore were mined from the Little Ida property from 
adits between 12,500 and 12,700 feet in altitude. The 
largest ore bodies seem to be at Y-shaped junctions 
formed by intersecting northeast- and north-trending 
veins. In 1947, a new operation was started lower on the 
valley wall at about 12,000 feet in altitude to crosscut 
the Little Ida vein system. In the next few years, ami
nor . quantity of ore was produced from operations on 
the westward extension of the Burrows vein, aJbout 500 
feet south of the P.arallel vein and others of the Little 
Ida group. About 1,000 tons of ore was mined from the 
Burrows vein by other operators; the ore is reported to 
have contained about 16 percent zinc, 10 percent lead, 
and 3 ounces of silver per ton (King and Allsman, 1950, 
p. 58). 


The Vermillion mine is at an altitude of 12,436 feet 
just north of the Burrows mine (Kelley, 1946, p. 445-
447). Operations through a short crosscut tunnel were 
on the Vermillion Extension No. 1 near several inter
secting veins. A deeper-level crosscut was started near 
the bottom of California Gulch_( alt 11,869 :ft), but this 
may not have. extended beyond the Burrows vein. In 
1910, the Vermillion Co. milled 2,736 tons of ore from 
which was recovered 27 ounces of gold, 5,250 ounces of 
silver, 1,998 pounds of copper, 217,500 pounds of lead~ 
and 201,873 pounds of zinc (Kelley, 1946, p. 447). 


The largest exploratory operation in California 
Gulch was the :former Bagley adit, now generally known 
as the Frisco tunnel, about half a mile up California 
Gulch from Animas Forks at an altitude of 11,430 feet. 
This adit was projected to crosscut the vein systems of 
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the MineraJ Point area to ~the north. The tunnel cut the 
Dakota vein at a.bout 5,800 feet in 1908. In all, a:bout 
9,000 feet of work was done, including drifts on four 
veins and a rn.ise of 315 feet to the Red Cloud m.ine (p. 
62). Although the locrution of the ore bodies is not fully 
la10wn (J(elley, 1946, p. 439), in 1913 and 1914, 7,166 
tons of ore wns produced fron1 the tunnel, from which 
wn.s recovered 92.5 ounces of gold, 13,363 ounces of sil
ver, 11,177 pounds of copper, 326,404 pounds of lead, 
and 119,451 pounds of zinc. 


Since 1945, the Columbus nline, just above the junc
tion of CnJifurnia. Gulch n11d the Animas River valley 
at Anitnas Forks, has prdbahly yielded the l.argest ton
nage of ore of n.ny operation in this in11nediate area. 
The 1nine is reported (Colorado Mining ·Association, 
1949, p. 128) to have yielded a.s n1uch as 6,000 tons of 
zinc-lead ore ,i_n a year. The grade of the ore was low 
and the cost of transportation to mills for treatment 
wns high; operations were. suspe.nded several times and 
finally closed completely after premitun payments for 
l~ad and zinc were discontinued in 1948. 


The Columbus mine is on a large mineralized fault 
zone that trends N. 50° E. across W oocl Mountajn. It 
was operated through a 1,200-foot crosscut tunnel at 
an altitude of 11,230 feet, and a11 development work 
was within 500 feet of the surface. The quartz and base
metal sulfide vein occupies a steep and somewhat gougy 
fault fissure 10-20 feet wide. The ore mined was re
ported (King and Allsman, 1950, p. 61) to have con
taiiled 8-14 percent combined lead and zinc and 2 ounces 
of silver per ton; the copper. content was low. 


East of the Animas River valley, the Wood Mountain 
fault zone (pl. 2; fig. 3) has been the most productive 
in this part of the area .. It has been prospected to a minor 
extent throughout its exposures to the east vidge of 
Wood Motmtain on the Bob Ingersol claim. A quartz 
vein, in places 30-40 feet wide on the Eagle B~rd claim 
at the head of the glacial cirque of Horseshoe Basin 
Creek, has n. low meta.l content; small bodies of galena 
and sphalerite ore are exposed alongside this quartz 
and in s01ne of the diagonaJ veins crossing the :ma,in vein 
or branching from it. The altitude difference between 
these veins and those at the Columbus mine at Animas 
Forks indica·tes a vertical range in sulfide shoots of about 
2,500 feet. The possibility of lateral changes in mineral
ization is not entirely el~minated, however, as only shal
low tunnels have penetrated the mountain. 


The strongest single structurai feature in this ar.ea 
is the Wood Mountain fault zone, which can be traced 
from the Ool umbus mine through and northeast of 
Wood Mountruin for more than a mile in Hinsdale 
County; its downthrown block is on the south (pls. 2, 
6). Northwest of the fa;ult rare several minor branching 


nearly par.a1lel faults and fissures. The large amount of 
low-grade quartz along the n1a.in fissure following the 
high ridge of 'V ood Mounta.in suggests that at high 
levels considerable dilution of sulfide ore by relatively 
barren gangue is to be expected. The relative proportion 
of quartz gangue and· silricified wallrock to sulfides will 
probaibly tend to decrease somewhat in depth. Veins on 
the southwest and west slope of 'Vood l\fountain below 
an altitude of a.bout 12,300 :feet commonly contain much 
less quartz in proportion to vein carbonates aJld "tralcy" 
gangues. 


On Wood Mountain between the 'Vood Mountain and 
Cinnamon faults (pl. 2}, many smaller fissures and 
faults form diagonal linkages between these two major 
faults. Several of the larger diagonal linking veins in 
the hanging wall of the Wood Mountain fault on the 
south ridge to Wood Mountain contain shoots of galena, 
sphalerite, and chalcopyrite ore with associated gangue 
of quartz and manganese- and iron-bearing carbonates. 
Massive rhodonite bodies particularly characteristic of 
veins southwest of this area are not so typical of the 
veins here, but the manganifevous carbonates may rep
resent in part thoroughly recrystallized and car
bonatized remnants of rhodonite bodies. This process in 
its incipient stages was described with respect to the 
rhodonite veins of the Sunnyside mine (p. 33). 


Of particular prospecting interest in the Animas 
Forks-Wood Mountain area are the numerous small 
faults, fissures, veins, and sheeted or brecciated zones of 
north-west strike (N. 10°-20° W.) which gradually turn 
more northwestward to merge with fracture lines 
(N. 65°-70° W.) north of .Mineral Point (pl. 2). In 
general, they belong to the ring system of the Silverton 
cauldron. Several small volcanic plugs and intrusive 
bodies lie within and along the belt of fracturing; it is 
noteworthy that the intrusive rhyolite of Denver Hill 
ends abruptly at a southeast-trending dike that paral
lels this belt. Ore shoots in several of the diagonaJ north
east veins on the southwest ridge of Wood Mountain are 
deflected toward or end abruptly at cross fractures of 
northwest strike. The effects of such cross fracturing on 
the northeast vein systems and ore shoots are worth 
particular attention in future exploration and develop
ment in this area. 


TREASURE MOUNTAIN-EUREKA MOUNTAIN AREA 


The area south of Animas Forks and California 
Gulch and bounded by the Animas River gorge on the 
east, by the ridge of California Mountain on the west, 
and by Eureka Gulch and the Sunnyside area on the 
south has been the scene of considerable mining and 
prospecting activity. Included in this area are the large 
glaciated valley of Placer . Gulch, the high shallow 
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cirquelike basin of Picayune Gulch, and the high ridge
like Treasure and Eureka Mountains. 


Mine developments at the head of Placer Gulch, cen
tering in the Gold Prince and other properties adjoining 
the Sunnyside fault zone, were by far the largest; they 
were mentioned briefly in connection with the milling 
operations at Animas Forks (p. 64). Mines in and trib
utary to Placer Gulch included the Hidden Treasure, 
Silver Queen, Sound Democrat, Mastodon, workings o~ 
the Evening Star and Morning Star veins, the Wexford 
adit on the Independence vein, and other small prospect
ing operations on the slopes of the gulch. Early history 
of some of these mines has been recorded by Ransome 
(1901, p. 179-182), but details of later development 
coincident with the larger milling operations in the 
vicinity are not fully recorded, and many of the mines 
are no longer accessible. Ore from some of the mines 
was treated in the larger mills, such as the Mastodon 
mill near the head of Placer Gulch, a few hundred feet 
south of U.S. Mineral Monument Placer Gulch, and the 
Gold·Prince mill at Animas Forks. Several smaller mills 
were also constructed in the gulch to operate on locally 
derived ores. As in the case of the Gold Prince mill, none 
achieved sustained profitable operations on the lower 
grade ores of the area. The production record of the 
Placer Gulch mines is obscured in the total output of the 
Eureka district as this output is dominated by the 
Sunnyside and Gold King mines, but probably the ore 
treated or shipped has exceeded 100,000 tons, exclusive 
of the Gold Prince and other veins at the extreme head 
of the gulch, which were generally included as part of 
the production of the Sunnyside group. 


On Treasure Mountain adjacent to Picayune Gulch 
and the Animas River valley are several mines that 
achieved some early fame as producers of high-grade 
silver and gold ores. The best known of these are the 
Golden Fleece, Scotia, and San Juan Queen mines 
(Ransome, 1901, p. 182-183). The Golden Fleece and 
Scotia claims, at an altitude of more than 12,300 feet 
on the central ridge of the mountain (pl. 2), yielded a 
free-gold ore consisting of dendritic gold in a gangue of 
quartz and manganiferous calcite. Early operations 
were prior to 1900, but in 1908 a new crosscut to the vein 
was driven below the older workings, and a small 
quantity of ore was produced from these veins in fol
lowing years. Most of the higher grade ore came in part 
from the rather narrow N. 75° E.-trending Golden 
Fleece vein ; the character of the ore is not on record. 
Some ore was produced also from the much wider and 
lower grade N. 45° E.-trending Scotia vein near the 
intersection with the Golden Fleece vein and less than 
100-200 feet beneath the surface. (See pl. 2; fig. 6F.) 


Since about 1937, parts of the ·Treasure Mountain 
area have been explored at depth through the Saudi
ago tunnel of the Treasure Mountain Gold Mining Co. 
located in Picayune Gulch at an altitude of a little more 
than 11,600 feet. These \Vorkings consist of a 1,600-foot 
crosscut northwest to the Scotia vein at a depth of about 
1,000 feet beneath the surface and of about 700 feet of 
drifting to the southwest parallel to the Scotia fault. 
Further crosscutting and diamond drilling have been 
done to explore positions vertica.lly beneath the old 
Golden Fleece workings. The ores found at depth in the 
wide northeasterly veins are similar to the ores exposed 
near the surface and are characteristically composed of 
quartz, rhodonite, and carbonate gangues, which, ex
cept for local shoots and pockets, genera.lly have a low 
average lead and zinc content. Diamond drilling was 
also initiated in the search for continuation of gold
quartz vein matter in depth, but as of 1948, the devel
opment work had not established the size and structural 
relations of the diamond -drill showings. 


The San Juan Queen mine, opened in about 1890, had 
about 500 feet of tunnel and some shaft workings. It 
yielded small lots of high-grade gold and silver ore. The 
vein strikes about ea:st and dips steeply south. It has been 
explored near its intersection with the eastward con
tinuation of the Great Eastern fault zone; some high
grade ore pockets were found near this intersection 
which are related to and localized by cross fissures near 
the northeast system of fa,ults. Ransome ( 1901, p. 183) 
reported that as of 1900, about 10 tons of ore had been 
shipped, and that the best grade ore was said to carry 
about 51h ounces of gold and 180 ounces of silver. 


The Toltec vein and other vein systems along the large 
continuous Toltec fault zone are on Eureka Mountain 
tributary to the south side of Picayune Gulch (pl. 2). 
The Toltec lode was mentioned by Ransome (1901, 
p. 183) as having been prospected prior to 1900. It con
tains both low-grade shoots of base-metal ores and lenses 
of high-grade tetrahedrite ore. In 1907, exploration of 
the vein was renewed, and a. crosscut was driven from 
near the highway in the Animas River valley to inter
sect the northeastern part of the vein. The results of 
this work are not known, but no appreciable produc
tion has been recorded. During World War II, an access 
road was built to a prospect tunnel on the vein at about 
11,400 feet altitude just west of this lower tunnel, and 
small lots of lead-zinc ore were mined from near-surface 
workings. Wide exposures of low-grade ore, largely 
quartz with local pockets of galena and sphalerite, far
ther southwest nea.r the crest of Eureka Mountain have 
been prospected only superficially. 


The main structural element of the Treasure Moun
tain-Eureka Mountain area is the northeast-trending 
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Eureka graben bounded by the Sunnyside and Toltec 
fn.ult zones. It is noteworthy that the pronounced widen
ing of the veins in these fault zones is related a.t many 
pln.ces to changes in direction of the faults from one 
fracture syste1n to another or to intersections of strong 
diagonal or cross fissures. A strongly developed system , 
of cross frn.ctures striking about east to southeast inter
sects the main northen.st-trending faults and veins, and 
many of the maii1 faults and veins tend to branch and 
to be diverted locally along these directions (pl. 2). For 
this reason, the argument advanced by Purington 
(1908)-that the na.rrowness of veins in the underlying 
Eureka Tuff was due primarily to unfavorable charac
teristics of the formation-loses some of its force. As 
yet exploration of the wider segments of veins has been 
ins~1fficient even n.t sha11ow depth to prove their worth 
us 1najor sources of base-metal ore. As is true elsewhere, 
the bulk of the quartz-rhodonite vein matter contains 
less than 1 percent lead or zinc, but throughout the 
veins are disseminated sphalerite and galena and scat
tered higher gra-de lenses and shoots of massive ore. 


The gold n.nd silver shoots may or may not be asso
ciated with base-metal shoots. However, so few high
grade shoots of gold- and silver-bearing ores are known 
in this nrea, other than those in the Golden Fleece 
n.nd Sn.n .Juan Queen veins, that the entire pattern and 
structural control of the shoots is obscure. A few other 
shoots of undetermined size do exist, as indicated by past 
m·ining activities, spot assays of outcrops, and diamond
drill cores at SO'me places. Both the Golden Fleece 
ttnd San Juan Queen shoots are related to cross fissures 
near the northeast-trending system of faults. The cross 
fissures and veins are generally strong in the footwalls 
n.nd lutve a strong tendency to turn and feather into the 
1nore en:sterly to northeasterly fractures. Several strong 
southeast-trending veins close to the footwall of the 
Scotia vein northeast of the Golden Fleece vein a.re ob
vious possible sites for testing. At the Golden Fleece, the 
gold ores extended perhaps as much as 500 feet into this 
footwall near the surface. At depth, therefore, explora
tion in the footwall of the several northeast-trending 
veins should probably be confined to a narrow belt near 
the respective northeast veins rather than vertically 
below exposed surface shoots. It may be assumed in 
genernl that these narrow shoots will pitch down the 
footwnlls more or less in conformity to the dip of the 
faults or veins. Likewise, many short or narrow foot
wall fractures found at the surface are perhaps unlikely 
to be continuous in depth, but their pattern may be 
repeated in depth by separate or overlapping fissures in 
similar structural relations. 


BROWN MOUNTAIN AREA 


The Brown Mountain area at the northwest edge of 
plate 2 includes the SaraJtoga, Kentucky Giant, Guada
loupe and Lucky Twenty, and Lost Day mines on the 
west flank of Brown Mountain adjacent to Ironton 
Park and between Gray Copper Gulch and Abrams 
Mountain. These mines have been worked intennittently 
since the early 1880's. · 


The Saratoga mine is mainly in the Devonian and 
Mississippian limestones and the underlying Precam
brian quavtzite near the level of Ironton Park. As 
described by Ransome ( 1901, p. 240--&45), the mine is 
credited with a mineral production valued at about 
$125,000, chiefly from low-grade pyritic bodies con
taining pockets of oxidized silver-bearing galena ore. 
The ore occurred in veins and r~placement masses ap
parently associated with a pipelike body of thoroughly 
altered limestone and quartzite near the intersections of 
many closely spaced fissures and faul1ts of northeasterly 
strike. Attempts to treat the low-grade pyritic ore by 
roasting and lixiviation to recover gold and silver were 
unsuccessful. The mine and the ores have been of parti
cular interest, however, in that this is aboUJt the only 
place in the map area in which the effects of limestone 
on ore deposition can be seen. Small "flats" or winglike 
offshoots of ore extend for a few feet or :tens of feet along 
the bedding where small veins cut the limestones and 
overlying shale and tuff beds. In addition, large bodi~ 
of pyrite, sandy and loose running, were encountered. In 
several ,place's. The workings have long been rather In
accessible. Some of the shallow workings were reopened 
during the early 1930's, but no bodies of ore favorable to 
modern trerutment were found. 


The Kentucky Giant and Indiana mine workings are 
in the volcanic rocks on the slope of Brown Mountain 
north of Gray Copper Gulch between 10,385 and 11,000 
feet in altitude. Some bodies of lead-zinc and gray cop
per ore were sto,ped from the upper workings in the 
early d~ys of mining; a later crosscut, the Concave tun
nel was driven beneath the older workings at an alti-' . tude of about 10,375 feet. Two nearly .parallel veins 
have been developed; the Topeka-I\:entucky Giant vein 
on the west dips steeply west and the Indiana vein on 
the east dips east. The Indiana vein has been prospected 
by an exploratory tunnel about 1,100 feet long and 200 
feet higher than the Concave tunnel. In all, more than a 
mile of development work has been done on these veins. 
Local high-grade shoots of copper-silver ore in average 
base-metal ore in the veins are similar to ore occurrences 
at some of the mines, such as the'Old Lout, in Pough
keepsie Gulch to the east. 


The Lost Day mine is about half a mile northeast of 
the Kentucky Gia:rut and is at an altitude of 11,500-
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11,600 feet. The novth-striking vein is exposed in a land
slide block that has slumped downhill on underlying 
tuff layers which locally dip 15°-30° westward; exten
sion of the vein to the north and south is obscured by 
more ·landslide debris. The vein where exposed has been 
oxidized. to depths of 15-20 feet, which .possibly sug
gests that the present exposures are a surface remnant 
not entirely removed during glacial erosion in the 
Pleistocene. 


Practically all recent operations at the Lost Day 
mine have been confined to shallow opencuts and tun
nels. About 100 tons of oxidized silver-bearing lead ore 
was removed from bulldozer cuts when the vein was ex
posed. A vein 5 feet wide containing partly oxidized 
galena was exposed during these operations, and 200 
tons of ore shipped during 1947 (King and Allsman, 
1950, p. 45) contained 10-12 ounces of silver and 0.02 
ounce of gold per ton and 30 percent lead. There ~was 
no zinc or copper in the ore. During 1916-17, the mine 
also shipped 1,032 tons of ore having an average con
tent of 45.4 percent combined lead and zinc. 


The Guadaloupe and Lucky Twenty tunnels on the 
west slope of Mount Abrams in Hendrick Gulch were 
driven to explore and mine several veins in the Burns 
and San Juan Formations (Kelley, 1946, p. 368-370). 
The Guadaloupe vein, the principal objective of the op
erations, was worked prior to 1900 from an adit at an 
altitude of about 11,070 feet. Several hundred feet of 
drifting and stoping was done on three nearly parallel 
veins in a silicified and kaolinized altered belt about 100 
feet wide. The York tunnel, 400 feet northwest of the 
original tunnel, crosscut 650 feet to the vein, which lies 
in altered intrusive quartz latite. Some stoping was also 
done from short drifts at this tunnel level. The Lucky 
Twenty tunnel, at an altitude of 10,315 feet in Hendrick 
Gulch, was driven in 1923 and 1926-27 to a vein thought 
to be the Guadaloupe vein at about 1,960 feet from the 
portal ; several other veins were also cut in the tunnel, 
and one about 1,430 feet from the portal was drifted to 
the south. Because of the steep but irregular easterly dip 
of the Guadaloupe vein in the higher workings, there is 
some doubt as to the identity of the veins cut in the 
Lucky Twenty tunnel. 


Ore mined fr.om the upper workings on the Guada
loupe vein was characterized chiefly by high copper and 
silver and very low lead and zinc contents, whereas the 
veins in the Lucky Twenty tunnel contained chiefly 
lead-zinc ores. The reported production for the Guada
loupe mine since 1906 is about 406 tons of ore contain
ing 9.54 ounces of gold, 17,761 ounces of silver, and 158, 
528 pounds of copper. Several, p.igh-grade l~ts of ore 
contained 21-28 percent copper and about 50 ounces of 
Hilver to the ton. The character of both the ore and alter-


at.ion in the upper workings indicates that the deposits 
are allied to the Old Lout, l{entucky Giant, and a few 
other deposits in the Eureka district. 


A pile of ore on the dump of the Lucky Twenty tun
nel assayed by the U.S. Bureau of Mines (Hazen, 1949, 
p. 17) contained 0.005 ounce gold and 0.45 ounce silver 
per ton, 0.1 percent copper, 2.5 percent lead, and 5.55 
percent zinc. In contrast to this, ore probably cobbed at 
the York tunnel about 655 feet above contained 0.01 
ounce gold and 21.65 ounces silver per ton, 11.2 percent 
copper, 0.1 percent lead, and 0.75 percent zinc. These 
differences are considered typical of the effects of hypo
gene enrichment, probably in part as the result of selec
tive leaching and redeposition of metals from bodies 
of sulfides below the enriched zone. · 
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ABSTRACT 


Historical production of metals in the western United States has left a legacy of 
acidic drainage and toxic metals in many mountain watersheds that are a potential 
threat to human and ecosystem health. Studies of the effects of historical mining on 
surface water chemistry and riparian habitat in the Animas River watershed have 
shown that cost-effective remediation of mine sites must be carefully planned. Of the 
more than 5400 mine, mill, and prospect sites in the watershed, �80 sites account for 
more than 90% of the metal loads to the surface drainages. Much of the low pH water 
and some of the metal loads are the result of weathering of hydrothermally altered 
rock that has not been disturbed by historical mining. Some stream reaches in areas 
underlain by hydrothermally altered rock contained no aquatic life prior to mining. 


Scientific studies of the processes and metal-release pathways are necessary to 
develop effective remediation strategies, particularly in watersheds where there is lit-
tle land available to build mine-waste repositories. Characterization of mine waste, 
development of runoff profiles, and evaluation of ground-water pathways all require 
rigorous study and are expensive upfront costs that land managers find difficult to jus-
tify. Tracer studies of water quality provide a detailed spatial analysis of processes 


Church, S.E., Owen, J.R., von Guerard, P., Verplanck, P.L., Kimball, B.A., and Yager, D.B., 2007, The effects of acidic mine drainage from historical mines in the Ani-
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affecting surface- and ground-water chemistry. Reactive transport models were used 
in conjunction with the best state-of-the-art engineering solutions to make informed 
and cost-effective remediation decisions. 


Remediation of 23% of the high-priority sites identified in the watershed has 
resulted in steady improvement in water quality. More than $12 million, most con-
tributed by private entities, has been spent on remediation in the Animas River water-
shed. The recovery curve for aquatic life in the Animas River system will require 
further documentation and long-term monitoring to evaluate the effectiveness of 
remediation projects implemented. 


Keywords: acid mine drainage, watershed impacts, historical mining, environmental 
effects, remediation 


INTRODUCTION 


Thousands of inactive hardrock mines have left a legacy of 
acid drainage and toxic metals across mountain watersheds in the 
western United States. Many watersheds in or west of the Rocky 
Mountains have headwater streams in which the effects of histori
cal hardrock mining are thought to represent a potential threat to 
human and ecosystem health (e.g., Fields, 2003). In many areas, 
weathering of unmined mineral deposits, waste rock, and mill 
tailings in areas of historical mining may increase metal concen
trations and lower pH, thereby contaminating the surrounding 
watershed and ecosystem. Streams near abandoned inactive 
mines can be so acidic or metal laden that fish and aquatic insects 
cannot survive (e.g., Besser and Brumbaugh, 2007; Besser and 
Leib, 2007; Anderson, 2007), and birds are negatively affected by 
the uptake of metals through the food chain (e.g., Larison et al., 
2000). Although estimates of the number of inactive mine sites in 
the West vary, observers agree that the scope of this problem is 
huge, particularly in the western United States, where public 
lands contain thousands of inactive mines and prospects. 


Numerous inactive mines are located either on or adjacent to 
public lands or affect aquatic or wildlife habitat on federal land. In 
1995, personnel from a U.S. Department of the Interior (DOI) and 
U.S. Department of Agriculture (USDA) interagency task force 
developed a coordinated strategy for the cleanup of environmental 
contamination from inactive mines associated with federal lands. 
Estimates of the number of inactive mines that affect surface water 
quality on National Forest (USDA-FS) and Bureau of Land Man
agement (BLM) administered lands were low (6000 mine sites; 
Greeley, 1999) relative to those provided for the entire United 
States by the Minerals Policy Center (131,000 mine sites; Da Rosa 
andLyon, 1997).Aspart of an interagencyeffort, theU.S.Geologi
cal Survey implemented anAbandoned Mine Lands (AML) Initia
tive to develop a strategy for gathering and communicating the 
scientific information needed to formulate effective and cost-effi
cient remediation of inactive, abandoned mines on federal land. 
Objectivesof theAMLInitiative included: (1)watershed-scaleand 
site characterization, understanding of the effect and extent of 
sourcesofmetalsandacidity,and(2)communicationoftheseresults 
to stakeholders, land managers, and the general public.Additional 


objectives addressed included transfer of technologies developed 
within the AML Initiative into practical methods at the field scale 
and demonstration of their applicability to solve this national envi
ronmental problem in a timely manner within the framework of the 
watershedapproach.Finally,developingworkingrelationshipswith 
the private sector, local citizens,andstateandfederal land manage
ment and regulatory agencies will establish a scientific basis for 
consensus,providinganexample for future investigationsofwater
sheds affected by inactive historical mines (Buxton et al., 1997). 


The combined AML interagency effort has been conducted 
in two pilot watersheds (Fig. 1), the Animas River watershed 
study area in Colorado (Church et al., 2007c) and the Boulder 
River watershed study area in Montana (Nimick et al., 2004). 
Land and resource-management agencies are faced with evaluat
ing the risks associated with thousands of potentially harmful 
mine sites on federal lands. Comprehensive scientific investiga
tions have been conducted in both AML watersheds. The level of 
scientific study conducted in the AML watersheds will not be fea
sible in every watershed affected by historical mining. Develop
ment of criteria for evaluating ecological and environmental 
effects of historical mining was a paramount objective of these 
studies. Clearly, remediation of federal lands affected by inactive 
historical mines will require substantial investments of resources. 


Land management and regulatory agencies face two funda
mental questions when they approach a region or watershed 
affected by inactive historical mines. First, with potentially hun
dreds of dispersed and potentially contaminated mine sites, how 
should limited federal resources for prioritizing, characterizing, 
and remediating the watershed be invested to achieve cost-
effective and efficient cleanup? Second, how can realistic reme
diation targets be identified, considering: 


•	 The potential for adverse effects from unmined mineral
ized deposits (including any effects that may have been pre
sent under premining conditions or still may persist from 
unmined deposits adjacent to existing abandoned mines) 


•	 The possible impact of incomplete cleanup of specific 
inactive historical mine sites 


•	 Other physical or environmental factors that may limit sus
tainability of desired ecosystems 
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Figure 1. Map of the western United States showing the Boulder and Ani-
mas River watershed study areas. The Animas River watershed study 
area is shown in the inset map. 


To answer these questions, the AML Initiative adopted a 
watershed approach rather than a site-by-site approach to 
characterize and remediate abandoned mines (Buxton et al., 
1997). This approach is based on the premise that watersheds 
affected by acid mine drainage in a state or region should be pri
oritized on the basis of its effect on the biologic resources of the 
watershed so that the funds spent on remediation will have the 
greatest benefit on affected streams. Within these watersheds, 
contaminated sites that have the greatest impact on water qual
ity and ecosystem health within the watershed would then 
be identified, characterized, and ranked for remediation. The 
watershed approach establishes a framework of interdiscipli
nary scientific knowledge and methods that can be employed at 


similar inactive historical mine sites throughout the nation. The 
watershed approach: 


•	 Gives high priority to actions most likely to most signifi
cantly improve water quality and ecosystem health 


•	 Enables assessment of the cumulative effect of multiple 
and (or) nonpoint sources of contamination 


•	 Encourages collaboration among federal, state, and local 
levels of government and stakeholders 


•	 Provides information that will assist disposal-siting decisions 
•	 Accelerates remediation and reduces total cost compared 


to remediation on a site-by-site basis 
•	 Enables consideration of revenue generation from selected 


sites to supplement overall watershed remediation costs. 


The report by Church et al. (2007c) provides a geologic 
description and summary of the field and laboratory work con
ducted by the U.S. Geological Survey in the Animas River water
shed during 1996–2000. The objectives of this study were to: 


•	 Estimate premining geochemical baseline (background) 
conditions 


•	 Define current geochemical baseline conditions 
•	 Characterize processes affecting contaminant dispersal 


and effects on ecosystem health 
•	 Develop remediation goals on the basis of scientific study 


of watershed conditions 
•	 Transfer data to users in a timely and effective manner 


Investigations were coordinated with personnel from the 
Animas River Stakeholders Group (ARSG), Colorado Division 
of Wildlife, Colorado Department of Public Health and Environ
ment, Colorado Division of Mines and Geology, Colorado Geo
logical Survey, U.S. Environmental Protection Agency, U.S. 
Forest Service in the Department of Agriculture, and U.S. Bureau 
of Land Management in the Department of Interior, all of whom 
are coordinating the design and implementation of remediation 
activities within the watershed. 


DESCRIPTION OF STUDY AREA 


The Animas River watershed study area is located in south
western Colorado near Silverton, �40 miles (65 km) north of 
Durango (Fig. 1). Four candidate watersheds were nominated in 
Colorado on the basis of geologic factors, metal loading, the sta
tus of ongoing remediation activities, general knowledge of the 
candidate watersheds, and the extent of federal lands within the 
watershed. TheAnimas River watershed study area was chosen as 
one of two pilot watersheds for the AML Initiative in May 1996. 


The Animas River watershed study area, as defined in this 
study, is the drainage area of three large streams and their tribu
taries (Mineral Creek, Cement Creek, and the Animas River 
upstream from Silverton). Although the compliance point for 
water quality established by the Colorado Water Quality Control 
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Commission is the gauge downstream of the confluence of the South Fork Mineral Creek to north of Howardsville; (2) the
Animas River with Mineral Creek (Fig. 2), the Animas River Eureka District, which covers the northern part of the Mineral
watershed study extends downstream from the confluence of and Cement Creek basins as well as the Animas River basin from
Mineral Creek to an area known as Elk Park just upstream from Eureka north (Davis and Stewart, 1990); (3) the Red Mountain
the confluence of the Animas River with Elk Creek. Most of the district, which extends up the Mineral Creek basin from Ohio
watershed is in four mining districts: (1) the Silverton district, Peak to the north and is largely outside the study area; and (4) the
which covers the southeastern part of the watershed from the Ice Lake district, which is in the headwaters of South Fork Min-
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Figure 2. Shaded relief map of the Animas River watershed showing the Animas River and its main tributaries, Mineral and Cement Creeks,
which are impacted by historical mining. The watershed study area boundary is outlined in black; gauging stations are shown as black 
dots on each of the major streams: A72, gauge 09359020; M34, gauge 09359010; A68, gauge 09358000; C48, 09358550; and A53, 
gauge 09357500.
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Figure 3. Daily mean stream flow during 1995–2000 in the Animas River downstream from Silverton, Colorado (USGS stream-flow
gauging station 09359020, A72, fig. 2). Average annual peak flow is 2420 � 500 ft3 per second for water years 1992–2001. Shaded areas 
indicate periods of spring runoff, which was arbitrarily defined as stream flow greater than 150 ft3 per second. 
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eral Creek (Church et al., 2007b). During watershed studies, 
additional sampling and investigations were conducted down
stream of the study area to document the extent of enriched trace-
element concentrations downstream and to provide reference 
localities unaffected by historical mining (Church et al., 1997; 
Anderson, 2007). 


The watershed is mountainous with elevations ranging from 
�9300 feet (2830 m) at Silverton to more than 13,300 feet (4050 m) 
above sea level. The terrain is a rugged mountainous area with 
U-shaped and hanging valleys carved out during the last glacia
tion (e.g., Blair et al., 2002). Mean annual precipitation ranges 
from �24–40 in/yr (600–1000 mm/yr) (NRCS, 2007). Although 
the population varies seasonally as temporary residents move into 
the area during the summer, �400 people live in theAnimas River 
study area throughout the year. Residents are engaged primarily 
in tourism, which is largely based on the historical nature of the 
quaint mining town of Silverton served by the historical narrow-
gauge railroad from Durango (Sloan and Skowronski, 1975). 


Hydrologic Setting 


Stream flow in the Animas River study area is typical of 
high-gradient mountain streams throughout the southern Rocky 


Mountains. Stream flow is dominated by snowmelt runoff, which 
typically occurs between April and June. Snowmelt runoff often 
is augmented by rain during summer from July through Septem
ber. Stream flow typically peaks in May or June and decreases as 
the shallow ground-water system drains. Spring runoff conditions 
extend into July. Low stream-flow conditions are typical from 
August to March (Fig. 3). The nearest U.S. Geological Survey 
stream-flow-gauging station 09359020, Animas River down
stream from Silverton (period of record Oct. 1991–present, 
drainage area of 146 mi2 [378 km2]) is downstream from the con
fluence of Mineral Creek (Fig. 2). Stream gauges are located at 
the mouth of the major tributaries in the study area: the gauge 
on the Animas River at Silverton (09358000, period of record 
1991–1993 and 1994–2004, drainage area 70.6 mi2 [183 km2]); 
the gauge on Cement Creek at Silverton (09358550, period 
of record 1991–1993 and 1994–2004, drainage area 20.1 mi2 


[52 km2]); and the gauge on Mineral Creek at Silverton (09359010, 
period of record 1991–1993 and 1994–2004, drainage area 52.5 mi2 


[136 km2]). These gauges measure 98% of the stream-flow drainage 
area upstream from Silverton. The State of Colorado operates a 
stream-flow-gauging station on the Animas River at Howardsville 
(09357500, period of record 1935–2002, drainage area 55.9 mi2 


[145 km2]; Fig. 2). Real-time and historical stream-flow data are 
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available online (USGS, 2007b). Data are also published in the 
U.S. Geological Survey annual data report (Crowfoot et al., 2005). 


The Animas River watershed study area is subdivided into 
three large basins, the Mineral and Cement Creek basins and 
the upper Animas River basin. Drainage basin areas of tributary 
streams to the main stem drainages are also referred to here as 
subbasins. 


Geology of the watershed is the primary factor affecting the 
distribution of trace-element concentrations and pH in streams in 
the upper Animas River watershed. Although there are more than 
300 mines and an estimated 5400 mining-related features in the 
study area (Church et al., 2007b), not all of these features con
tribute to water-quality degradation. Because of the combined 
effects of hydrothermal alteration that is directly associated with 
the mineral deposits and the widespread distribution of historical 
mine sites throughout the watershed, it is difficult to attribute low 
pH values and high trace-metal concentrations exclusively to 
either source. The pH of water samples collected at background 
sites ranged from 2.58 to 8.49 compared to pH of water from mine 
sites that ranged from 2.35 to 7.77 (Mast et al., 2000a). 


Ground-water flow is largely controlled by topography, by 
the distribution of unconsolidated Quaternary deposits that over
lie bedrock units, and by the decrease in hydraulic conductivity of 
geologic units with depth. Topography strongly controls the direc
tion of ground-water flow and the location of discharge areas. 
Recharge occurs on all topographic highs, with greater amounts 
of recharge on areas with the greatest precipitation and hydraulic 
conductivity (McDougal et al., 2007; Mast et al., 2007). Dis
charge in the form of numerous seeps and small springs occurs in 
topographic lows and at breaks in slope. Flow paths from recharge 
to discharge areas are short, commonly less than a few thousand 
feet. Regional ground-water flow is limited by the very low per
meability of the bedrock. The overlying, thin, unconsolidated 
deposits have the highest hydraulic conductivity. The uppermost, 
fractured and weathered zone in the igneous bedrock has a lower 
hydraulic conductivity than the unconsolidated deposits (R.H. 
Johnson, written comm., 2007). Fractures are the major conduits 
for ground-water flow in bedrock, with more flow in the upper
most zone, where the fractures are weathered and open. 


Biologic Setting 


The Animas River watershed study area consists entirely of 
alpine and subalpine habitats. The headwaters and tributaries of 
the three principal basins (Animas River, Cement and Mineral 
Creeks) originate in treeless alpine regions with vegetation cover 
ranging from essentially none, especially in highly mineralized 
areas of the Cement and Mineral Creek basins, to relatively lush 
alpine meadows. Streams follow steep, narrow valleys, with the 
exception of a few low-gradient areas, such as the Animas River 
between Eureka and Howardsville, Mineral Creek near Chat
tanooga, and the open valley near Silverton (Bakers Park), which 
have relatively wide valley floors (Blair et al., 2002). Vegetation 
on valley walls is restricted in many areas by extensive areas of 


exposed rock and talus, but some areas of sparse coniferous 
Engelmann spruce forest occur on north-facing slopes and in val
ley bottoms, where deciduous trees also occur. Riparian vegeta
tion is often limited along high-gradient streams, but low-gradient 
reaches typically contain extensive areas of beaver ponds and 
associated willow thickets except where limited by mining activ
ity and mill tailings disposal (e.g., Vincent and Elliott, 2007). 


The native fish community of the watershed before European 
settlement was restricted by the severe climate and hydrology and 
by barriers to upstream movement of fish in the Animas River 
canyon downstream of Silverton. The only native fish species 
known to occur in the watershed would be the Colorado River 
cutthroat trout (Onchorhynchus clarkii pleuriticus), although one 
account suggests that the mottled sculpin (Cottus bairdi), a 
species that occurs commonly in downstream reaches, may have 
occurred in portions of the upper watershed. 


There are few accounts of the aquatic biota of the upper Ani-
mas River watershed before the most active period of mining (ca. 
1890 based on district production records summarized by Jones, 
2007). Ichthyologist David Starr Jordan (1891) visited the Ani-
mas River watershed in 1889 and recorded the following refer
ences, based on second-hand accounts: 


In the deep and narrow “Cañon de las Animas Perdidas” [Animas 
Canyon] are many deep pools, said to be full of trout. 


Above its cañon of “Lost Souls,” it is clear, shallow, and swift, flowing 
through an open cañon with a bottom of rocks. In its upper course it is said 
to be without fish, one of its principal tributaries, Mineral Creek, rising in 
Red Mountain and Uncompahgre Pass, being highly charged with iron. 


The distribution of cutthroat trout in the upper Animas River watershed 
before settlement is unknown. However, the existence of water quality 
and habitat suitable for trout is indicated by reports of good populations 
of trout (undoubtedly including stocked, non-native trout) in artificial 
ponds near Silverton and in the Animas River upstream of Silverton near 
the turn of the century. (Silverton Standard, various accounts, 1903–1905) 


Surveys conducted by federal and state agencies in the 1960s 
and 1970s indicate that the many decades of mining and milling 
activity had a significant adverse effect on stream biota. The reach 
of the Animas River upstream of Silverton (Fig. 2), which had 
supported trout in previous years, yielded only a single trout in an 
electro fishing survey in 1968 (U.S. Dept. of Interior, 1968). N.F. 
Smith (1976) declared this reach of the Animas River to be 
“essentially dead.” The Colorado Division of Wildlife stocked 
rainbow trout, brook trout, and brown trout in the watershed 
between 1973 and 1993. There is no evidence that either rainbow 
or brown trout were able to reproduce upstream from the Animas 
River canyon reach; however, brook trout, which are more toler
ant of pollution by acid and toxic metals than the other species, 
were more successful. Brook trout remains the predominant fish 
species in the Animas River watershed study area despite no 
documented stocking of this species since 1985. 


Recent surveys of fish and benthic invertebrate communities 
(Butler et al., 2001; Anderson, 2007; Besser and Brumbaugh, 
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2007) indicate that the effects of poor water quality on stream 
communities vary widely among the three basins and suggest that 
stream biota have responded to some improvements in water 
quality. The headwaters of the Animas River upstream from 
Eureka (Fig. 2), the entire length of Cement and Mineral Creeks, 
and several smaller tributaries support little or no aquatic life due 
to the effects of mining and naturally acidic water draining from 
hydrothermally altered areas (Bove et al., 2007). The South Fork 
Mineral Creek and several tributaries of the upper Animas River, 
which drain subbasins that provide substantial acid-neutralizing 
capacity, support viable populations of brook trout and a few cut
throat trout. The Animas River between Maggie Gulch and the 
mouth of Cement Creek in Silverton supports brook trout and 
a substantial invertebrate community, suggesting that substan
tial improvements in water quality have occurred in this reach 
since the 1970s when the early electro fishing surveys were done 
(e.g., N.F. Smith, unpublished aquatic inventory: Animas-La Plata 
project, Colorado Division of Wildlife, Durango Colorado, 1976). 
Impacts of degraded water quality on stream biota persist in the 
Animas River for a substantial distance downstream of Silverton, 
although there is some evidence of recovery of fish and inverte
brate communities since the Sunnyside mine closed in 1991 and 
remediation efforts in the watershed began immediately. 


Geologic Setting 


The geology of the rugged western San Juan Mountains is 
exceptional in that many diverse rock types representing every 
geologic era from the Proterozoic to the Cenozoic are preserved. 
It is also an area that has high topographic relief providing excel
lent bedrock exposures. The general stratigraphy of the San Juan 
Mountains near Silverton consists of a Precambrian crystalline 
basement overlain by Paleozoic to Tertiary sedimentary rocks and 
by a voluminous Tertiary volcanic cover (Fig. 4). 


Precambrian rocks are exposed south of Silverton along the 
Animas River and in upper Cunningham Creek and are part of a 
broad uplifted and eroded surface (Fig. 4). The Precambrian sec
tion near the study area consists primarily of amphibolite, schist, 
and gneiss. South and west of Silverton, gently dipping Paleozoic 
to Tertiary age sedimentary strata of varying lithologies overlie 
Precambrian basement rocks. The sedimentary section, which 
crops out in subbasins in the headwaters of South Fork Mineral 
Creek and in other subbasins south of Silverton, is comprised 
mainly of marine and terrestrial limestone and mudstone in addi
tion to terrestrial deposits of sandstone, siltstone, and conglomer
ate (Fig. 4). Many of these units contain calcite and are, therefore, 
important for their acid neutralization potential. A thick section of 
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Figure 4. Generalized structural and geologic map of the Silverton caldera, upper Animas River watershed. The Animas River and Mineral Creek 
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Tertiary volcanic rock caps the Paleozoic sedimentary rocks west 
and southwest of Silverton and covers most of the central part of 
the study area. The majority of Animas River headwater streams 
and tributaries originate in Tertiary volcanic and silicic (high sil
ica content) intrusive rocks that have been deposited or emplaced 
in the area that is defined by Mineral Creek on the west and by the 
Animas River on the east, north of Silverton (Fig. 4). Subsequent 
hydrothermal alteration and mineralization resulted in the forma
tion of economic mineral deposits that were exploited between 
1871 and 1991. Thus, much of this study has focused on the Ter
tiary volcano-tectonic history and mineralization events that have 
contributed to present water-quality issues. 


Onset of volcanism commenced between 35 and 30 Ma, with 
the eruption of intermediate-composition (52–63% SiO2) lava flows 
and deposition of related volcaniclastic sedimentary rock forming 
a plateau that covered much of the San Juan Mountains area 
(Lipman et al., 1976). Following the early phase of intermediate-
composition volcanism, silicic calderas began to form throughout 
the entire San Juan Mountains region. Two calderas formed in 
the Animas River watershed study area between ca. 28 and 27 Ma 
(Fig. 4). Eruption of the Oligocene (27.6 Ma) Silverton caldera cre
ated a large semicircular depression �13 km (8 miles) in diameter, 
which is nested within the older (28.2 Ma) San Juan caldera 
(Lipman et al., 1976; Yager and Bove, 2007). The central part of the 
San Juan caldera is partially filled by ash-flow tuff and by later, 
intermediate-composition lava flows, volcaniclastic sedimentary 
rocks, and igneous intrusive rocks. Ash-flow tuff is a volcanic rock 
containing pumice, broken crystals, and wall rock fragments in a 
matrix of ash-size material that was ejected from the ring fracture 
zone of an actively forming caldera. Eruption of intermediate-
composition lava flows and related volcaniclastic rocks filled the 
San Juan caldera volcanic depression; these rocks host the major
ity of the mineralization in the study area. Granitic igneous mag
mas intruded the southern margins of the Silverton and San Juan 
calderas shortly after the Silverton caldera formed. The intrusions 
south of Silverton formed along the caldera structural margins and 
are centered near the area between Sultan Mountain and peak 3792 
m on the South Fork Mineral Creek (Fig. 5), in lower Cunningham 
Creek from Howardsville to lower Maggie Gulch, and near the 
mouth of Cement Creek (see Table 1). 


An extensive bedrock fracture and fault network has devel
oped in response to caldera development in the region. Structures 
related to caldera formation not only influence the hydrologic sys
tem today but also are largely responsible for controlling where 
postcaldera hydrothermal fluids altered the country rock and 
focused the emplacement of mineral deposits. Important faults 
related to caldera formation include the arcuate faults that form 
the caldera structural margin. In addition, the northeast-southwest 
trending faults and veins that comprise the Eureka graben and that 
cross the central core of the caldera are prominent structural fea
tures that have been extensively mineralized and mined for base 
and precious metals (Casadevall and Ohmoto, 1977; Yager and 
Bove, 2007). Northwest to southeast trending faults and veins that 
are radial to the caldera ring fault zone were extensively mineral


ized. Caldera-related faults, which in places were only partially 
closed by later mineralization, can extend laterally and vertically 
from tens of meters to a few kilometers. The structures related to 
the San Juan-Uncompahgre and Silverton calderas are pervasive 
features that were not sealed by mineralizing fluids and may be 
important ground-water flow paths at the basin-wide scale. 


Pre- and postcaldera crustal stresses have also resulted in an 
extensive near surface fracture network. Fractures at the outcrop 
scale commonly have spacings of one centimeter to several meters. 
These fractures developed either as volcanic rocks cooled, form
ing cooling joints, or in response to regional and local tectonic 
stresses. Fractures that are densely spaced, unfilled by later min
eralization, and interconnected focus near-surface ground-water 
flow at the local or subbasin scale. 


Mineralization and Alteration 
Multiple hydrothermal alteration and mineralization events 


that span a 17 m.y. history, from ca. 27 Ma to 10 Ma, were the cul
mination of a complex cycle of volcano-tectonic events that 
affected the region (Lipman et al., 1976; Bove et al., 2001). The 
first episode of hydrothermal alteration formed during the cool
ing of the San Juan caldera volcanic fill, when lava flows cooled, 
degassed, and released large quantities of CO2, along with other 
volatile constituents such as SO2 and H2O. Geologic mapping and 
airborne geophysical surveys suggest that regional alteration 
extended from the surface to depths as great as 1 km (Smith et al., 
2007; McDougal et al., 2007). This widespread hydrothermal 
alteration changed the primary minerals of the lava flows, form
ing an alteration assemblage that includes calcite, epidote, and 
chlorite (Burbank, 1960). This mineral suite is part of the preore 
propylitic hydrothermal assemblage, which has a high acid-
neutralizing potential (Desborough and Yager, 2000). Near-
surface spring and surface water that has interacted mainly with 
propylitic rock has a pH range of 6.0–7.5 (Mast, et al., 2000a). 


Mineralization events that postdated the preore propylitic 
hydrothermal assemblage contained sulfur-rich hydrothermal flu
ids and metals that produced various vein and alteration mineral 
assemblages, all of which include abundant pyrite (Burbank and 
Luedke, 1968; Casadevall and Ohmoto, 1977). Host rock alter
ation in many places throughout the Animas River watershed 
study area effectively removed the acid-neutralizing mineral 
assemblage of calcite-epidote-chlorite from these subsequently 
altered areas. This later phase of mineralization was coincident in 
the timing and emplacement of multiple silicic intrusions that 
likely provided the heat sources for the mineralizing fluids. 


Mostof themineralizationevents thatoverprint rocks affected 
by regional propylitization in the study area may be subdivided 
into three broad categories on the basis of age and style of miner
alization (Bove et al., 2007). The earliest event formed between 
26 and 25 Ma, was related to emplacement of granitoid intrusions 
near the southern margin of the San Juan and Silverton calderas in 
the area between Middle Fork and South Fork Mineral Creek, and 
consists of low-grade molybdenum-copper-porphyry mineraliza
tion (Ringrose, 1982; Bove et al., 2001). The central part of this 
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Figure 5. Localities of railroads, mills, large mill tailings, smelters, and selected mine sites referenced in text, Animas River watershed (modified 
from Jones, 2007). Selected mine sites referenced in text are in Table 1. 
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TABLE 1. MILL, LARGE MILL TAILINGS, AND SELECTED MINE SITES, ANIMAS RIVER WATERSHED 


Site Name Site No. Site Name Site No. 


Mines Mills (continued) 
Koehler tunnel 75
 Ward and Shepard Mill 224 
Junction mine 76
 Contention Mill 225 
Longfellow mine 77
 Pride of the West Mill #2 227 
American tunnel, Sunnyside mine 96
 Little Nation Mill 231 
Sunnyside mine 116
 Pride of the West Mill #4 233 
Mayday mine 181
 Old Hundred Mill 238 


Mills Green Mountain Mill 240



Bagley Mill (Frisco) 
Columbus Mill 


20

24



Vertex Mill 
North Star (Sultan) Mill 


242

264



Gold Prince Mill 27
 Victoria Mill 267



Hanson Mill (Sunnyside Extension Mill) 
Mastodon Mill 


51

52



Hercules Mill (Empire) 
Lackawanna Mill 


277

287



Sound Democrat Mill 55
 Iowa Mill 297



Treasure Mountain Mill 63
 Little Giant Mill 299



Mogul Mill 
Gold King Mill 
Lead Carbonate Mill 


93

94

95



Big Giant Mill 
North Star Mill #1 
Pride of the West Mill #3 


307

309

316



Red and Bonita Mill 97
 Pride of the West Mill #1 318



Sunnyside-Thompson Mill 
Silver Wing Mill 
Silver Ledge Mill 


113

124

138



Intersection Mill 
Silver Lake Mill #1 
Highland Mary Mill 


328

347

502



Natalie/Occidental Mill 151 Mill Tailings 
Sunnyside Mill #1 158
 Kittimack tailings 192 
Sunnyside Eureka Mill 164
 Pride of the West Mill tailings 234 
Sunnyside Mill #2 165
 Old Hundred Mill tailings 237 
Yukon Mill 184
 Lackawanna tailings (removed) 286 
Hamlet Mill 191
 North Star Mill tailings 310 
Kittimack Mill 194
 Highland Mary Mill tailings 361 
Ice Lake Mill 205
 Mayflower Mill tailings repository #1 507 
William Crooke Mill 215
 Mayflower Mill tailings repository #2 508 
Silver Lake Mill #2 219
 Mayflower Mill tailings repository #3 509 
Mayflower Mill (S-D Mill) 221
 Mayflower Mill tailings repository #4 510 
Mears-Wilfley Mill 222



Note: Data refer to sites in Figure 5; data from Jones (2007), Church et al. (2007a). 
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zoned mineralized system, centered near peak 3792 m (Fig. 5; Sil
verton 1:24,000-scale, USGS topographic map), is composed of 
bleached, quartz-stockwork-veined, quartz-sericite-pyrite altered 
intrusive rocks and volcanic rocks. Rock in the central part of this 
system is host to exposed molybdenum-copper mineralized rock 
(McCusker, 1982). Disseminated sulfides in this zone consist 
mainlyofpyrite, lesserchalcopyrite,andtracesofmolybdeniteand 
bornite, comprising as much as 5 volume percent of the host rock 
(McCusker, 1982). Progressively outward from the locus of min
eralization, zones of weak-sericite-pyrite and propylitic altered 
igneous and volcaniclastic rocks, respectively, form the periphery 
of the hydrothermally altered and mineralized porphyry system. 


A younger, acid-sulfate system formed at 23 Ma and devel
oped in response to emplacement of coarsely porphyritic dacite 
intrusions. Dacite porphyry intrusive activity and formation of 
associated acid-sulfate alteration was mainly focused in two areas. 


Breccia bodies and brecciated faults were commonly silicified 


One area of acid-sulfate alteration is centered in the vicinity of the 
Red Mountains. The Red Mountains form the headwaters of the 
Uncompahgre River, which flows north, and Mineral Creek, which 
flows south into the Animas River. The second area is located 
south of the Red Mountains near Ohio Peak and along Anvil 
Mountain, which form the drainage divide between Mineral and 
Cement Creeks. Acid-sulfate mineralization in the Red Mountain 
area is often characterized by breccia-pipe and fault-hosted vein 
ore with abundant copper-arsenic-antimony-rich minerals such as 
enargite-tetrahedrite-tennanite, in addition to copper ores of chal
cocite, bornite, and covellite. This combined suite of minerals dis
tinguishes the acid sulfate-related ores from more typical 
polymetallic vein deposits outside the Red Mountains area (Bove 
et al., 2007). Gangue minerals include barite, calcite, and fluorite. 


and replaced with microcrystalline masses of quartz, alunite, 
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pyrophyllite, natroalunite, dickite, diospore, pyrite, and traces of 
leucoxene. Hydrothermal sericitic assemblages that formed 
include quartz-sericite-pyrite and weak sericite-pyrite assem
blages. The quartz-sericite-pyrite assemblage is typified by total 
replacement of primary host-rock minerals by quartz, abundant 
illite (sericite), and pyrite, whereas host-rocks affected by the 
weak sericite-pyrite assemblage still contain weakly altered pri
mary plagioclase in addition to secondary chlorite derived from 
the earlier, regional propylitization event (Bove et al., 2007). 


The third and most economically important episode of min
eralization formed post 18 Ma and is closely associated with the 
emplacement of high-silica alkali rhyolite intrusions (Lipman, 
et al., 1973; Bartos, 1993). Mineral deposits formed during this 
episode consist of polymetallic, Cu-Pb-Zn base- and precious-
metal veins deposited along caldera-related northwest-southeast 
trending fractures tangential to the Silverton and San Juan cal
deras and along primarily northeast-southwest trending graben 
faults and some northwesterly trending faults that originally 
developed during resurgence of the San Juan caldera (Varnes, 
1963; Casadevall and Ohmoto, 1977). Six ore-forming stages are 
recognized in the Sunnyside mine, the largest producing mine 
developed in this youngest style of mineralization (Casadevall 
and Ohmoto, 1977). Ores of a massive sulfide stage formed early 
in the paragenetic sequence and consist of intergrown masses 
of spahlerite, galena, and lesser amounts of pyrite, chalcopyrite, 
and tetrahedrite (Casadevall and Ohmoto, 1977). Ores of gold-
telluride-quartz, manganese and quartz-fluorite-carbonate-sulfate 
formed later. Deposition of manganese-rich ores postdate the 
principal gold-bearing mineralization phase and are composed of 
light pink bands of pyroxmangite (MnSiO3) intergrown with 
quartz and rhodochrosite, among other manganese-bearing phases. 
Late-stage gangue minerals include anhydrite, fluorite, calcite, 
and gypsum (Casadevall and Ohmoto, 1977). Unlike the perva
sive areas of alteration that are associated with both the porphyry 
molybdenum-copper mineralization and acid-sulfate mineraliza
tion systems that often affect entire mountain blocks, the style of 
post–18-Ma alteration tends to be focused adjacent to veins and 
vein structures. An assemblage of quartz-sericite-pyrite-zunite 
occurs proximal to veins. This assemblage grades laterally to 
assemblages of sericite-kaolinite along with increasing volume 
percentages of wall-rock chlorite derived from rocks affected by 
regional propylitization distal from the veins. Intermediate com
position volcanic rocks that filled the San Juan caldera are host to 
90% of this latest episode of mineralization (Bejnar, 1957). 


Surface water quality that results from weathering of the 
highly altered areas is notable. One of many such examples is cen
tered near peak 3792 m between South Fork Mineral Creek and 
Middle Fork Mineral Creek northwest of Silverton (Fig. 5). Head
water tributaries that originate in propylitic altered volcanic and 
volcaniclastic rocks west of peak 3792 m have near neutral pH 
between 6.5 and 6.8. However, as surface water and ground water 
interacts with hydrothermal alteration assemblages that contain 
abundant pyrite downstream, pH drops below 3.5 (Mast et al., 
2000b; Yager et al., 2000; Mast et al., 2007). 


Late Tertiary erosion exposed large areas of hydrothermally 
altered rock in the study area to weathering processes. Subsequent 
Pleistocene glaciation further sculpted the landscape, creating the 
classic U-shaped valleys, carving the cirque headwater subbasins, 
and depositing glacial moraine that is partly responsible for the 
spectacular scenery near Silverton. Multiple surficial deposits 
formed during and subsequent to glaciation and now cover over 
25% of the bedrock with a veneer of porous and permeable mate
rial (Blair et al., 2002; Vincent et al., 2007; Vincent and Elliott, 
2007). A several-thousand-year history of acidic drainage is 
recorded in many of the surficial deposits, where iron-rich 
ground water derived from pyrite weathering has infiltrated these 
deposits and cemented them with oxides of iron, forming what is 
referred to as ferricrete (Yager et al., 2003; Yager and Bove, 2007; 
Wirt et al., 2007). These recent geologic events have exposed 
mineral deposits to surface weathering prior to mining. Weather
ing reactions in areas underlain by more intensely altered rock 
produce greater acidity and release more metals to surface and 
ground water than areas underlain by propylitic altered rock 
(Bove et al., 2001; Mast et al., 2000b; Yager et al., 2000). 


History of Mining 


More than one hundred years of historical mining activity 
has created many miles of underground workings and produced 
large volumes of mine waste rock that were pulverized to remove 
ore metals. These mine workings provide flow paths for ground 
water that reacted with mineralized rock to produce acidic mine 
water that flows from mine adits (Mast et al., 2007; Church, et al., 
2007b). The waste rock dumps have resulted in increased surface 
area and exposure of large amounts of pyrite to oxidation result
ing in large anthropogenic sources of acidic drainage that affect 
water quality and aquatic and riparian habitats in the watershed. 
These anthropogenic conditions exacerbate the cumulative water-
quality effect due to weathering the intensely hydrothermally 
altered rock in the watershed. Changes in the different drainage 
basins resulting directly from historical mining activities are 
apparent by comparison of data from streambed-sediment geo
chemical baselines prior to mining and today (Church et al., 2000; 
Church et al., 2007a). 


Jones (2007) discusses the affects of government price sup
ports and the demand for metals on historical mining practices in 
the area. These policies, as well as changes in mining practices, 
greatly affected mineral production in the Animas River watershed 
and the distribution of mill tailings in the streams. Jones (2007) 
identifies four major periods of production in the watershed: the 
smelting era (1871–1889), the gravity milling era (1890–1913), 
the early flotation era (1914–1935), and the modern flotation era 
(1936–1991). The following is summarized from his work: 


•	 During the smelting era (1871–1889), ore was hand sorted 
and most was shipped directly to smelters. A few small 
gravity or stamp mills were in operation. Total ore produc
tion was small and the amount of mill tailings released to 
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streams was small but unknown. There was no market for 
zinc, so sphalerite was left in the mines or on the mine 
waste dumps because the smelters charged a penalty to 
process ores containing more than 10% percent sphalerite 
(Ransome, 1901). 


• During the gravity milling era (1890–1913), many small 
mines had a stamp mill to prepare concentrate for shipment 
to the smelter. Milling of ore occurred on site or trams 
transported ore to the mills or the railroad for shipment to 
smelters outside the watershed. Mill tailings were not 
impounded but rather were dumped in the riparian zone or 
directly into the streams. Sulfide recovery was �60%. 
Copper was not recovered, and the demand for zinc was 
small, so it was generally not recovered. An estimated 
4.3 million short tons of mill tailings were discharged 
directly into streams. The Animas River contained so much 
mill tailings that contaminated water downstream necessi
tated building a new reservoir and public water supply for 
the city of Durango (Durango Democrat, 1902). 


• During the early flotation era (1914–1935), a few mills 
dominated ore processing in the basin. The Sunnyside Mill 
#2 at Eureka (site #165, Fig. 5) was a leader in applying 
flotation technology in the district. Ores were ground to 
finer grain size, and sphalerite and copper sulfide concen
trates were recovered. The volume of mill tailings produced 
increased dramatically over the previous period. All the 
gravity or stamp mills in the watershed were closed down 
by 1921, and ore was processed at these large modern mills. 
In 1917, U.S. Smelting and Refining Co. built a large flota
tion mill at Eureka (Sunnyside Eureka Mill, site #164) to 
process ore from the Sunnyside mine (site #116). This mill 
was by far the largest in the basin; it processed �2.5 mil-
lion tons of ore from 1917 to 1930 (Bird, 1999). Sulfide 
recovery exceeded 80%. Mill tailings were impounded in 
retaining ponds on the Animas River flood plain immedi
ately downstream from the mill to allow the fines to settle. 
The clear water was then allowed to decant over the tailings 
dams, along with the dissolved metal loads, directly into the 
Animas River. As evidenced by the dispersed mill tailings 
deposits present in the braided reach downstream from 
Eureka (Vincent and Elliott, 2007), floods periodically 
breached the tailings impoundments and released mill tail-
ings into the Animas River. The Sunnyside Eureka Mill 
closed in 1930 during the Depression and reopened briefly 
in 1937 (Bird, 1999). An estimated 4.2 million tons of ore 
were processed by mills during this period (Jones, 2007). 
Most of the mill tailings were discharged into settling ponds 
in the riparian zone or directly into the streams. Frequently, 
floods breached these mill tailings impoundments (dams 
were formed using small wooden shipping barrels filled 
with rock) and released mill tailings into the Animas River. 


• During the modern flotation era (1936–1991), the May-
flower Mill, built in 1929 (site #221, Fig. 5), was the pri


mary mill operating in the watershed. This mill was designed 
not to release mill tailings to the Animas River. Although 
the tailings impoundment effort was not completely suc
cessful in the beginning, the majority of the mill tailings 
were retained after 1935 (Jones, 2007). Sulfide recovery 
using improved flotation technology was greater than 95% 
after 1940. Jones (2007) estimates that only 200,000 tons 
of mill tailings were released to the streams during this 
period. Furthermore, in support of both World War II and 
the Korean War, many of the old stamp mill tailings were 
reprocessed, and the stamp mills were burned to recover 
scrap iron. 


Nash and Fey (2007) note that many of the old stamp mill 
sites contain little or no mill tailings. Given the historical mining 
practices just summarized above, this is not surprising. A substan
tial volume of mill tailings was released into the surface streams 
(an estimated 8.6 million short tons, or �48% of the total district 
production; Jones, 2007). As a result, there has been a loss of pro
ductive aquatic and riparian habitat and a reduction in recreational 
and aesthetic values, values important to tourism. Furthermore, 
the increased acidity and metal loading constitutes a potential 
threat to downstream drinking water supplies. 


SUMMARY OF WATER-QUALITY STUDIES 


To evaluate the effects of historical mining on water quality 
in the Animas River watershed study area, three separate but over-
lapping investigations were undertaken. One study focused on 
sampling springs, streams, and mine water in subbasins up-
gradient of the major stream segments, Mineral Creek, Cement 
Creek, and the upper Animas River (Mast et al., 2007). Additional 
water-quality work was conducted by the ARSG (Butler et al., 
2001). The second investigation compiled water-quality data 
throughout the study area (Wright et al., 2007). The third investi
gation encompassed a series of 13 stream tracers along the 3 
major stream segments in the study area (Kimball et al., 2007). 
The objective of the work in the subbasins was to characterize 
premining baseline water quality for comparison of the results 
with mine adit water chemistry. The objective of the basin-wide 
data compilation was to evaluate spatial and temporal trends in 
water quality. The objective of the stream tracer studies was to 
quantify metal loading along the major stream segments, investi
gate the effects of instream processes on stream chemistry, and 
simulate remediation scenarios. In addition to these studies, two 
other process-related studies were undertaken: (1) investigation 
of the age, composition, and formation of ferricrete deposits (Ver-
planck et al., 2007; Wirt et al., 2007) and iron bogs (Stanton et al., 
2007), and (2) an investigation of the seasonal variation in water 
quality (Leib et al., 2007). 


The data set for the subbasin investigation included water 
samples collected from 241 spring and stream sites and 75 mine 
sites during summer low-flow conditions in 1997–1999. For the 
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TABLE 2. RANGES OF CHEMISTRY OF SPRINGS UNAFFECTED BY MINING AND OF MINE WATER FROM ADITS 


pH SO4 (mg/L) Zn (μg/L)



Range Median Range Median Range Median



Spring from sites unaffected by mining 2.58–8.49 4.89 1–1300 90 �20–14,300 28 
Adit mine drainage 2.35–7.77 5.72 45–2720 310 �20–228,000 620 


Note: Data summarized from Mast et al., 2000a. 


59 Acidic mine drainage from historical mines in the Animas River watershed 


spring and stream sites, a ranking system primarily based on field 
observations was devised to evaluate the potential for mining 
activity effects. The ranking system consisted of four categories 
ranging from category I (no evidence of mining activity) to cate
gory IV (direct discharges from mine sites). Ranges and median 
values for pH, sulfate, and zinc concentrations for sites unaffected 
by mining (category I and II) are given in Table 2. The primary 
factor controlling the premining baseline water quality is the 
degree of hydrothermal alteration of the bedrock. For each site 
unaffected by mining, the dominant type of up-gradient hydro
thermal alteration was determined. 


Streams and springs draining propylitic altered rock had 
higher pH (5.74–8.49) and lower dissolved metal concentrations 
than water draining other alteration assemblages or mine adit 
water (Fig. 6). In addition, these sites are characterized by mea
surable alkalinity. Propylitically altered rock contains calcite, as 
well as chlorite and epidote, which dissolve and produce circum
neutral water. Sulfate concentrations are slightly elevated because 
of the weathering of minor amounts of pyrite and gypsum (Mast 
et al., 2007; Nordstrom et al., 2007). 


In contrast to propylitic altered rock, quartz-sericite pyrite 
altered rock produces water that is acidic and metal-rich (Fig. 6), 
reflecting an abundance of pyrite and a lack of acid-neutralizing 
minerals (Mast et al., 2007). The acidic water readily reacts with 
alumino-silicate minerals in the bedrock, producing surface and 
ground water with high concentrations of aluminum and silica. 
Quartz-sericite-pyrite altered bedrock tends to be located within 
or adjacent to base-metal mineralized areas, thus water drain
ing from quartz-sericite-pyrite altered areas has relatively high 
concentrations of copper, manganese, and zinc (Fig. 6). Weak 
sericitic altered bedrock tends to produce water with intermediate 
compositions between that derived from propylitic or quartz
sericite-pyrite altered bedrock (Fig. 6). 


Water draining from inactive mine sites generally has the 
greatest range in compositions and tends to have higher dissolved 
sulfate and metal concentrations than most sites unaffected by 
mining (Fig. 6). The wide range in water quality of mine water 
likely results from three factors: (1) chemistry of the water enter
ing mines varies because of weathering of different hydrothermal 
alteration assemblages; (2) weathering of different ore and gangue 
minerals depends upon the mineral deposit type (e.g., Cox and 
Singer, 1986); and (3) some of the sites classified as “mining
affected” may actually have been metal-poor mine prospects. 


Surface Water Quality 


Wright et al. (2007) compiled water-quality data collected 
from 1991 to 1999 from multiple sources including data collected 
by ARSG and the State of Colorado (Butler et al., 2001) to evalu
ate the spatial variation in water quality throughout the study area. 
The distribution of pH values in streams during low-flow condi
tions (Fig. 7) shows that stream segments draining more intensely 
altered rocks have lower pH values than streams draining propy
litic altered areas. For example, streams draining Ohio Peak, 
which is underlain by acid-sulfate alteration, tend to have pH val
ues � 4.5. Near Red Mountain Pass in the headwaters of Mineral 
Creek basin, which is underlain by acid-sulfate alteration (Fig. 7), 
extremely low pH values (2.4–2.5) were measured in water drain
ing from the Longfellow mine (site #77, Fig. 5) and Koehler tun
nel (site #75, Fig. 5). Much of Cement Creek has low pH (�4.5), 
and the Cement Creek basin is characterized by both intensely 
altered rock and numerous mine sites. In contrast, although a sub
stantial percent of the mining activity occurred in the upper Ani-
mas River basin upstream of Silverton, most of the stream 
segments there have pH values � 6.5. This area is primarily com
posed of propylitic altered bedrock (Fig. 7). Similarly, relatively 
high pH values were measured along the South Fork Mineral 
Creek, which is characterized by sedimentary rock that has been 
partially overprinted by propylitic alteration. 


The distribution of dissolved zinc concentrations in streams 
during low-flow conditions (Fig. 8) shows that zinc in surface 
water is primarily derived from sphalerite dissolution. Since zinc 
has been identified as a trace element in other sulfides, particu
larly pyrite, dissolution of pyrite also contributes to the zinc load 
(Bove et al., 2007). In the upper parts of Mineral Creek, Cement 
Creek, and the Animas River, mine adit water tends to have high 
zinc concentrations. The highest zinc concentration (228 mg/L) 
was measured in mine-adit water draining the Koehler tunnel 
(site #77, Fig. 5) near Red Mountain Pass. In general, zinc con
centrations decrease downstream because of dilution by stream 
water with relatively low zinc concentrations. 


Both mined and unmined areas contribute substantial loads 
of constituents to the streams that drain the Animas River water
shed because of the widespread, extensively altered and mineral
ized rock in the area. Prioritizing mine-site remediation at the 
watershed scale requires an understanding of how multiple 
sources of acidic, metal-rich drainage affect the streams in the 
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watershed (Kimball et al., 2002). Contributions to the stream 
from all sources range from well-defined tributary contributions 
to dispersed, ground-water contributions. Mass-loading studies 
are useful to identify and compare the complex sources of loads 
in a watershed. A detailed mass-loading approach differs from 
a more traditional method of measuring load at a watershed out
let because it provides the necessary spatial detail to facilitate 
decisions about remediation. These studies are based on two well-
established techniques: (1) the tracer-dilution method and (2) syn
optic sampling. The tracer-dilution method provides estimates of 
stream discharge that are in turn used to quantify the amount 
of water entering the stream, both from tributaries and ground 
water, in a given stream segment (Kimball et al., 2002). Synoptic 
sampling of the instream flow and additional contributions from 
tributaries and ground-water chemistry provides a detailed longi
tudinal snapshot of stream water quality and chemistry (Bencala 


and McKnight, 1987). When used together, the tracer-dilution 
and synoptic sampling techniques provide discharge and concen
tration data that are used to determine the mass loading associated 
with various sources of water. 


Tracer Studies 


During the AML Initiative, a series of 13 tracer-injection 
studies established a hydrologic framework to quantify metal 
loading within theAnimas River watershed (Kimball et al., 2007), 
providing a level of spatial and hydrologic detail never before col
lected anywhere. Within the three principal basins, 24 locations 
including both mined and unmined areas accounted for 73–87% 
of the total mass loading of aluminum, iron, copper, zinc, and 
manganese (Fig. 9). Weathering of extensive acid-sulfate and 
quartz-sericite-pyrite alteration zones in Mineral and Cement 
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Figure 7. Distribution of pH measured in streams during low-flow conditions (1991–1999; from Wright et al., 2007). Hydrothermal alteration map 
from Bove et al. (2007) and Dalton et al. (2007). 
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Creek basins substantially contributes to loading of aluminum and 
iron (Figs. 9A and 9B). The location of greatest aluminum load
ing was the Middle Fork Mineral Creek, which drains extensive 
areas of quartz-sericite-pyrite alteration. Substantial aluminum 
and iron loads also entered Mineral Creek where it drains the acid-
sulfate alteration of Ohio Peak and Anvil Mountain (Figs. 7 and 
8). In Cement Creek basin, both Prospect and Minnesota Gulches 
drain acid-sulfate and quartz-sericite-pyrite alteration and con
tributed substantial aluminum and iron loads. Mineral Creek dom
inated the contribution of total copper load, whereas Cement 
Creek had the greatest contribution of total zinc load (Figs. 9C and 
9D). Dispersed ground water added to the stream near Red Moun
tain Pass, as well as water draining the Koehler tunnel (site #75, 
Fig. 5), contributed substantial copper and zinc loads (Mineral 
Creek, site A, Fig. 9F). This is an area of acid-sulfate alteration. 
The Mogul mine in Cement Creek (site #97, Fig. 5), which likely 


drains the mine pool behind the bulkhead in the American tunnel 
(site #96, Fig. 5), and the North Fork Cement Creek also con
tributed large loads of copper and zinc (Fig. 8; Cement B and 
Cement C, Fig. 9F). In contrast to Cement and Mineral Creek 
basins, the Animas River basin drains mostly regional propylitic 
alteration. As a result, it does not have comparable loads of cop
per (Fig. 9C). Areas of vein related quartz-sericite-pyrite alter
ation in the headwaters of California Gulch, however, contributed 
substantial manganese and some zinc loading (Fig. 8; Figs. 9D 
and 9E). Substantial manganese and zinc loads were added to the 
Animas River downstream fromArrastra Creek (Fig. 8). This area 
drains historical mill tailings repositories (site #510, Fig. 5) that 
contain manganese gangue minerals from the milling of ore from 
the Sunnyside mine from 1961 to 1991 (Bird, 1999). 


Zinc loading principally occurred in 24 areas (Fig. 9F). 
These areas are identified in the figure by basin, showing that 
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Figure 8. Distribution of dissolved zinc concentrations in streams during low flow (from Wright et al., 2007). Hydrothermal alteration map from 
Bove et al. (2007) and Dalton et al. (2007). 


there were 4 principal areas in the Mineral Creek basin, 10 areas 
in the Cement Creek basin, 8 areas in the upper Animas River 
basin, and 1 area downstream from all three of these tributaries. 
These 24 areas accounted for 77% of the zinc loading in the 
watershed, but it is important to note that for 23% of the zinc load 
and for 13–29% of the load of the other metals (Fig. 9), the metal 
loading from other, dispersed sources could complicate remedia
tion efforts because they would continue to release metals to the 
streams. 


With the high cost of remediation, a predictive tool based 
upon sound science that could be used to anticipate results of 
various remediation options would be a desirable objective of any 
watershed characterization effort, particularly if it could be used 
in conjunction with the best state-of-the-art engineering solutions 
to make informed and cost-effective remediation decisions. Reac
tive transport models are an example of such a predictive tool 


developed during the AML Initiative. Solutions have been run on 
the study reaches in the Animas River watershed for selected 
stream reaches in the study area. These models integrate the 
tracer-dilution discharge with synoptic water chemistry from 
tracer studies. Runkel and Kimball (2002) provide an example by 
using a calibrated solute transport model to the downstream 
results. Two different active treatment options were evaluated to 
assess metal loading at Mineral Creek, site A (Fig. 9F). Option 1 
removes ferric, but not ferrous, iron, whereas option 2 removes all 
iron from the stream at site A. Both options increase instream pH 
and substantially reduce total and dissolved concentrations of alu
minum, arsenic, copper, and ferrous and ferric iron near the gauge 
on Mineral Creek. Dissolved lead concentrations are reduced by 
18% with the first remediation plan. Both lead and iron are 
removed in an active treatment system with the second option, but 
this remediation option results in an increase in dissolved lead 
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Figure 9. Pie diagrams showing loads for aluminum (A), iron (B), copper (C), zinc (D), and manganese (E). Bar chart (F) shows the loading from 
different mine sites for zinc. 
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concentrations over existing untreated conditions because addi
tional downstream sources of lead are not attenuated by sorption 
to iron colloids. Neither of the proposed options, however, effec
tively reduces concentrations of zinc (Kimball et al., 2003). 


MINES AND MILLS IDENTIFIED AS SOURCES 


Large volumes of disturbed rock in the form of mine-waste 
dumps at historical mine sites have been implicated as the source 
of metals and acidity in many historical mining districts. A com
bination of high precipitation, extensive fracturing, and high 
topographic relief in many historical mining districts results in a 
substantial volume of ground water flowing through the rocks at 
the mine sites. Mining has forever changed the ground-water 


hydrology in historical mining districts. Historical mine adits and 
mine workings act as conduits for ground water, which is fun
neled to the surface once the mine pool is filled. The chemical 
reactions resulting from the interaction of ground water with these 
highly fractured and disturbed volumes of rock produce mine 
adit-water chemistries that vary only slightly throughout the year. 
Water chemistry from mine adits, however, is dependent upon the 
hydrothermal alteration type and the mineralogy of the ore (Bove 
et al., 2007). Flowing mine adits constitute an essentially constant 
source of contaminated ground water (Church et al., 2007b). 


Interest in reducing the environmental effects of the many 
inactive mines and prospects in the Animas River watershed study 
area began in the early 1990s. In 1991–1992, a preliminary water-
quality analysis of the Animas River watershed was coordinated 
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by the Colorado Department of Health and Environment. The 
Colorado Division of Mines and Geology, U.S.D.A. Forest Ser
vice, and the U.S. Bureau of Land Management inventoried and 
ranked inactive mines in the study area. Unpublished reports of 
mine inventories in various parts of the watershed are available 
from the Colorado Division of Mines and Geology (CDMG Her
ron et al., 1997, 1998, 1999, 2000) and the Colorado Geological 
Survey (Lovekin et al., 1997). 


Studies of the effects of mines on water quality by Nash and 
Fey (2007) and by the ARSG and the State of Colorado (summa
rized in Wright et al., 2007) were undertaken to determine which 
draining mine adits and mine-waste dumps most affect watershed 
water quality. These studies, coupled with the detailed mapping 
of altered areas by Bove et al. (2007) and by Dalton et al. (2007), 
were used to quantify the effects of historical mine wastes as 
sources of contaminants at a watershed scale (Walton-Day et al., 
2007). Mast et al. (2007) examined acidic drainage from 75 mine 
sites in the watershed that contain flowing adits. Nash and Fey 
(2007) sampled and quantified the geochemistry of 97 mine-
waste sites and 18 mill-tailings sites located on public land, each 
of which contained more than 100 tons of mine waste. Sampling 
protocols developed to obtain a representative sample are 
described in Smith et al. (2000), and analytical methods used are 
in Fey et al. (2000). The most acidic and metalliferous water 
(ranked 6, Fig. 10) drained mine waste from deposits containing 
acid-sulfate alteration, followed by quartz-sericite-pyrite alter
ation, and lastly by propylitic alteration (ranked 1, Fig. 10). The 
metal and acidity available from different mine-waste sites were 
quantified on the basis of the sum-of-metals concentration versus 
pH of the leachate water from the mine wastes. Leachate chem
istry was determined using a 20:1 water/sample ratio in deionized 
water. The leachate equilibrated in a few minutes, and the leach
ing experiment could be repeated multiple times before the sup


ply of water-soluble salts present in the mine-waste sample was 
sufficiently reduced such that the leachate water chemistry changed. 
The important conclusion here is that these mine wastes behave 
essentially as an infinite and constant source of potentially toxic 
metals and acidity. The chemistry of surface and ground water 
supplied by leaching of these mine wastes is constant, and the 
loads supplied are limited by the amount of precipitation and 
runoff rather than by the reaction rate of sulfides present with inci
dent water on the mine-waste sites. Of the more than 500 mine 
sites on public land that were sampled, only 39 sites had a signifi
cant effect on surface water quality (Table 3, sites were classified 
from moderate to very high on the basis of the pH and sum of met
als scores, Fig. 11; see Fey et al., 2000). 


The State of Colorado, Division of Mines and Geology and 
the ARSG sampled private sites as well as those on public lands 
and using somewhat different criteria developed a different list of 
31 draining mine adits and 30 mine-waste dumps that needed 
remediation (Wright et al., 2007). These sites are presented in Fig
ure 12 and Table 4. Neither study included active mines sites that 
were undergoing remediation by Sunnyside Gold, Inc.. These 61 
sites contribute �90% of the metal loads to the three major drain
ages. The conclusions drawn from these studies, although they 
differ in scope, are very similar for the sites located on federal 
lands. Twenty of the 50 sites located on federal lands identified 
by Nash and Fey (2007) for remediation also occur on the list of 
61 sites identified for remediation by the ARSG and the State of 
Colorado. 


REMEDIATION ACTIVITIES 


The Animas River Stakeholders Group and federal land-
management agencies began planning for clean-up activities in the 
mid-1990s. Sunnyside Gold, Inc. reached an agreement with the 
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65 Acidic mine drainage from historical mines in the Animas River watershed 


State of Colorado to implement a number of remediation activi
ties in the watershed as a condition for terminating its discharge 
permit at the American tunnel (site #96). Most of this remediation 
work on Sunnyside properties was completed by 1996. Remedi
ation work completed throughout the Animas River watershed 
through 2004 is summarized in Table 5 and Figure 13. Funding 
for site remediation and watershed cleanup has come from both 
private and public sources. Remediation work done by Sunnyside 
Gold, Inc. has exceeded $10 million; most of the work has been 
done on permitted mine sites where they were involved directly 
in mining. Other remediation work has been done on mine sites 
identified as high priority (e.g., Koehler tunnel, site #75, Figs. 11 
and 13). Funding for remediation of mine sites located on public 
lands has come from U.S. Bureau of Land Management and the 
U.S.D.A. Forest Service abandoned mine lands funds. Much of 
the funding for remediation work undertaken by the ARSG has 
come from U.S. EPA 319 grants. Funding has also been provided 
from various other sources: U.S. Office of Surface Mining, the 
San Juan Resource and Conservation District, Silver Wing Min
ing Company, Gold King mine, Inc., Salem Minerals, and Min
ing Remedial Recovery. Of the 39 priority sites identified by Nash 
and Fey (2007), 9 (23%) have been remediated. Of the 61 high-
priority sites identified by the ARSG, 14 (23%) have been reme
diated. The ARSG is actively working with federal, state, and 
local funding sources to remediate these sites and reduce the 
metal loading in the Animas River watershed. 


MONITORING 


Data Collection and Methodology 


Frequent water-quality sampling was done at the four gauges 
(Fig. 13). Water-quality data were collected at least monthly 
beginning in 1991 following the closure of the Sunnyside mine 
and more frequently between 1994 and 1999. Continuous stream-
flow monitoring at the four stream gauges has been done since 
October 1, 1994. The U.S. Geological Survey, U.S. Bureau of 
Reclamation, Sunnyside Gold, Inc., and the Silverton Schools 
under the sponsorship of the Colorado River Watch Program have 
done most of the monthly chemical monitoring at the gauges. 
Monitoring was more frequent than monthly between 1994 and 
1999 because all of these entities were involved in data collection. 
USGS and River Watch monitoring was discontinued after 1999. 
SGC continued monthly monitoring at A72 and monitored the 
other three gauges on alternate months with the U.S. Bureau of 
Reclamation through most of 2002. Since 2002, the River Watch 
program has resumed monitoring, alternating months with the 
U.S. Bureau of Reclamation at all four gauges. 


Previous investigations in the basin have shown that stream 
flow and seasonality influence the concentration of most con
stituents (Butler et al., 2001; Leib et al., 2003). These exogenous 
factors, if not accounted for, may mask the effects of remediation. 
The effect of stream flow and seasonality on the concentration 


variation of solutes was removed through regression analysis. For 
a complete description of the methodology see Leib et al. (2003). 


Moving average charts were prepared for the four gauge 
sites. The moving average chart smoothes irregularities owing to 
periodic factors not removed through the regression model. The 
“0,” or centerline, is the expected concentration of any analyte, 
adjusted for stream flow and seasonal variations, observed during 
the baseline period. The charted variable is the difference between 
the observed concentration adjusted for stream flow and season 
and the expected concentration derived from the regression equa
tion. If the moving average line remains between the first gridlines 
above and below the centerline, there is a 95% probability that 
there has been no shift in the 12-sample mean concentration. 


The baseline period used data collected between October 12, 
1994, and September 30, 1996, at A68, C48, and M34. The base
line period at Animas River downstream from Silverton, A72, 
uses the data collected between September 1991 and May 1996. 
A consent decree signed in May 1996 between the Colorado 
Department of Health and Environment and Sunnyside Gold, Inc. 
specified actions that Sunnyside Gold, Inc. was required to take 
before terminating their remediation permit. The valve on the 
American tunnel was closed in October 1996 and accelerated 
remediation projects were begun shortly thereafter (Table 5). 


ANALYSIS OF THE MONITORING RESULTS 


Mineral Creek Basin 


Metals targeted for remediation in the Mineral Creek basin 
included cadmium, copper, and zinc. In the environmental risk 
assessment of surface water quality effects on aquatic life (Besser 
et al., 2007), dissolved copper posed the greatest risk to brook 
trout, the dominant species of fish in streams in the basin. Tracer 
loading studies (Fig. 9C) demonstrated that the Mineral Creek 
basin was a primary target for site remediation to reduce copper 
and zinc loads, particularly in the headwaters where acid-sulfate 
deposits containing enargite, tetrahedrite, and galena were pro
duced from the 1880s through 1907 (Bove et al., 2007; Jones, 
2007). Remediation began in Mineral Creek in November 1996 
when the pond below the Koehler/Longfellow (sites #75 and #77) 
was drained and all sludge from the pond and mine waste from the 
Koehler was removed to Tailings Pond #4, site #510. In 1997 the 
Longfellow wastes were consolidated, neutralized with lime
stone, and runon/runoff controls were implemented. Mine waste 
was removed from the Congress mine, site # 79, and Carbon Lake 
mine, site #80, both near the headwaters of Mineral Creek in 
2000–2003. Hydrologic controls were implemented at the Bonner 
mine, site #172, on the Middle Fork of Mineral Creek in 2000. A 
bulkhead seal was placed in the Koehler tunnel in 2003. Mine-
waste consolidation, neutralization, and hydrologic controls were 
implemented at the SanAntonio mine, site SA(north of study area 
boundary, Fig. 13), in 2004. Data collected during and immedi
ately after the remediation at sites 75–77 (Fig. 13) show sharp 
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TABLE 3. SELECTED MINE AND MILL-TAILINGS SITES ON FEDERAL LANDS RECOMMENDED 
FOR REMEDIATION (NASH AND FEY, 2007), ANIMAS RIVER WATERSHED 


Name Site No. Ranking 


Mines 
Early Bird Crosscut 8 Moderate 
Ben Butler mine 9 High 
Hermes Group 11 High 
Eagle Chief mine 14 Low 
Little Ida mine 15 High 
Frisco tunnel 19 High 
Grand Mogul 35 Very High 
Koehler tunnel 75 Very High 
Henrietta mine—#7 Level 85 Very High 
Lark mine 86 Very High 
Joe and Johns mine 87 High 
Upper Joe and Johns mine 89 Low 
Eveline mine 91 Low 
Clipper mine 114 Very High 
Silver Crown mine 133 High 
Imogene mine 136 Moderate 
Ferricrete mine 137 Low 
Brooklyn mine 141 High 
Kansas City mine—#1 Level 145 High 
Elk tunnel 147 Low 
Mammoth tunnel 148 High 
Avalanche mine 149 Moderate 
Paradise mine 168 Moderate 
Ruby Trust 169 Very High 
Independence mine 171 High 
Bonner mine 172 High 
Monarch 180 High 
Mayday mine 181 Very High 
Legal Tender mine 189 Moderate 
Forest Queen mine 195 Moderate 
Caledonia mine 198 Very High 
Kittimack mine 201 High 
Burbank mine 207 High 
Columbine mine 260 Moderate 
Sultan tunnel 266 High 
Mighty Monarch mine 285 Low 
Last Chance mine 289 Moderate 
Bandora mine 332 Very High 
Highland Mary—#7 Level 359 Low 
Henrietta mine—#8 Level 505 Very High 
Henrietta mine—#9 Level 506 Very High 
Unnamed prospect (Mineral Creek basin) X Moderate 
Unnamed prospect (upper Animas River basin) X Low 
Unnamed prospect (upper Animas River basin) X Low 
Unnamed prospect (upper Animas River basin) X Low 
Unnamed prospect (upper Animas River basin) X Moderate 


Mill Tailings 
Kittimack tailings 192 Very High 
Lackawanna tailings (removed) 286 Very High 
North Star Mill tailings 310 Moderate 
Highland Mary Mill tailings 361 Low 


Note: Data refer to sites in Figure 11; data from Jones (2007); Church et al. (2007b). 


66 Church et al. 
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69 Acidic mine drainage from historical mines in the Animas River watershed 


TABLE 4. SELECTED DRAINING MINES, WASTE ROCK PILES, AND PERMITTED MINE AND MILL SITES 
IN THE UPPER ANIMAS RIVER WATERSHED 


Site No. Mine or Site Name Site No. Mine or Site Name 


Draining Mines Waste Rock Pile 
31 Mogul mine 82 Galena Queen mine 
2 Silver Ledge mine 145 Kansas City #2 mine 


35 Grand Mogul mine 83 Hercules mine, shaft 
148 Mammoth tunnel 89 Upper Joe & Johns mine 
183 Anglo-Saxon mine 35 Grand Mogul mine, East 


87 Joe and Johns mine 145 Kansas City #1 mine 
150 Big Colorado mine 155 Black Hawk mine 
180 Monarch mine 95 Lead Carbonate Mill 


91 Eveline mine 84 Henrietta mine (level 3) 
37 Columbia mine 36 Ross Basin mine 
75 Koehler tunnel 86 Lark mine 


266 North Star mine (Sultan) ?? Pride of the Rockies mine 
76 Junction mine 85 Henrietta mine (Level 7) 


332 Bandora mine 31 Mogul mine 
172 Upper Bonner mine 141 Brooklyn mine 
172 Bonner mine 69 Upper Bullion King mine 
172 Lower Bonner mine X Unnamed shaft mine, upper Browns Gulch 
137 Ferricrete mine 79 Congress mine, shaft 
168 Paradise mine 142 Brooklyn mine, upper waste rock pile 
141 Brooklyn mine X Unnamed mine, upper Browns Gulch 
273 Little Dora mine 273 Little Dora mine 
17 Vermillion mine 141 Brooklyn mine, lower waste rock pile 
23 Columbus mine 9 Ben Butler mine 
X Lower Comet mine 125 Silver Wing mine 
X Unnamed mine 123 Tom Moore mine 


54 Sound Democrat mine 8 Eagle Chief mine 
42 Mountain Queen mine 13 Lucky Jack mine 


125 Silver Wing mine 114 Clipper mine 
19 Frisco tunnel 325 Buffalo Boy mine 


163 Senator mine 118 Ben Franklin mine 
348 Royal Tiger mine 198 Caledonia mine 
319 Pride of the West mine 116 Sunnyside mine 
228 Little Nation mine Permitted Mine Sites 


105 Upper Gold King mine 
96 American tunnel mine 
49 Gold Prince mine 


116 Sunnyside mine 
120 Terry tunnel mine 


Permitted Mill Sites 
234 Pride of the West Mill tailings 


507–510 Mayflower Mill tailings 


Note: Data refer to sites in Figure 12; Wright et al. (2007). 
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Figure 13. Map showing locations of sites remediated through October 2004 (Table 5). Sites designated by sources of funding for remediation work 
(private, public, or both). 
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increases in metal concentrations resulting from the removal of 
contaminated mine waste followed by continued reduction in the 
copper concentration in Mineral Creek. The second major reme
diation project at sites 79–80 (Fig. 11) resulted in long-term reduc
tion of the copper concentration and significant improvement in 
copper load in Mineral Creek (Fig. 14A). A similar reduction in 
zinc (and cadmium) concentrations is also evident (Fig. 14B). 


The total recoverable aluminum concentration (not shown) 
fluctuated around the baseline concentration until 2002, when it 
started into a steep decline. This change may be driven, in part, 
by the drought conditions experienced in 2002. The 12-period 
moving average through November 10, 2004, indicates that total 
recoverable aluminum concentration was 667 μg/L lower than 
during the 1994–1996 baseline period. 


Total recoverable iron (not shown) and dissolved manganese 
concentrations were generally higher than the baseline condition 
from 1997 through most of 2002. Since 2002, concentrations of 
both constituents are approaching the concentrations of the base
line period. Remediation initiated at site #79 appears to have 
resulted in a substantial increase in the concentration of man
ganese (Fig. 14C). 


Sulfate concentration (Fig. 14D) increased following the ini
tial remediation work, but has been dropping since 2002. Evi
dence of the improved water-quality conditions downstream are 
indicated in the reach of Mineral Creek downstream from the con
fluence of South Fork Mineral Creek, which has since begun to 
show recovery of some invertebrates (W. Simon, pers. comm., 
2004). Since 2002, the concentration of sulfate has dropped 
below the concentration of the baseline period. 


Dissolved cadmium (not shown), copper, and zinc concen
trations have all declined since late 1997 (Figs. 14A and B). The 
12-period moving average indicates that through November 
10, 2004, dissolved cadmium, copper, and zinc were 0.38 μg/L, 
14 μg/L, and 94 μg/L, respectively, less than the concentrations 
during the 1994–1996 baseline period. 


Cement Creek Basin 


Cement Creek, which carries high concentrations of cad
mium, copper, zinc, aluminum, and iron (Fig. 9), is not capable 
of supporting aquatic life even with remediation. However, reme
diation in the Cement Creek basin is vital to downstream water 
quality. The relationship between cadmium, copper, and zinc con
centration, stream flow, and seasonality is weak in the Cement 
Creek basin. Remediation activities, which have been under way 
in Cement Creek since 1991, accompanied by treatment of the dis
charge from the American tunnel (site #96, Fig. 13) may explain 
the weak relationship among concentration, stream flow, and sea
sonality for the target metals—cadmium, copper, and zinc. The 
valve on the first American tunnel bulkhead (site #96) was closed 
in September 1996. The second bulkhead in the American tunnel 
(site #116) was sealed in August 2002. Treatment of Cement 
Creek upstream from the American tunnel (site #96) began in the 
fall of 1996 and continued through the non-runoff periods 


through 1999. Treatment during this period resulted in very sig
nificant reductions in mean metal concentrations (Fig. 15). The 
permit for the American tunnel was transferred to the Gold King 
mine in December 2002. Gold King continued to treat the remain
ing discharge from the American tunnel through May 2003. The 
mine pool in the Sunnyside mine reached equilibrium by Novem
ber 2000; however, this was preceded by a large increase in the 
volume of flow from the Mogul mine (site #31) in 1999 causing 
a bulkhead to be placed in that portal in 2003. The Sunnyside 
mine pool related mitigations were completed in 2001. Remedi
ation has occurred at 15 sites in the basin (Fig. 13; Table 5). Pro
jects in the Cement Creek basin since October 1996 include 
hydrologic runon/runoff controls at Gold King mine (site #111), 
Joe and Johns mine (site #87), Lark mine (site #86), and Mayday 
mine (site #181). Settling ponds and runon/runoff controls were 
constructed in 1998 at the Mammoth mine (site #148). 
Runon/runoff controls and complete removal of mine wastes at 
the Hercules and Galena Queen mines (sites #82 and #83) were 
completed in 2001. A passive treatment system consisted of aer
obic limestone drains, and settling ponds were implemented at 
the Elk tunnel (site #147) in 2003. 


Dissolved cadmium (not shown) decreased significantly fol
lowing initial treatment of Cement Creek. A series of high cad
mium concentrations from July 1999 through November 1999 
caused the 12-period moving average to rise above the baseline 
condition. This was repeated in 2000 but to a lesser degree. The 
near baseline condition was reached in 2002, but a steady trend 
upward beginning in 2003 found the average cadmium concen
tration to be 1.7 μg/L higher through November 10, 2004, than 
during the baseline period. 


The dissolved copper concentration (Fig. 15A) has fluctu
ated around the baseline condition except for short periods in 
1997 and 1999. Exceptionally high copper concentrations were 
measured from August 1999 through November 1999. Dissolved 
copper exceeded three standard deviations on four out of seven 
sampled dates in that time period. 


The dissolved zinc concentration (Fig. 15B) decreased over 
250 μg/L following closure of the American tunnel and treatment 
of upper Cement Creek through late 1998. The zinc concentration 
increased through 1999 reaching a maximum of nearly 300 μg/L 
higher than the baseline concentration by early 2000. The zinc 
concentration then declined to baseline concentration through 
early 2003. The zinc concentration was 341 μg/L higher than the 
baseline concentration in November 2004. 


The concentration of dissolved manganese (Fig. 15C) was 
reduced over 500 μg/L, on the average, at C48 from the time 
treatment began until the summer of 2002. By November 10, 
2004, manganese concentrations had returned to the baseline 
concentration. 


The 12-period moving average total recoverable aluminum 
(not shown) concentration dropped more than 900 μg/L below 
the baseline condition for the first eight months following the 
closing of the American tunnel and initiation of treatment of 
Cement Creek. The average concentration remained less than 
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Figure 14. Twelve-sample moving average concentration determined from monitoring data: dissolved copper concentrations (A); dissolved zinc con
centrations (B); dissolved manganese concentrations (C); and sulfate concentrations (D) measured at the gauge on Mineral Creek (M34, Fig. 13), 
1994–2004. Baseline concentrations determined from monitoring data collected from 1994 to 1996. 
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Figure 15. Twelve-sample moving average concentration determined from monitoring data for dissolved copper concentrations (A); dissolved 
zinc concentrations (B); dissolved manganese concentrations (C); and sulfate concentrations (D) measured at the gauge on Cement Creek 
(C48, Fig. 13), 1994–2004. Baseline concentrations determined from monitoring data collected from 1994 to 1996. 
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the baseline period through the spring of 1999. By the fall of 
1999 the average concentration peaked at over 1000 μg/L higher 
than the baseline period. Total recoverable aluminum has fluctu
ated around the baseline concentration since it reached a peak in 
1999 following cessation of treatment at Gladstone (site #96). 


Total recoverable iron (not shown) has exceeded the baseline 
condition since the spring of 1999. Peak iron concentrations were 
reached in the spring of 2001. Although the 12-period moving 
average iron concentration through November 10, 2004, was 
nearly 1900 μg/L higher than the baseline period, total recover
able iron concentration has been decreasing toward the baseline 
condition since the peak was reached in 1999. 


The concentration of sulfate (Fig. 15D) dropped substan
tially with the closing of the valve on the bulkhead in the Ameri
can tunnel and remained at –240 mg/L as of November 10, 2004. 


Upper Animas River Basin 


The upper Animas River supports several species of trout; how
ever, tracer studies have shown that the upper Animas River basin 
is the major loader for manganese and zinc (Figs. 8 and 9), both 
of which are soluble at the pH of water (Fig. 7). Remedial activi
ties initiated by Sunnyside Gold Corp. began in 1991 (Table 5). 
These include closure of mill-tailings sites at their Mayflower Mill 
(sites 507–509; Fig. 13), removal of mill wastes from the Glad
stone area (site #95, Fig. 13), and repair of the collapse of Lake 
Emma into the Sunnyside mine, which occurred in 1978 (site #116, 
Fig. 13; Jones, 2007). Major long-term remediation work has 
continued at the Mayflower Mill tailings sites 507–510 (Table 5; 
Fig. 13) to reduce the amount of metal added to the ground-water 
table by leaching from the mill tailings repositories. In addi
tion, remediation work has been conducted at 11 additional sites 
(Fig. 13; Table 5) since October 1996. They include the removal 
of 112,000 cubic yards of tailings from the floodplain around 
Eureka (site #164), which was completed in 1997, and removal 
of 84,000 cubic yards of tailings from the floodplain at Howards
ville (site #234), also completed in 1997. Mine waste or mill tail
ings were removed from Boulder Creek (released from site #509), 
Gold Prince mine (site #49), and Lakawanna Mill (sites #181 and 
#286). Passive treatment of adit discharge from the Forest Queen 
(site #195) was completed in 1999 (Table 5). Bulkhead seals were 
placed in the Ransom mine (site #161), the Terry tunnel (site #120), 
and the Gold Prince mine (site #49). Hydrologic runon/runoff 
controls were implemented at the Silver Wing mine (site #125). 


Dissolved copper (Fig. 16A) has generally fluctuated around 
the baseline condition except for summer periods in 1997 and 
1998 when the concentration was lower than expected. 


The peaks and valleys of dissolved zinc at A68 (Fig. 16B) 
follow the same general pattern as those of cadmium and man
ganese; however, for the most part it has stayed relatively close to 
the baseline condition. The largest shift in the 12-period mean 
was nearly �300 μg/L following implementation of the consent 
decree (1997). The second year following the consent decree, a 
high of around �200 μg/L was reached. The concentration fluc


tuated around the mean through 2001 and then declined dramati
cally during the 2002 drought. This was followed by an increase 
to over �150 μg/L in late 2002 and early 2003. Since then the 
concentration has decreased to the baseline condition. 


Dissolved manganese (Fig. 16C) has consistently been higher 
than the baseline condition since the start of remediation activi
ties in 1996. Brief declines were noted in the summers of 1997, 
1998, and 2002; however, for most of the post-consent-decree 
period concentrations have been more than 800 μg/L higher than 
baseline. The concentration appears to be in a steady decline since 
the spring of 2003, but through November 10, 2004, it remained 
over 600 μg/L above the baseline. 


The declines in dissolved cadmium, copper, and zinc follow
ing the 2002 low runoff followed by steep increases in 2003 sug
gest that several years of weathered material accumulated and 
was washed off during the more normal runoff in 2003. It does 
not appear that either cadmium or manganese have reached an 
equilibrium condition following the remediation activities that 
have been accomplished upstream from the gauge at A68. 


Total recoverable aluminum and iron are well within water-
quality standards and were not analyzed at A68. Dissolved 
cadmium (not shown) has consistently been higher than the 
baseline condition except during the summers of 1998 and 2002. 
The highest concentrations were reached in 1997 following 
implementation of the consent decree, when significant remedia
tion related disturbance occurred, and in the spring of 2003 fol
lowing the 2002 drought. Since the spring of 2003, the cadmium 
concentration appears to be declining toward the baseline; how
ever, cadmium was still �0.7 μg/L higher than baseline through 
November 10, 2004. 


Animas River Watershed 


The gauge at A72 (Fig. 13) is the compliance point estab
lished by the State of Colorado for the Sunnyside Gold, Inc. con
sent decree. Four segments in the watershed were identified in 
Colorado’s water-quality impaired 1998 303(d) list. The Col
orado Water Quality Control Commission established water-
quality goals for six parameters (Al, Cd, Cu, Fe, Mn, and Zn) and 
adopted total maximum daily loads in 2002 aimed at attaining 
aquatic life use classifications for the segments where they adopted 
those classifications. Water quality at A72 integrates the effects of 
remediation upstream from A68, C48, and M34. Total recover
able aluminum and iron were not monitored at A72 during 2000, 
2001, and most of 2002; however, the data collected in 2003 and 
2004 suggest that the concentration of these constituents has not 
changed from the baseline condition. 


The dissolved cadmium concentration (not shown) generally 
fluctuated around the baseline period except immediately follow
ing the start of the remediation period and during the 2002 drought. 
By November 2004, the cadmium concentration was at the approxi
mate baseline concentration (1.9 � 0.64 μg/L). 


The dissolved copper concentration (Fig. 17A) was gener
ally lower than the baseline concentration in the late 1990s and 
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Figure 16. Twelve-sample moving average concentration determined from monitoring data for dissolved copper concentrations (A); dissolved 
zinc concentrations (B); dissolved manganese concentrations (C); and sulfate concentrations (D), measured at the gauge on the upper Animas 
River upstream from the confluence with Cement Creek (A68, Fig. 13), 1994–2004. Baseline concentrations determined from monitoring 
data collected from 1994 to 1996. 
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Figure 17. Twelve-sample moving average concentration determined from monitoring data for dissolved copper concentrations (A); dissolved 
zinc concentrations (B); dissolved manganese concentrations (C); and sulfate concentrations (D) measured at the gauge on the Animas River 
upstream from the confluence with Mineral Creek (A72, Fig. 13), 1994–2004. A72 is the compliance point for water-quality standards established 
by the Colorado Water Quality Control Commission. Baseline concentrations determined from monitoring data collected from 1991 to 1996. 
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during the 2002 drought, but it has increased slightly with time to 
�2 μg/L in November 2004. 


There has been a large upward shift in the zinc concentra
tion at A72 (Fig. 17B). The zinc concentration spiked in the late 
summer of 1999 and has gone from showing improvement of 
–90 μg/L in 2002/2003 to nearly �90 μg/L during 2004. The most 
likely source of the increase in zinc concentration is the increased 
zinc load from Cement Creek. Timing of the increase in zinc con
centration corresponds well with the increase in zinc concen
tration in Cement Creek (Fig. 15B). Moreover, there has been no 
measurable change in zinc concentration at A68 (Fig. 16B), and 
the zinc concentration has been significantly reduced in Mineral 
Creek (M34; Fig. 14B). 


Manganese concentration continues to be higher than those 
observed before remediation activities began (Fig. 17C), but 
recently the manganese concentration has declined in the direction 
of previous baseline concentration. The increase in manganese 
concentration at A72 is most likely the result of remediation and 
removal of the high-manganese tailings at site #164 and at the 
Mayflower Mill tailings impoundments (sites #507–510, Fig. 13) 
upstream from A68. Changes in the manganese concentration at 
C48 (Fig. 15C) and M34 (Fig. 14C) have been small. 


Sulfate concentration (Fig. 17D) at A72 showed only minor 
changes relative to the 1991–1996 baseline concentration through 
early 2003. However, the sulfate concentration has decreased by 
about 30 mg/L in 2004. 


CONCLUSIONS 


The monitoring results indicate that remediation using the 
watershed approach, that is, focusing remediation on mine sites 
where it will have the largest effect on water quality, is the most 
cost-effective approach to improvement of water quality in a 
watershed affected by historical mining. Although half of the 
very-high priority sites on federal lands identified by Nash and 
Fey (2007) and by Kimball et al. (2007) have been addressed, 
and 23% of sites identified by both the ARSG and the USGS 
have been remediated through various engineering options, 
only small long-term gains in water quality have been demon
strated to date by the water-quality data analysis. Individual sites 
have responded to the remediation work done, as evidenced 
by the improved water chemistry at individual sites (W. Simon, 
pers. comm., 2003). Remediation work conducted by the federal 
agencies, the ARSG, and Sunnyside Gold, Inc. has addressed 
water-quality issues caused by some of the largest sites in the 
watershed. Steady improvement in water quality should continue 
as the effect of disturbances caused by the remediation activities’ 
decline. Some recovery of the aquatic life in designated stream 
reaches has begun to occur. Recovery of the watershed to prem
ining conditions is not an attainable goal because not all anthro
pogenic sources can be treated in a cost-effective manner. A 
substantial amount of the metal load in the surface drainages is 
derived simply from weathering of hydrothermally altered rock 
that has not been disturbed by mining (i.e., simply from weath


ering). As shown in the discussion of the tracer results (Fig. 9), 
13–29% of the copper and zinc loads comes from these dispersed 
sources. Given that so many point sources have not been reme
diated, documenting the recovery curve for aquatic life in surface 
streams remains elusive while public funding for remediation 
activities has become more difficult to obtain due to increased 
demand. Continued remediation efforts should result in progres
sively smaller gains in water quality. Continued remediation 
work by the ARSG is necessary to achieve the water-quality stan
dards set by the Colorado Water Quality Control Commission at 
site A72. 
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Preface


It is somewhat ironic tfaat a volume with papers ou cleaning up hazardous substances from historic mining


sites would have its origins in Nevada, a state noted for its mining interests. This Reviews in Engineering


Geology volume was an outgrowth of a symposium I organized for the 2002 Annual Meeting of the Associ-


adon of Environmental and Engmeering Geologists held 23-29 September 2002 in Reno. The Associadon of


Environmental and Engineering Geologists is an associated society of tfae Geological Society of America


(GSA) and has many members who are also members of tfae Engineering Geology Division of GSA.
The symposium was titled "Addressing Hazardous Waste and Contamination Issues at Abandoned


Mines in ffae Western United States." Presenters were drawn from a number of federal agencies and environ-


mental consulting fums. While tfae symposium presentations focused on the engineermg aspects of clean-up


technology or construction forminmg-related problems, I was struck by the number of geochemical, ground-


water, and related geologic topics that were highlighted. As a result, I decided to propose a volume for the


Reviews in Engineering Geology series that would more fully document some of the technologies and mine


clean-up experieuces presented at the symposium, along with papers exploring the issues faced in character-


izmg mine-site contamination.


The problems caused by release of hazardous substances from historic or abandoned mines on public


lands in the western United States are not just of interest to public lands managers. The many members of the


public driving ATVs, hiking, horseback riding, camping, fishing, hunting, or just enjoying the solitude of a
National Forest or other public land are equally concerned about their personal welfare aud the well being of


the environment.


In this volume, the imtial paper examines the dimensions of (he abandoned mme problem ia the west-


em United States and some site conditions that inHuence how characterization and response action can or


cannot be carried out. The next four papers explore specific methods for characterization, particular contam-


inaat issues, and impacts from fhe release of hazardous substances from mine and miU. sites. These papers are


followed by four more papers describing successful response actions, technologies, or practical approaches


for addressing contaminant releases to tfae environment. The last two papers serve as a reminder that miniug


continues and that the potential for miae-related problems continues today. One deals with processing fluids


for a particular extraction process and the other details momtoring strategies for after mining has ended.


The volume documents interesting approaches, techniques, and practical scientific considerations asso-


dated withmine-site remediation. It is hoped tfaat this volume will prove useful to those geologists just get-


ting involved in these types of sites or issues. It also should highlight how many federal, state, and local


agencies and orgamzadons are bringing the best science possible to address this serious problem.


Jerome V. DeGraff
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ABSTRACT


Historical production of metals in the western United States has left a legacy of


acidic drainage and toxic metals in many mountain watersheds that are a potential


threat to human and ecosystem health. Studies of the effects of historical mining on


surface water chemistry and riparian habitat in the Animas River watershed have


shown that cost-effective remediation of mine sites must be carefully planned. Of the


more than 5400 mine, mill, and prospect sites in the watershed, —80 sites account for


more than 90% of the metal loads to the surface drainages. Much of the low pH water


and some of the metal loads are the result of weathering of hydrothermally altered


rock that has not been disturbed by historical mining. Some stream reaches in areas


underlain by hydrothermally altered rock contained no aquatic life prior to mining.


Scientific studies of the processes and metal-release pathways are necessary to


develop effective remediation strategies, particularly in watersheds where there is Ut-


tie land available to build mine-waste repositories. Characterization of mine waste,


development of runoff profiles, and evaluation of ground-water pathways all require


rigorous study and are expensive upfront costs that land managers find difficult tojus-


tify. Tracer studies of water quality provide a detailed spatial analysis of processes


Church, S.E., Owen, J.R., van Guerard, P., Verplanck, EL., Kimball, B.A., and Yager, D.B., 2007, The effects of acidic mine drainage from historical mines in the Ani-
mas River watershed, San Juan County, Colorado—What is being done and what can be done to improve water quality?, in DeGraff, J.V,, ed., Understanding
and Responding to Hazardous Substances at Mine Sites in the Western United States: Geological Society of America Reviews in Engineering Geology, v. XVII,
p. 47-83, doi: 10.1130/2007.4017(04). For peimissionto copy, contact editing@geosociety.org. ©2007 The Geological Society of America. All rights reserved.
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affecting surface- and ground-water chemistry. Reactive transport models were used


in conjunction with the best state-of-the-art engineering solutions to make informed


and cost-effective remediation decisions.


Remediation of 23% of the high-priority sites identified in the watershed has
resulted in steady improvement in water quality. More than $12 million, most con-


tributed by private entities, has been spent on remediation in the Animas River water-


shed. The recovery curve for aquatic life in the Animas River system will require


further documentation and long-term monitoring to evaluate the effectiveness of


remediation projects implemented.


Keywords: acid mine drainage, watershed impacts, historical mining, environmental


effects, remediadon


INTRODUCTION


Thousands of inactive hardrock mines have left a legacy of


acid drainage and toxic metals across mountain watersheds in the


western United States. Many watersheds in or west of the Rocky


Mountains have headwater streams in which the effects ofhistori-


cal hardrock miiung are thought to represent a potendal threat to


human and ecosystem health (e.g., Fields, 2003). Li many areas,


weathering of unmined mineral deposits, waste rock, and mill


taUiags in areas of historical mining may increase metal concen-


trations and lower pH, thereby contaminating the suiTounding


watershed and ecosystem. Streams near abandoned Inactive


mines can be so acidic or metal laden that fish and aquatic insects


cannot survive (e.g., Besser and Brumbaugh, 2007; Besser and


Leib, 2007;Anderson, 2007), and birds are negatively affected by
the uptake of metals through the food chain (e.g., Larison et al.,


2000). Alfliough estimates of the number of inactive mine sites m


the West vary, observers agree that the scope of tfais problem is


huge, particularly in the western United States, where public


lands contain thousands of inactive miues and prospects.


Numerous inactive mines are located either on or adjacent to


public lauds or affect aquatic or wildlife habitat on federal land. la


1995, personnel from a U.S. Department of tfae Interior (DOI) and


U.S. Department ofAgnculture (USDA) interagency task force


developeda coordinated strategy for the cleanup of environmental


contammation from inactive mines associated with federal lands.


Estimates of the number of inactive mines that affect surface water


quality on National Forest (USDA-FS) and Bureau of Land Man-
agement (BLM) admuustered lands were low (6000 miae sites;
Greeley, 1999) relative to those provided for the entire United


States by the Minerals Policy Center (131,000 mine sites; Da Rosa
andLyon, 1997).As part of aninteragency effort, the U.S. Geologi-


cal SurveyimplementedanAbandonedMine Lands (AML) Initia-
tive to develop a strategy for gathering and communicating the


scientific information needed to formulate effective and cost-effi-


dent remediation of inactive, abandoned miaes on federal land.


Objecdves of tfaeAMLInidadve included: (l)watershed-scaleand
site characterization, understanding of the effect and extent of


sources of metals and acidity, and (2) communication of<faese results


to stakeholders, land managers, and the general public. Additional


objectives addressed included transfer of technologies developed


within theAMLInidative into practical methods at the field scale
and demonstration oftheu- applicability to solve this national envi-


romnental problem in a timely manner within the framework of the


watershed approach. Finally, developing working relationships with
tfae private sector, local cidzens , and state and federal land manage-


ment and regulatory agencies will establish a scientific basis for


consensus, providmg an example forfuturemvestigadons of water-


sheds affected by inactive tdstorical mines (Buxton et al., 1997).


The combined AML interagency effort has been conducted


ia two pilot watersheds (Fig. 1), the Animas River watershed


study area in Colorado (Church et al., 2CX)7c) and the Boulder


River watershed study area m Montana (Nimick et al., 2004).


Land and resource-management agencies are faced with evaluat-


ing the risks associated with thousands of potentially harmful
mine sites on federal lands. Comprehensive scientific investiga-


tions have been conducted m bofhAML watersheds. The level of


scientific study conducted in the AML watersheds will not be fea-


sible in every watershed affected by historical mining. Develop-


ment of criteria for evaluating ecological and environmental


effects of historical mining vvas a paramount objective of these


studies. Clearly, remediation of federal lands affected by inactive


historical mines will require substandal investments of resources.


Land management and regulatory agencies face two funda-


mental questions when they approach a region or watershed


affected by inactive historical mines. First, with potentially huu-


dreds of dispersed and potendally contaminated miae sites, how


should limited federal resources for pnoritizmg, characterizing,


and remediating tfae watershed be invested to achieve cost-


effective and efficient cleanup? Second, how can realistic reme-


diation targets be identified, considering:


* The potendal for adverse effects from unmined miueral-


ized deposits (including any effects that may have been pre-


sent under premining conditions or stiU may persist from


immiued deposits adjacent to existing abandoned mines)
• The possible impact of incomplete cleanup of specific


inactive historical mine sites
• Other physical or environmental factors that may Umit sus-


tainabUity of desired ecosystems
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Animas River
Watershed
Study Area


Figure 1. Map of the western United States showing the Boulder andAni-
mas River watershed study areas. The Animas River watershed study


area is shown in the inset map.


similar inactive historical mine sites throughout the nation. The


watershed approach:


• Gives high priority to actions most likely to most signifi-
cantly improve water quality and ecosystem health


• Enables assessment of the cumulative effect of muldple


and (or) nonpoiat sources of contamination


• Encourages collaboration among federal, state, and local


levels of government and stakeholders


* Provides information that will assist disposal-sitmg decisions


• Accelerates remediation aud reduces total cost compared


to remediation on a site-by-site basis


• Enables consideration of revenue generation from selected


sites to supplement overall watershed remediadon costs.


The report by Church et al. (2007c) provides a geologic
description and summary of the field and laboratory work con-


ducted by the U.S. Geological Survey in the Ammas River water-


shed during 1996-2000. The objectives of this study were to:


• Estimate preminmg geochemical baseline (background)


conditions


• Define current geochemical baseline conditions


• Characterize processes affecting contaminant dispersal


and effects on ecosystem health


• Develop remediation goals on the basis of scientific study


of watershed conditions


• Transfer data to users in a timely and effective manner


Investigations were coordinated with persoimel from the


Animas River Stakeholders Group (ARSG), Colorado Division
of Wildlife, Colorado Department of Public Health and Envirou-
ment, Colorado Division of Mines and Geology, Colorado Geo-


logical Survey, U.S. Environmental Protection Agency, U.S.


Forest Service in the Department of Agriculture, and U.S. Bureau


of Land Management in fhe Department of Interior, all of whom


are coordinating the design and implementation of remediation


activities within the watershed.


DESCRIPTION OF STUDY AREA


To answer these questions, the AML Initiative adopted a


watershed approach rather tfaan a site-by-site approach to


characterize and remediate abandoned mines (Buxton et al.,


1997). This approach is based on the premise that watersheds


affected by acid mine drainage in a state or region should be pri-


oritized on the basis of its effect on the biologic resources of the


watershed so that the funds spent on remediation will have the


greatest benefit on affected streams. Within these watersheds,


contaminated sites that have the greatest impact on water qual-


ity and ecosystem health within the watershed would then
be identified, characterized, and ranked for remediation. The


watershed approach establishes a framework of interdiscipli-


nary sciendfic knowledge and methods that can be employed at


The Aaimas River watershed study area is located m south-


western Colorado near Silverton, —40 miles (65 km) north of


Durango (Fig. 1). Four candidate watersheds were nominated in


Colorado on the basis of geologic factors, metal loading, the sta-


tus of ongoing remediation acdvides, general knowledge of the


candidate watersheds, and the extent of federal lands within fhe


watershed. TheAnimas River watershed study area was chosen as


one of two pilot watersheds for the AMLhudative in May 1996.
The Animas River watershed study area, as defined in this


study, is the drainage area of three large streams and their tribu-


taries (Mineral Creek, Cement Creek, and the Animas River


upstream from SUverton). Although the compliance point for


water quality established by the Colorado Water QuaUty Control
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Commission is tfae gauge downstream of the confluence of the


Animas River with Mineral Creek (Fig. 1), the Animas River


watershed study extends downstream from the conHuence of


Mineral Creek to an area known as Elk Park just upstream from


the confluence of the Animas River with Elk Creek. Most of the


watershed is in four mining distdcts: (1) the Silverton district,
which covers the southeastern part of the watershed from the


South Fork Mineral Creek to north of HowardsvUle; (2) the
Eureka District, which covers fhe northern part of the Mineral


and Cement Creek basins as well as tfae Animas River basin from


Eureka north (Davis and Stewart, 1990); (3) the Red Mountain
district, which extends up the Mineral Creek basin from Ohio
Peak to the north and is largely outside the study area; and (4) the
Ice Lake district, which is in the headwaters of Soufh Fork Min-


107°52'30"


38000'


107°45' 107°37'30" 107°30'
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37°45'
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tershed


Figure 2. Shaded relief map of the Animas River watershed showing theAnimas River and its main tributaries, Mineral and Cement Creeks,
which are impacted by historical mining. The watershed study area boundary is outlined in black; gauging stations are shown as black
dots on each of the major streams: A72, gauge 09359020; M34, gauge 09359010; A68, gauge 09358000; C48, 09358550; and ASS,
gauge 09357500.
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eral Creek (Church et al., 2007b). Durmg watershed studies,


additional sampling and investigations were conducted down-


stream of the study area to document the extent of enriched trace-


element concentrations downstream and to provide reference


localities unaffected by historical minmg (Church et al., 1997;
Anderson, 2007).


The watershed is mountainous with elevations rangmg from


-9300 feet (2830 m) at Sflverton tomore than 13,300feet (4050 m)
above sea level. The terrain is a rugged mountainous area with


U-shaped and hanging valleys carved out duriug the last glacia-


tion (e.g., Blair et al., 2002). Mean amiual precipitation ranges


from -24-40 in/yr (600-1000 mm/yr) (NRCS, 2007). Although
the population varies seasonally as temporary residents move into


the area during tfae summer, —400 people live in the Ammas River


study area throughout the year. Residents are engaged primarily


in tourism, which is largely based on the historical nature of the
quaint mining town of Silverton served by the historical nairow-


gauge railroad from Durango (Sloan and Skowronski, 1975).


Hydrologic Setting


Stream flow in the Ammas River study area is typical of


high-gradient mountain streams throughout tfae southern Rocky


Mountams. Stream flow is dominated by snowmeltnmoff, which


typically occurs betweeu April and June. Snowmelt nmoff often


is augmented by rain during summer from July through Septem-


ber. Stream flow typically peaks in May or June and decreases as


the shallow ground-water system drains. Springnmoff conditions


extend iuto July. Low stream-flow conditions are typical from


August to March (Fig. 3). The uearest U.S. Geological Survey


stream-How-gauging station 09359020, Animas River down-


stream from SUverton (period of record Oct. 1991-present,


drainage area of 146 mi2 [378 km2]) is downstream from the con-


fluence of Miaeral Creek (Fig. 2). Stream gauges are located at


the mouth of (he major tributaries in the study area: the gauge


on the Animas River at Silverton (09358000, period of record
1991-1993 and 1994-2004, drainage area 70.6 mi2 [183 km2]);
the gauge on Cement Creek at Silverton (09358550, period
of record 1991-1993 and 1994-2004, drainage area 20.1 mi2


[52 km2]); and the gauge on Mineral Creek at saverton (09359010,
period of record 1991-1993 and 1994-2004, drainage area 52.5 mi2
[136 km2]). These gauges measure 98% oftfae stream-flow drainage


area upstream from SHverton. The State of Colorado operates a


stream-flow-gauging stadon on theAnimas River atHowardsville


(09357500, period of record 1935-2002, drainage area 55.9 mi2
[145 km2]; Fig. 2). Real-dme and historical stream-flow data are
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Figure 3. Daily mean stream flow during 1995-2000 in the Animas River downstream from Silverton, Colorado (USGS stream-flow-
gauging station 09359020, A72, fig. 2). Average annual peak How is 2420 ± 500 ft3 per second for water years 1992-2001. Shaded areas
indicate periods of spring runoff, which was arbitrarily defined as stream flow greater than 150 ft3 per second.
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available online (USGS, 2007b). Data are also published in the
U.S. Geological Survey annual data report (Crowfoot et al., 2005).


The Ammas River watershed study area is subdivided into


three large basins, tfae Mineral and Cement Creek basins and


the upper Animas River basin. Drainage basin areas of tributary


streams to the main stem drainages are also referred to here as


subbasins.


Geology of the watershed is the primary factor affecting the
distdbudon of trace-element concentradons and pH in streams in


the upper Animas River watershed. Although there are more than


300 mines and an estimated 5400 mimng-related features in the


study area (Church et al., 2007b), not all of these features con-


tribute to water-quality degradation. Because of the combiaed


effects ofhydrofhermal alteration that is directly associated with


the mineral deposits and the widespread distribudon of historical
mine sites throughout the watershed, it is difficult to attribute low


pH values and high trace-metal concentrations exclusively to


either source. The pH of water samples collected at background


sites ranged from 2.58 to 8.49 compared to pH of water from mine


sites that ranged from 2.35 to 7.77 (Mast et al., 2000a).


Ground-water How is largely controlled by topography, by


the distribution ofuaconsoUdated Quatemary deposits that over-


Ue bedrock units, and by the decrease in hydraulic conductivity of


geologic units with depth. Topography strongly controls the direc-


don of ground-water flow and the location of discharge areas.


Recharge occurs on aU topographic highs, with greater amounts


of recharge on areas with the greatest precipitation and hydraulic


conductivity (McDougal et al., 2007; Mast et al., 2007). Dis-


charge in the form of numerous seeps and small springs occurs in


topographic lows and at breaks m slope. How paths from recharge


to discharge areas are short, commonly less than a few thousand


feet. Regional ground-water How is limited by the very low per-


meability of the bedrock. The overlymg, fhin, unconsolidated


deposits have the highest hydraulic conductivity. The uppermost,


fractured and weathered zone in the igneous bedrock has a lower


hydrauUc conductivity than the unconsoUdated deposits (R.H.


Johnson, written comrn., 2007). Fractures are the major conduits


for groimd-water How in bedrock, with more How in the upper-


most zone, where the fractures are weathered and open.


Biologic Settmg


The Animas River watershed study area consists entirely of


alpine and subalpine habitats. The headwaters aud tributaries of


the three principal basins (Animas River, Cement and Mineral


Creeks) originate in treeless alpine regions with vegetation cover


ranging from essentially none, especially in highly mmeralized


areas of the Cement and Mineral Creek basins, to relatively lush


alpine meadows. Streams follow steep, narrow vaUeys, with the


exception of a few low-gradient areas, such as the Animas River


between Eureka and Howardsville, Mmeral Creek near Chat-


tanooga, and the open valley near SUvertou (Bakers Park), which


have relatively wide valley floors (Blair et al., 2002). Vegetation
on valley walls is restricted m many areas by extensive areas of


exposed rock and talus, but some areas of sparse coniferous


Engelmann spruce forest occur on north-facing slopes and m val-


ley bottoms, where deciduous trees also occur. Riparian vegeta-


tion is often limited along high-gradient streams, but low-gradient


reaches typically contain extensive areas of beaver ponds and


associated willow thickets except where limited by mining acdv-


ity and mill tailings disposal (e.g., Vincent and EUiott, 2007).
The native fish community of the watershed before European


setdement was restricted by the severe climate and hydrology and


by bamers to upstream movement of Hsh in the Ammas River


canyon downstream of Silverton. The only native fish species


known to occur in the watershed would be (he Colorado River


cutfhroat trout (Onchorhynchus darkiipleuriticus), although one
account suggests that the motded sculpin (Cottus bairdi), a


species that occurs commonly in downstream reaches, may have


occurred in portions of the upper watershed.


There are few accounts of (he aquatic biota of the upper Ani-


mas River watershed before the most active period of mining (ca.


1890 based on district production records summarized by Jones,


2007). Ichthyologist David Starr Jordan (1891) visited tfae Ani-
mas River watershed in 1889 and recorded the following refer-


ences, based on second-hand accounts:


In the deep and narrow "Canon de las Animas Perdidas" [Animas


Canyon] are many deep pools, said to be full of trout.


Above its canon of "Lost Souls," it is clear, shallow, and swift, flowing


(hrough an open canon with a bottom of rocks. In its upper course it is said


to be without fish, one of its principal tributaries, Mineral Creek, rising in
Red Mountain and Uncompahgre Pass, being higMy charged with iron.


The distribution of cutthroat trout in the upper Animas River watershed
before settlement is unknown. However, the existence of water quality


and habitat suitable for trout is indicated by reports of good populations
of trout (undoubtedly including stocked, non-native trout) in artificial
ponds near Silverton and in the Animas River upstream of Silverton near
the turn of the century. (Silverton Standard, various accounts, 1903-1905)


Surveys conducted by federal and state agencies in the 1960s


and 1970s indicate that die many decades of mining and milling
activity had a significant adverse effect on stream biota. The reach


of the Ammas River upstream of Silverton (Fig. 2), which had
supported trout in previous years, yielded only a single trout in an


electro fishing survey in 1968 (U.S. Dept. of Interior, 1968). N.F.


Smith (1976) declared this reach of the Animas River to be
"essendaUy dead." The Colorado Division of Wildlife stocked


rainbow trout, brook trout, and brown trout in the watershed


between 1973 and 1993. There is no evidence that either rainbow


or brown trout were able to reproduce upstream from fhe Animas


River canyon reach; however, brook trout, which are more toler-


ant of pollution by acid and toxic metals than the other species,


were more successful. Brook trout remains the predominant fish


species in the Animas River watershed study area despite no


documented stocking of ttus species since 1985.


Recent surveys of fish and benthic invertebrate commumties


(Butter et al., 2001; Anderson, 2007; Besser and Brumbaugh,
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2007) indicate that the effects of poor water quaUty on stream


communities vary widely amoug tfae three basins and suggest that


stream biota have responded to some improvements in water


quality. The headwaters of the Animas River upstream from


Eiu'eka (Fig. 2), the entire length of Cement and Mineral Creeks,


and several smaller tributaries support litde or no aquatic life due


to the effects of mining and naturally acidic water draining from


hydrothermally altered areas (Bove et al., 2007). The South Fork


Miaeral Creek and several tributaries of the upper Animas River,


which drain subbasins tfaat provide substandal acid-neutralizmg


capacity, support viable populations of brook trout and a few cut-


throat trout. The Ammas River between Maggie Gulch and the


mouth of Cement Creek in Silverton supports hrook trout and


a substantial invertebrate community, suggestmg that substan-


tial improvements in water quality have occurred in this reach


smce the 1970s when the early electro fishing surveys were done


(e.g., N.F. Smith, unpublished aquatic iuventory: Animas-La Plata


project, Colorado Division of WildIife,Durango Colorado, 1976).
Impacts of degraded water quality on stream biota persist in the


Animas River for a substantial distance downstream of SUverton,


although there is some evidence of recovery of fish and inverte-


brate communides siace the Smmyside mine closed in 1991 aud


remediadon efforts in the watershed began immediately.


Geologic Setting


The geology of (he ragged western San Juan Mountains is


exceptional in that many diverse rock types representing every


geologic era from the Proterozoic to the Cenozoic are preserved.


It is also an area that has high topographic relief providing excel-


lent bedrock exposures. The general stratigraphy of (he San Juan


Mountains near Silverton consists of a Precambrian crystalline


basement overlain by Paleozoic to Tertiary sedimentary rocks and


by a voluminous Tertiary volcanic cover (Fig. 4),


Precambrian rocks are exposed south of SUverton along the


Animas River and in upper Cuaningham Creek and are part of a


broad uplifted and eroded surface (Fig. 4). The Precambrian sec-


don near the study area consists primarily of amphibolite, schist,


and gneiss. South and west of Silverton, gently dippiag Paleozoic


to Terdary age sedimentary strata of varying Uthologies overlie


Precambrian basement rocks. The sedimentary section, which


crops out in subbasms in the headwaters of South Fork Mineral


Creek and in other subbasins south of SUverton, is comprised


mainly of marine and terrestnal limestone and mudstone in addi-


turn to terrestrial deposits of sandstone, siltstone, and conglomer-


ate (Fig. 4). Many of these units contain calcite and are, therefore,


important for their acid neutralization potendal. A thick section of
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Figure 4. Generalized structural and geologic map of the Silverton caldera, upper Animas River watershed. The Animas River and Mineral Creek
follow the structural margin of the Silverton caldera. In addition to the ring-fractures that were created when the Silverton and the earlier San Juan
calderas formed, radial and graben faults, which host much of the subsequent vein mineralization, are shown schematically (modified from Casade-


vall and Ohmoto, 1977).
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Tertiary volcauic rock caps the Paleozoic sedunentary rocks west


and southwest of SUverton and covers most of the central part of


the study area. The majority ofAnimas River headwater streams


and tributaries originate in Tertiary volcanic and silicic (high sil-
ica content) intrusive rocks that have been deposited or emplaced


in the area that is defined by Mineral Creek on the west and by flie
Animas River on the east, north of Silverton (Fig. 4). Subsequent


hydrotfaermal alteration and mineralization resulted in tfae forma-


don of economic mineral deposits that were exploited between


1871 and 1991. Thus, much of tfais study has focused on the Ter-


tiary volcano-tectomc history and mineralization events that have


coutributed to present water-quaUty issues.


Onset of volcanism commenced between 35 and 30 Ma, with


the eruption ofiatemiediate-composition (52-63 % SiO^) lava flows


and deposition of related volcaniclastic sedimentary rock forming


a plateau that covered much of the San Juan Mountams area


(lipman et al., 1976). Following the early phase of intermediate-


composition volcamsm, silicic calderas began to form throughout


the entire San Juan Mountains region. Two calderas formed in


the Animas River watershed study area between ca. 28 and 27 Ma


(Rg. 4). Eruption of tfae Oligocene (27.6 Ma) Silverton caldera cre-


ated a large semicu'cular depression ~ 13 tan (8 miles) in diameter,


which is nested within the older (28.2 Ma) San Juas. caldera


(lipmanet al., 1976;YagerandBove, 2007). The central part of the


San Juan caldera is partially fflled by ash-flow tuff and by later,


inteimediate-composition lava flows, volcamclastic sedimentary


rocks, and igneous mtmsive rocks. Ash-flow tuffis a volcanic rock


containing pumice, broken crystals, aud wall rock fragments in a


malrix of ash-size material that was ejected from the ring fracture


zone of an actively forming caldera. Eruption of intermediate-


composition lava flows and related volcaniclastic rocks filled the
San Juan caldera volcanic depression; these rocks host the major-


ity of the mmeralization in the study area. Granidc igneous mag-


mas mtruded the southern margins of the Silvertoa and San Juan


calderas shorfly after the Silverton caldera fonned. The iatrusioDS


south of Sflverton formed along the caldera structural margins and


are centered near the area between Sultan Mountain and peak 3792


m on the South Fork Mineral Creek (Fig. 5), in lower Cmmingham
Creek from Howardsvffle to lower Maggie Gulch, and near the


mouth of Cement Creek (see Table 1).


An extensive bedrock fracture and fault network has devel-


oped in response to caldera development in the region. Stmctures


related to caldera formation not only influence the hydrologic sys-


tem today but also are largely responsible for controlling where


postcaldera hydrothermal nuids altered the country rock and


focused fhe emplacement of mineral deposits. Important faults


related to caldera formation include the arcuate faults that form


the caldera structural margin. In addition, fhe northeast-soulhwest


trending faults and veins that comprise fhe Eureka graben and that


cross the central core of tfae caldera are prominent structural fea-


hires that have been extensively mineralized and mined for base


and precious metals (CasadevaU and Ohmoto, 1977; Yager and


Bove, 2007). Northwest to southeast trending faults and veins that


are radial to tfae caldera ring fault zone were extensively miaeral-


ized. Caldera-related faults, which in places were only partially


closed by later mineralization, can extend laterally and vertically


from tens of meters to a few kilometers. The structures related to


the San Juan-Uncompahgre and SUverton calderas are pervasive


features that were not sealed by mineraUzmg fluids and may be


important ground-water flow paths at the basin-wide scale.


Pre- and postcaldera crustal stresses have also resulted in an


extensive near surface fracture network. Fractures at the outcrop


scale commonly have spacings of one centimeter to several meters.


These fractures developed either as volcanic rocks cooled, form-


ing coolmg joints, or in response to regional and local tectomc


stresses. Fractures that are densely spaced, unfilled by later nrin-


eralization, and intercomiected focus near-surface ground-water


How at the local or subbasin scale.


Mineralimtion and Alteration
Muldple hydrothermal alteration and mineralizadon events


that span a 17 m.y. history, from ca. 27 Ma to 10 Ma, were fhe cul-


mination of a complex cycle of volcaao-tectonic events that


affected the region (Lipman et al., 1976; Bove et al., 2001). The


first episode of hydrotfaeimal alteration fanned during the cool-
iug of the San Juan caldera volcanic fill, when lava flows cooled,


degassed, and released large quantities of CO;, along with other


volatile constituents such as SO^ and H^O. Geologic mapping and


airborne geophysical surveys suggest that regional alteration


extended from the smface to depths as great as 1 tan (Smith et al.,


2007; McDougal et al., 2007). This widespread hydrothermal
alteration changed the primary minerals of the lava flows, form-


ing an alteration assemblage that includes calcite, epidote, and


chlorite (Burbank, 1960). This mineral suite is part of the preore
propyUtic hydrothermal assemblage, which has a high acid-
neutralizing potential CDesborough and Yager, 2000). Near-


surface spring and surface water (hat has interacted mamly wifli


propylitic rock has a pH range of 6.0-7.5 (Mast, et al., 2000a).


Miaeralizadon events that postdated the preore propylitic
hydrothermal assemblage contained sulfur-rich hydrotheimal Uu-


ids and metals that produced various vein and alteration mineral


assemblages, all of which include abundant pyrite (Burbank and
Luedke, 1968; CasadevaU and Ohmoto, 1977). Host rock alter-


adon in many places throughout the Animas River watershed


study area effectively removed fhe acid-neutralizing mineral


assemblage of calcite-epidote-chlonte from these subsequently


altered areas. This later phase ofmineralization was coincident in


the timing and emplacement of muldple silicic mtmsions that


likely provided the heat sources for the mmeralizmg fluids.


Most of the mineralizadon events thatoverprintrocks affected


by regional propylidzation in. the study area may be subdivided
into fhree broad categories on the basis of age and style of miner-


aHzation (Bove et al., 2007). The earliest event formed between


26 and 25 Ma, was related to emplacement of granitoid intrusions


near the southern margin of the San Juan and Silverton calderas m


the area between Middle Fork and South Fork Mineral Creek, and


consists of low-grade molybdenum-copper-porphyry mmeraliza-


tion (Ringrose, 1982; Bove et al., 2001). The central part of fhis
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Figure 5. Localities of railroads, mills, large mill failings, smelters, and selected mine sites referenced in text, Animas River watershed (modified


from Jones, 2007). Selected mine sites referenced in text are in Table 1.
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TABLE 1. MILL, LARGE MILL TAILINQS, AND SELECTED MINE SITES, ANIMAS RIVER WATERSHED


Site Name Site No. Site Name Site No.


Mines
Koehler tunnel


Junction mine


Longfellow mine
American tunnel, Sunnyside mine


Sunnyside mine


Mayday mine


Mills


Bagley Mill (Frisco)
Columbus Mill
Gold Prince Mill


Hanson Mill (Sunnyslde Extension Mill)
Mastodon Mill
Sound Democrat Mill
Treasure Mountain Mill


Mogul Mill
Gold King Mill


Red and Bonlta Mill
Sunnyside-Thompson Mill
Silver Wing Mill
Silver Ledge Mill
Natalie/Occidental Mill


Sunnyslde Mill #1
Sunnyside Eureka Mill


Sunnyside Mill #2
Yukon Mill
Hamlet Mill
Kittimack Milt


Ice Lake Mill
William Crooke Mill
Silver Lake Mill #2


Mayflower Milt (S-D Mill)
Mears-Wilfley Mill


75
76


77
96


116
181


20
24


27
51
52


55
63
93


94
95
97


113


124
138
151


158
164


165
184
191
194
205
215


219
221
222


Mills (continued)
Ward and Shepard Mill


Contention Mill
Pride of the West Mill #2
Little Nation Mill
Pride of the West Mill #4
Old Hundred Mill


Green Mountain Mill
Vertex Mill
North Star (Sultan) Mill


Victoria Mill
Hercules Mill (Empire)
Lackawanna Mill


Iowa Mill
Little Giant Mill
Big Slant Mill
North Star Milt #1
Pride of the West Mill #3
Pride of the West Mill #1


Intersection Mill
Silver Lake Mill #1


Highland Mary Mill


Mill Tailings


Kittimack tailings
Pride of the West Mill failings
Old Hundred Mill failings


Lackawanna tailings (removed)


North Star Mill failings
Highland Mary Mill taltlngs


Mayflower Mill tailings repository #1
Mayflower Mill tailings repository #2
Mayflower Mill talllngs repository #3


Mayflower Mill tallings repository #4


224
225
227
231
233
238
240


242
264


267
277
287


297
299


307
309
316
318
328
347


502


192
234


237


286
310
361
507
508
509
510


Note: Data refer to sites in Figure 5; data from Jones (2007), Church et al. (2007a).


zoned miaeralized system, centered near peak 3792 m (Rg. 5; Sil-


verton l:24,000-scale, USGS topographic map), is composed of


bleached, quaitz-stockwork-veiaed, quartz-sericite-pyrite altered


intrusive rocks and volcanic rocks. Rock in the central part of this


system is host to exposed molybdenum-copper mineralized rock


(McCusker, 1982). Disseminated sulfides in this zone consist


mainly ofpydtejesserchalcopyrite, and traces ofmolybdemte and


bomite, comprisiag as much as 5 voliune percent of (he host rock


(McCusker, 1982). Progressively outward from the locus of min-


eralizadon, zones of weak-sericite-pyrite and propyUtic altered


igneous and volcaniclastic rocks, respectively, form the periphery


of the hydrotfaermally altered and mineralized porphyry system.
A younger, acid-sulfate system formed at 23 Ma and devel-


oped in response to emplacement of coarsely poiphyritic dacite


iatrusions. Dacite poiphyry intmsive activity and fonnation of


associated acid-sulfate alteration was mainly focused in two areas.


One area of acid-sulfate alteration is centered in the vicinity of the


Red Mountains. The Red Mountains form the headwaters of the


Uncompahgre River, which flows north, and Mineral Creek, which


flows south into the Animas River. The second area is located


soutfa of the Red Mountains near Ohio Peak and along Anvil
Mountain, which form the drainage divide between Mineral and


Cement Creeks. Acid-sulfate mineralizadon in the Red Mountain


area is often characterized by breccia-pipe and fault-hosted vein


ore with abundant copper-arsemc-antimony-rich mmerals such as


enargite-tetrahedrite-teimamte, in addition to copper ores of chal-


cocite, bomite, and coveUite. This combmed suite of minerals dis-


tmguishes the acid sulfate-related ores from more typical


polymetaUic vein deposits outside the Red Mountains area (Bove


et al., 2007). Gaague minerals mclude barite, calcite, and Huorite.


Breccia bodies and brecciated faults were commonly silicified


and replaced witfa microcrystaUme masses of quartz, alunite,
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pyi-ophyllite, natroalimite, dickite, diospore, pyrite, and traces of


leucoxene. Hydrothermal sericitfc assemblages that formed


include quartz-sericite-pyrite and weak sericite-pyrite assem-


blages. The quartz-sericite-pyrite assemblage is typified by total


replacement of primary host-rock minerals by quartz, abundant


illite (sericite), and pyrite, whereas host-rocks affected by the
weak sericite-pyrite assemblage still contaiu wealdy altered pri-


mary plagioclase in addition to secondary chlorite derived from
the earlier, regional propylidzadon event (Bove et al., 2007).


The third and most economically important episode of min-


eralization fonned post 18 Ma and is closely associated with the


emplacement of high-silica alkali rhyolite mtmsions (Lipman,


et al., 1973; Bartos, 1993). Mineral deposits formed during this


episode consist of polymetaUic, Cu-Pb-Zn base- and precious-


metal veins deposited along caldera-related northwest-soufheast


trending fractures tangential to the Silverton and San Juan cal-


deras and along primarily northeast-southwest trending graben


faults and some northwesterly trending faults that originally
developed during resurgence of the San Juan caldera (Vames,


1963; Casadevall and Ohmoto, 1977). Six ore-fonmng stages are


recognized in the Smmyside mine, the largest producing mine


developed in this youngest style of miaeralizadon (Casadevall
and Ohmoto, 1977). Ores of a massive sulfide stage fanned early


in the paragenetic sequence and consist of intergrown masses


of spahlerite, galena, and lesser amounts of pyrite, chalcopyrite,


and tetrahedrite (CasadevaU and Ohmoto, 1977). Ores of gold-


telluride-quartz, manganese and quartz-fluonte-carbonate-sulfate


formed later. Deposition of manganese-nch ores postdate the


principal gold-bearing mineraUzation phase and are composed of


light piak bands of pyroxmangite (MnSi03) intergi-ovvn with
quartz andrhodochrosite, among other manganese-bearing phases.


Late-stage gangue miaerals mclude anhydrite, Huorite, calcite,


and gypsum (Casadevall and Ohmoto, 1977). Unlike the perva-


sive areas of alteration that are associated with both the poiphyry


molybdenum-copper mineralizadon and acid-sulfate mmeraliza-


don systems that often affect entire mountain blocks, the style of


post-18-Ma alteration tends to be focused adjacent to veins and


vein structures. An assemblage of quartz-sericite-pyrite-zunite


occurs proximal to veins. This assemblage grades lateraUy to


assemblages of sericite-kaolimte along witii increasing volume


percentages of waU-rock chlorite derived from rocks affected by


regional propylitization distal from the veins. Intennediate com-


position volcanic rocks that filled the San Juan caldera are host to


90% of this latest episode of mmeralization (Bejnar, 1957).
Surface water quality that results from weathering of the


highly altered areas is notable. One of many such examples is cen-


tered near peak 3792 m between South Fork Mineral Creek and


Middle Fork Mineral Creek northwest of Silverton (Fig. 5). Head-


water tributaries that originate in propylitic altered volcanic and
volcaniclastic rocks west of peak 3792 m have near neutral pH


between 6.5 and 6.8. However, as surface water and ground water


interacts with hydrothermal alteration assemblages that contain


abundant pyrite downstream, pH drops below 3.5 (Mast et al.,


2000b; Yager et al., 2000; Mast et al., 2007).


Late Terdary erosion exposed large areas of hydrothermally


altered rock in the study area to weathering processes. Subsequent


Pleistocene glaciadon further sculpted the landscape, creating the


classic U-shaped valleys, carving the cirque headwater subbasins,


and depositing glacial morame that is partly responsible for the
spectacular scenery near Silverton. Muldple surficial deposits


formed during and subsequent to glaciation and now cover over


25% of the bedrock witfa a veneer of porous and permeable mate-


rial (Blair et al., 2002; Vincent et al., 2007; Vincent and Emott,


2007). A several-thousand-year history of acidic dramage is


recorded in many of the surficial deposits, where iron-rich


ground water derived from pyrite weathering has infiltrated these
deposits and cemented tfaem with oxides of iron, forming what is


referred to as femcrete (Yager et al., 2003; Yager and B ove, 2007;


Wirt et al., 2007). These recent geologic events have exposed


raiaeral deposits to surface weafliering prior to mining. Weather-


ing reactions in areas underlain by more intensely altered rock


produce greater acidity and release more metals to surface and


ground water than areas underlam by propylitic altered rock


(Bove et al., 2001; Mast et al., 2000b; Yager et al., 2000).


History of Mining


More than one hundred years of historical mining activity


has created many mUes of underground workings and produced


large volumes of mine waste rock that were pulverized to remove


ore metals. These mine workings provide flow paths for ground


water that reacted with mineralized rock to produce acidic mine


water that flows from mine adits (Mast et al., 2007; Church, et al.,


2007b). The waste rock dumps have resulted in increased surface


area and exposure of large amounts of pyrite to oxidation result-


ing in large anfhropogemc sources of acidic draiaage that affect


water quality and aquatic and riparian habitats in fhe watershed.


These anthropogemc conditions exacerbate the cumulative water-


quality effect due to weathering the intensely hydrothermaUy
altered rock in the watershed. Changes in the difiEerent drainage


basins resulting directly from historical mining activities are
apparent by comparison of data from sbreambed-sediment geo-


chemical baselines prior to mining and today (Church et al., 2000;
Church et al., 2007a).


Jones (2007) discusses tfae affects of government price sup-


ports and the demand for metals on historical mining practices in


the area. These policies, as well as changes in mining practices,


greatly affected mineral producdonin theAnimas River watershed


and fhe distribution of mill tailings in fhe streams. Jones (2007)
identifies four major periods of production in tfae watershed: the


smelting era (1871-1889), the gravity milling era (1890-1913),
tfae early flotation era (1914-1935), and the modem flotation era


(1936-1991). The following is summarized from his work:


• During the smelting era (1871-1889), ore was hand sorted


and most was shipped directty to smelters. A few small


gravity or stamp mills were m operation. Total ore produc-


don was small and the amount of miU tailiags released to
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streams was srnaU but unknown. There was no market for


zinc, so sphalerite was left in the mines or on the mine


waste dumps because the smelters charged a penalty to


process ores containing more flhan 10% percent sphalerite


(Ransome, 1901).


• During the gravity nulling era (1890-1913), many smaU
mines had a stamp mill toprepare concentrate for shipment


to the smelter. Milling of ore occurred on site or trams


transported ore to the mills or the railroad for shipment to


smelters outside the watershed. Mill tailiags were not


impounded but rather were dumped in the riparian zone or


direcfly into the streams. Sidfide recovery was ~60%.


Copper was not recovered, and the demand for zinc was


smaU, so it was generally not recovered. An estimated


4.3 million short tons of mill tailings were discharged


directty into streams. TheAnimas River contaiaed so much


mi11 failings that contaminated water downstream necessi-


tated bmldiag a new reservoir and public water supply for
the city ofDurango {Durango Democrat, 1902).


During the early flotation era (1914-1935), a few mills
dominated ore processing in the basia. The Sunuyside MiU


#2 at Eureka (site #165, Pig. 5) was a leader in applying
flotation teclmology in the district. Ores were ground to


finer grain size, and sphalerite and copper suliide coacen-


trates were recovered. The volume of mill taitmgs produced


increased dramatically over the previous period. All the


gravity or stamp mills in the watershed were closed down


by 1921, and ore was processed at these large modem mills.


In 1917, U.S. Smelting and Refining Co. built a large Hota-


tion mill at Eureka (Sunayside Eureka Mill, site #164) to
process ore from the Siumyside mine (site #116). This mill
was by far die largest in the basin; it processed —2.5 iml-


lion tons of ore from 1917 to 1930 (Bird, 1999). Suffide
recovery exceeded 80%. Mill failings were impounded in


retaining ponds on the Animas River Hood plain immedi-


ately downstream from the mill to allow the fines to settle.


The clear water was then allowed to decant over the tailings


dams, along wilh the dissolved metal loads, directly into the


Ammas River. As evidenced by the dispersed mill taiUngs


deposits present in the braided reach downstream from


Eureka C/incent and EUiott, 2007), floods periodicaUy
breached the taflings impoundments and released mi11 tail-


ings into the Aaimas River. The Sumiyside Eureka Mill
closed in 1930 durmg the Depression aud reopened brieHy
in 1937 (Bird, 1999). An esdmated 4.2 milUon tons of ore
were processed by mills during this period (Jones, 2007).


Most of the mill tailiags were discharged into settling ponds
in the riparian zone or directly into fhe streams. Frequently,


floods breached these miU failings impoundments (dams


were fanned usmg small wooden shipping barrels filled
with rock) and released mill taUings mto the Animas River.


During the modem flotation era (1936-1991), the May-
flower Mm, built in 1929 (site #221, Fig. 5), was the pri-


mary mUl operatiag in the watershed. This mill was designed


not to release mill tailings to the Ammas River. Although


the tailings impouudment effort was not completely suc-


cessful in the begmning, the majority of the mill tailings
were retained after 1935 (Jones, 2007). Sulfide recovery


using improved flotation technology was greater than 95%


after 1940. Jones (2007) estimates fliat only 200,000 tons
of mill tailings were released to the streams during this


period. Furfhermore, in support of both World War II and


fhe Korean War, many of the old stamp mill failings were


reprocessed, and the stamp mills were burned to recover


scrap iron.


Nash and Fey (2007) note fhat many of the old stamp mill
sites contain little or no mill taUings. Given the historical mining


practices just summarized above, this is not surprising. A substan-


tial volume of mill taituags was released mto the surface streams


(an estimated 8.6 miUion short tons, or —48% of the total district
production; Jones, 2007). As a result, there has been a loss of pro-


ductive aquatic and riparian habitat and a reduction in recreational
and aesflietic values, values important to tourism. Rjrthermore,


the increased acidity and metal loading constitutes a potential


threat to downstream dririking water supplies.


SUMMARY OF WATER-QUALITY STUDIES


To evaluate the effects of historical mining on water quality


in theAnimas River watershed study area, three separate but over-


lapping mvestigadoas were uudertaken. One study focused on


sampling springs, streams, and mine water la subbasins up-


gradient of the major stream segments. Mineral Creek, Cement


Creek, and the upper Animas River (Mast et al., 2007). Additional


water-quality work was couducted by the ARSG (Butler et al.,


2001). The second iavesdgation compiled water-quaUty data


throughout the study area (Wright et al., 2007). The third iavesd-


gatkm encompassed a series of 13 stream tracers along the 3


major stream segments in the study area (IQmball et al., 2007).


The objective of tfae work in the subbasins was to characterize


premining baseline water quality for comparison of the results


with mine adit water chemistry. The objective of the basin-wide


data compUadon was to evaluate spatial and temporal trends in


water quality. The objective of the stream tracer studies was to


quantify metal loading along the major stream segments, mvesti-


gate the effects of instream processes on stream chemistry, and


simulate remediadon sceuarios. In addidon to these studies, two


other process-related studies were undertaken: (1) invesdgation


of the age, composition, andfonnadonofferricrete deposits (Ver-


planck et al., 2007;Wirt et al., 2007) and iron bogs (Stantou et al.,


2007), and (2) an investigation of the seasonal variation in water
quality (Leib et al., 2007).


The data set for the subbasm mvesdgadon included water


samples collected from 241 spring and stream sites and 75 mine


sites during summer low-How conditions in 1997-1999. For the
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spring and stream sites, a ranking system primarily based on field
observations was devised to evaluate the potential for mining


activity effects. The ranking system consisted of four categories


ranging from category I (no evidence of mining activity) to cate-


gory IV (du-ect discharges from mine sites). Ranges and median


values for pH, sulfate, and zmc concentradons for sites unaffected


by mining (category I and H) are given in Table 2. The primary
factor controlling the preminmg baseline water quality is the


degree of hydrothennal alteration of the bedrock. For each site


unaffected by mining, the dominant type of up-gradient hydro-


thermal alteration was determined.


Streams and springs draining propylidc altered rock had
higher pH (5.74-8.49) and lower dissolved metal concentrations


than water draimng other alteration assemblages or mine adit


water (Fig. 6). In addition, these sites are characterized by mea-


surable alkalinity. PropylidcaUy altered rock contains calcite, as


well as chlorite and epidote, which dissolve and produce circum-


neutral water. Sulfate concentrations are slightly elevated because


of the weatfaermg of minor amounts of pynte and gypsum (Mast


et at., 2007; Nordstrom et al., 2007).


In contrast to propylidc altered rock, quartz-sericite pyrite


altered rock produces water that is acidic and metal-nch (Fig. 6),


reflecting an abundance of pynte and a lack of acid-neutralizing


minerals (Mast et al., 2007). The acidic water readily reacts with


alumino-silicate minerals in the bedrock, producing surface and


ground water with high concentrations of aluminum and silica.


Quartz-sericite-pyrite altered bedrock tends to be located within


or adjacent to base-metal mineralized areas, tfaus water draia-


ing from quartz-sencite-pyrite altered areas has relatively high


concentrations of copper, manganese, and zinc (Fig. 6). Weak


sericitic altered bedrock tends to produce water withintennediate


compositions between that derived from propyUtic or quartz-


sericite-pyrite altered bedrock (Fig. 6).


Water draining from inactive mine sites generally has the


greatest range in compositions and tends to have higher dissolved


suUate and metal concentrations than most sites unaffected by


mining (Fig. 6). The wide range in water quality of mine water


Ukely results from three factors: (1) chemistry of the water enter-


ing mines varies because of weathering of different hydrothermal
alteration as semblages; (2) weathering of different ore and gangue
minerals depends upon the mineral deposit type (e.g.. Cox and


Singer, 1986); and (3) some of tfae sites classified as "mining-
affected" may actually have been metal-poor miue prospects.


Surface Water QuaUty


Wright et al. (2007) compiled water-quaUty data collected
from 1991 to 1999 from multiple sources mcluding data collected
by ARSG and the State of Colorado (Bufler et al. , 2001) to evalu-
ate the spatial variation in water quaUty throughout the study area.


The distribution of pH values m streams during low-flow condi-


dons (Fig. 7) shows tfaat stream segments draining more intensely


altered rocks have lower pH values than streams draining propy-


lidc altered areas. For example, streams draining Otuo Peak,


which is underlain by acid-sulfate alteration, tend to have pH val-


ues < 4.5. Near Red Mountain Pass in the headwaters of Mineral


Creek basin, which is underlain by acid-sutfate alteration (Fig. 7),


extremely low pH values (2.4-2.5) were measured in water dram-


ing from the Longfellow name (site #77, Fig. 5) andKoehler tun-


nd (site S7S, Fig. 5). Much of Cement Creek has low pH (<4.5),
and the Cement Creek basm is characterized by botfa intensely


altered rock and numerous mine sites. In contrast, although a sub-


standal percent of the mining activity occurred in the upper Ani-


mas River basin upstream of Silverton, most of the stream


segments there have pH values > 6.5. This area is primarily com-


posed of propyUdc altered bedrock (Fig. 7). Similarly, relatively
high pH values were measured along the South Fork Mineral


Creek, which is characterized by sedimentary rock that has been


partiaUy overprinted by propyUtic alteration.
The distribution of dissolved zinc concentrations in streams


during low-flow conditions (Fig. 8) shows that zinc ia surface


water is primarily derived from sphalerite dissolution. Since zmc
has been idendfied as a trace element in other sulfides, particu-


larly pyrite, dissolution ofpynte also contributes to the zinc load
(Bove et al., 2007). In the upper parts of Mineral Creek, Cement


Creek, and the Animas River, mine adit water tends to have high


zinc concentrations. The highest zinc concentratiou (228 mg/L)


was measured in mine-adit water draining the Koehler tumiel


(site #11, Fig. 5) near Red Mountain Pass. In general, zinc con-


centradons decrease downstream because of dilution by stream


water with relatively low zinc concentrations.


Both mined and unmined areas contribute substantial loads


of constituents to the streams that drain the Animas River water-


shed because of the widespread, extensively altered andmineral-


ized rock in tfae area. Prioritizing mine-site remediation at the


watershed scale requires an understanding of how multiple


sources of acidic, metal-rich drainage afifect the streams in the


TABLE 2. RANGES OF CHEMISTRY OF SPRINGS UNAFFECTED BY MINING AND OF MINE WATER FROM ADITS


Spring from sites unaffected by mining
Adit mine drainage


Note: Data summarized from Mast et al.,


pH


Range


2.58-8.49


2.35-7.77


2000a.


Median


4.89


5.72


so,


Range


1-1300


45-2720


(mg/L)


Median


90
310


Zn (W/L)


Range


<20-14,300


<20-228,000


Median


28
620
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Figure 6. Comparison of dissolved-


constituent concentrations in mine-adit


discharge samples and in background
water samples draining different alter-
ation assemblages (from Mast et al.,


2007).
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EXPLANATION
ALTERATION TYPE


PROP, PROPYLITIC, N=69
WS, WEAK SERICITIC, N=17


QSP, QUARTZ-SERICITE-PYRITE, N=36


MINES, MINE-DRAINAGE SAMPLES, N=75


95TH PERCENTILE


175THPERCENTILE


MEDIAN


125THPERCENTILE


5TH PERCENTILE


watershed (RimbaU et al., 2002). Contributions to the stream


from all sources range from weU-defmed tdbutary contributions


to dispersed, ground-water contnbutions. Mass-loadmg studies


are useful to identify and compare the complex sources of loads


in a watershed. A detailed mass-loading approach differs from


a more traditional method of measuring load at a watershed out-


let because it provides the necessary spatial detail to facilitate


decisions about remediadon. These studies are based ou two well-


established techniques: (1) the tracer-dilutionmefhod and (2) syn-


optic sampling. The tracer-dilution method provides estimates of


stream discharge that are in turn used to quantify tfae amount


of water entering the stream, both from tributaries and ground


water, in a given stream segment (Kimball et al., 2002). Synoptic


sampling of the instream flow and additional contdbutions from


tributaries and ground-water chemistry provides a detailed longi-


tudiaal snapshot of stream water quality and chemistry (Bencala


and McKnight, 1987). Wlien used together, the tracer-dilution


and synoptic sampling techniques provide discharge and concen-


tradon data that are used to determine the mass loading associated


with various sources of water.


1^'acer Studies


During the AML Initiative, a series of 13 tracer-injection


studies established a hydrologic framework to quantify metal


loading withia the Animas River watershed (Kimball et al., 2007),
providing a level of spadal and hydrologic detail never before col-


lected anywhere. WitMa the three principal basins, 24 locations


including both mined and unmiaed areas accounted for 73-87%


of fhe total mass loading of aluminum, iron, copper, zinc, and


manganese (Fig, 9). Weathering of extensive acid-sulfate and


quartz-sericite-pyrite alteration zones in Mineral and Cement
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Figure 7. Distribution ofpH measured in streams during low-flow conditions (1991-1999; from Wright et al., 2007). Hydrothermal alteration map
from Bove et al. (2007) and Dalton et al. (2007).


Creek basins substantially contdbutes to loading of aluminum and


iron CFigs. 9A and 9B). The location of greatest aluminum load-


ing was the Middle Fork Mineral Creek, which drains extensive


areas of quartz-sericite-pyrite alteration. Substantial aluminum


and iron loads also entered Mineral Creek where it drains the acid-


sulfate alteration of Ohio Peak and Anvil Mountain (Figs. 7 and


8). Iu Cement Creek basin, both Prospect and Minnesota Gulches


drain acid-sulfate and quaitz-sericite-pynte alteration and con-


tributed substantial alumiaum and iron loads. Mineral Creek dom-


inated the contribution of total copper load, whereas Cement


Creek had the greatest contribution of total zinc load (Figs . 9C and
9D). Dispersed ground water added to the stream near Red Mouu-


tain Pass, as weU as water drainmg the Koehler tunnel (site #75,


Fig. 5), contdbuted substandal copper and zinc loads (Mmeral


Creek, site A, Fig. 9F). This is an area of acid-sutfate alteration.


The Mogul mine in Cement Creek (site #97, Fig. 5), which likely


drains the mine pool behind the bulldiead in tfae American tunnel
(site #96, Fig. 5), and the North Fork Cement Creek also con-


tnbuted large loads of copper and zinc (Hg. 8; Cement B and
Cement C, Fig. 9F). In contrast to Cement and Mineral Creek


basins, the Animas River basin drains mosfly regional propylitic
alteration. As a result, it does not have comparable loads of cop-


per (Fig. 9C). Areas of vein related quartz-sericite-pyrite alter-


ationin the headwaters of California G-ulch, however, contributed


substandal manganese and some zinc loading (Fig. 8; Figs. 9D


and 9E). Substantial manganese and zinc loads were added to the


Animas River downsti-eamfromArrastra Creek (Fig. 8). This area


drains historical mffl tailings repositories (site #510, Fig. 5) (hat
contain manganese gangue minerals from the milling of ore from


the Sunnysidemmefrom 1961 to 1991 CBird, 1999).
Zinc loading principally occurred in 24 areas (Fig. 9F).


These areas are identified in the figure by basin, showing that
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Figure 8. Distribution of dissolved zinc concentrations in streams during low flow (from Wright et al, 2007). Hydrothermal alteration map from
Bove et al. (2007) and Dalton et al. (2007).


there were 4 principal areas in the Mineral Creek basin, 10 areas


in the Cement Creek basin, 8 areas in fhe upper Ammas River


basin, and 1 area downstream from all three of these tributaries.


These 24 areas accounted for 77% of the zinc loadmg in the


watershed, but it is important to note that for 23% of the zinc load


and for 13-29% of the load of the other metals (Fig. 9), the metal
loading from other, dispersed sources could complicate remedia-


tion efforts because they would continue to release metals to the


streams.


With the high cost of remediadon, a predictive tool based
upon sound science that could be used to anticipate results of


various remediadon options would be a desirable objective of any


watershed characterization effort, particularly if it could be used


in conjunction with the best state-of-the-art engiaeering solutions


to make informed and cost-effective remediation decisions. Reac-


dve transport models are an example of such a predicdve tool


developed during theAMLInidadve. Solutions have been run on


{he study reaches in the Animas River watershed for selected


stream reaches in the study area. These models integrate tfae


tracer-dUution discharge with synoptic water chemistry from


tracer studies. Runkel and Kunball (2002) provide an example by
usmg a calibrated salute transport model to tfae downstream


results. Two different active treabment options were evaluated to


assess metal loadmg at Mineral Creek, site A (Fig. 9F). Option 1


removes ferric, but not ferrous, iron, whereas opd on 2 removes aU


iron from tfae stream at site A. Both options increase instream pH


and substantially reduce total and dissolved concentrations of alu-


mmum, arsenic, copper, and ferrous and fenic iron near fhe gauge


on Miueral Creek. Dissolved lead concentrations are reduced by


18% with the first remediadon plan. Both lead and iron are


removed m an active treatment system with the second option, but


this remediation option results in an increase in dissolved lead
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Figure 9. Pie diagrams showing loads for aluminum (A), iron (B), copper (C), zinc (D), and manganese (E). Bar chart (F) shows the loading from
different mine sites for zinc.


concentrations over existing untreated condidons because addi-


donal downstream sources of lead are not attenuated by sorption


to iron colloids. Neither of the proposed options, however, effec-


dvely reduces concentradons of zinc CKimball et al., 2003).


MINES AND MILLS IDENTIFIED AS SOURCES


Large volumes of disturbed rock in the form of mine-waste


dumps at historical miae sites have been implicated as the source


of metals and acidity in many historical mining districts. A com-


bination of high precipitation, extensive fracturing, and high
topographic reUef in many historical mining districts results in a
substantial volume of ground water flowing through the rocks at


the mine sites. Mining has forever changed the grouud-water


hydrology in historical mining districts. Historical mine adits aud
mine workings act as conduits for ground water, which is fun-


neled to the smface once the mine pool is filled. The chemical


reactions resulting from the interaction of ground water with these


highly fractured and disturbed volumes of rock produce mine


adit-water chemistries fhat vary only slightly throughout the year.


Water chemistry from mine adits, however, is dependent upon (he


hydrothermal alteration type and the mineralogy of the ore (Bove


et al., 2007). Flowing mine adits consdtute an essentially constant


source of contaminated ground water (Church et al., 2007b).


Interest ia reducing the environmental effects of the many


inactive mines and prospects in the Animas River watershed study


area beganin the early 1990s. In 1991-1992, a prelinunary water-


quality analysis of the Ammas River watershed was coordinated
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by the Colorado Department of Health and Environment. The


Colorado Division of Mines and Geology, U.S.D.A. Forest Ser-


vice, and the U.S. Bureau of Land Management inventoried and


ranked iaactive mines in (he study area. Unpublished reports of


mine inventories in various parts of flie watershed are available


from the Colorado Division of Mines and Geology (CDMG Her-
ron et al., 1997,1998, 1999,2000) and die Colorado Geological


Survey (Lovekin et al., 1997).


Studies of the effects of mines on water quality by Nash and
Fey (2007) and by theARSG and the State of Colorado (summa-
rized in Wright et al. , 2007) were undertaken to detenmne which


draining mine adits and mine-waste dumps most affect watershed


water quality. These studies, coupled with the detailed mappmg


of altered areas by Bove et al. (2007) and by Dalton et al. (2007),
were used to quantify the effects of historical mine wastes as


sources of contaminants at a watershed scale (Walton-Day et al.,


2007). Mast et al. (2007) examined acidic drainage from 75 mine
sites in the watershed that contain flowmg adits. Nash and Fey


(2007) sampled and quantified the geochemistry of 97 mme-
waste sites and 18 mill-failings sites located onpubUc land, each


of which contained more than 100 tons of mine waste. Samplmg


protocols developed to obtain a representative sample are


described ia Smith et al. (2000), and analytical methods used are
in Fey et al. (2000). The most acidic and metaUiferous water


(ranked 6, Fig. 10) drained mine waste from deposits containing


acid-sulfate alteration, followed by quartz-sericite-pyrite alter-


adon, and lastly by propylidc alteration (ranked 1, Fig. 10). The
metal and acidity avaUable from different mme-waste sites were


quantified on the basis of the sum-of-metals concentration versus


pH of the leachate water from the mine wastes. Leachate chem-


istry was detenmned using a 20: 1 water/sample rado in deionized


water. The leachate eqwlibrated in a few minutes, and tfae leach-


ing experiment could be repeated multiple times before the sup-


ply of water-soluble salts present m the mine-waste sample was


sufficiently reduced such that the leachate water chemistry changed


The important conclusion here is that these mine wastes behave


essentially as an infimte and constant source of potentially toxic


metals and acidity. The chemistry of surface and ground water


supplied by leachmg of these mine wastes is constant, and the


loads supplied are limited by the amount of precipitation and
runoff rather than by the reaction rate of sulfides present withinci-


dent water on the mme-waste sites. Of the more than 500 mine


sites on public land that were sampled, only 39 sites had a signifi-


cant effect on surface water quality (Table 3, sites were classified


from moderate to very high on the basis of the pH and sum of met-


als scores. Fig. 11; see Fey et al., 2000).


The State of Colorado, Division of Mines and Geology and


the ARSG sampled private sites as well as those on public lands
and using somewhat different criteria developed a different list of
31 draining mine adits and 30 mine-waste dumps that needed


remediadon CWright et al., 20Cy7). These sites are presented m Fig-


we 12 and Table 4. Neidher study included active mines sites that
were undergoing remediarion by Siumyside Gold, Inc.. These 61


sites contribute ~90% of the metal loads to the three major drain-


ages. The conclusions drawn from these studies, although they


differ ia scope, are very similar for the sites located on federal


lands. Twenty of the 50 sites located on federal lands identified


by Nash and Fey (2007) for remediation also occur on the Ust of
61 sites identified for remediation by fhe ARSG and the State of
Colorado.


REMEDIATION ACTIVITIES


The Animas River Stakeholders Group and federal land-


management agencies began planning for clean-up activities in tfae


mid-1990s. Sunnyside Gold, Inc. reached an agreement with tfae
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State of Colorado to implement a number of remediation activi-


ties in the watershed as a condition for terminating its discharge


permit at fhe American tunnel (site #96). Most of this remediation


work on Sunnyside properdes was completed by 1996. Remedi-


ation work completed throughout tfae Anirnas River watershed


through 2004 is summarized in Table 5 and Figure 13. Funding
for site remediadon and watershed cleanup has come from both


private and public sources, Remediadon work done by Sunnyside


Gold, Inc. has exceeded $10 million; most of tfae work has been


done on permitted mine sites where they were involved direcfly


in mining. Other remediation work has been done on mine sites


identified as high priority (e.g., Koehler humel, site #75, Figs. 11
and 13). Fuadiag for remediation of mine sites located on public


lands has come from U.S . Bureau of Land Management and the


U.S.D.A. Forest Service abandoned miue lands funds. Much of


(he funding for remediadon work undertaken by the ARSG has
come from U.S. EPA 3 19 grants. Funding has also been provided


from various other sources: U.S. Office of Surface Mining, the


San Juan Resource and Conservation District, SUverWmg Min-


ing Company, Gold King mine, Inc., Salem Minerals, and Min-


ing Remedial Recovery. Of the 39 priority sites identified by Nash
and Fey (2007), 9 (23%) have been remediated. Of the 61 high-
priority sites identified by tfae ARSG, 14 (23%) have been reme-
dialed. The ARSG is actively working with federal, state, and


local funding sources to remediate these sites and reduce the


metal loading in tfae Animas River watershed.


MONITORING


Data Collection and Methodology


Frequent water-quality samplmg was done at tfae four gauges


(Fig. 13). Water-quaUty data were collected at least monthly


beginmng in 1991 foUowing the closure of the Smmyside mine
and more frequently between 1994 and 1999. Continuous stream-


flow monitoring at the four stream gauges has been done since


October 1, 1994. The U.S. Geological Survey, U.S. Bureau of


Reclamation, Simnyside Gold, Inc., and tfae Silvertoa Schools


under fb.e sponsorship of the Colorado River Watch Program have


done most of the monthly chemical momtormg at the gauges.


Monitoring was more frequent than monthly between 1994 and


1999 because all of these entities were involved in data collection.


USGS and River Watch monitoring was discontinued after 1999.


SGC condnued monthly monitoring at A72 and monitored the


other three gauges on alternate months with the U.S. Bureau of


Reclamation through most of 2002. Since 2002, the River Watch


program has resumed monitoring, altematmg months with flie


U.S. Bureau of Reclamation at all four gauges.


Previous investigations in the basin have shown that stream


How and seascmaUty influence the concentration of most con-


sdtuents (Butter et al., 2001; Leib et al., 2003). These exogenous


factors, if not accounted for, may mask the effects of remediation.


The effect of stream How and seasonality on the concentration


variation of salutes was removed through regression analysis. For


a complete description of the methodology see Leib et al. (2003).
Moving average charts were prepared for the four gauge


sites. The moving average chart smoothes uregularides owing to


periodic factors not removed through tfae regression model. The


"O," or centerliae, is tfae expected concentradon of any analyte,


adjusted for stream flow and seasonal variations, observed during


the baseline period. The charted variable is the difference between


the observed concentration adjusted for stream flow and season


and the expected concentration derived from the regression equa-


don. If the moving average line remains between the first gridlmes


above and below the centerline, (here is a 95% probability that
there has been no shift in tfae 12-sample mean concentration.


The baseline period used data collected between October 12,


1994, and September 30,1996, atA68, C48, and M34. The base-


line period at Animas River downstream from Silverton, A72,


uses the data collected between September 1991 and May 1996.


A consent decree signed in May 1996 between the Colorado


Department of Health and Environment and Smmyside Gold, Inc.


specified actions that Sumiyside Gold, Inc. was required to take


before terminating their remediation permit. The valve on the


American tunnel was closed m October 1996 and accelerated


remediadon projects were begun shortly thereafter (Table 5).


ANALYSIS OF THE MONITORING RESULTS


Mmeral Creek Basin


Metals targeted for remediadon in the Mineral Creek basin


included cadmium, copper, and zinc. In the environmental risk


assessment of surface water quality effects on aquatic life (Besser


et al., 2007), dissolved copper posed the greatest risk to brook


trout, the dominant species of fish in streams in. the basin. Tracer


loading studies (Fig. 9C) demonstrated that the Mineral Creek
basin was a primary target for site remediadon to reduce copper


and zinc loads, particularly in (he headwaters where acid-sulfate


deposits containing enargite, tetrahedrite, and galena were pro-


duced from the 1880s Uu-ough 1907 CBove et al., 2007; Jones,


2007). Remediation began in Mineral Creek in November 1996
when the pond below the Koehler/LongfeUow (sites #75 and #77)
was drained and all sludge from the pond and mine waste from the


Koehler was removed to Tailiags Pond #4, site #510. In 1997 the
LongfeUow wastes were consolidated, neutralized with lime-


stone, and nmon/runoff controls were implemented. Mine waste


was removed from the Congress mine, site #79, and Carbon Lake


mine, site #80, both near the headwaters of Mineral Creek in


2000-2003. Hydrologic controls were implemented at the Bonner


mine, site #172, on the Middle Fork of Mineral Creek in 2000. A
bulkhead seal was placed in the Koehler hmnel ia 2003. Mine-


waste consolidation, neutralization, andhydrologic controls were


implemented at the SaaAntonio mine, site SA (north of study area


boundary. Fig. 13), in 2004. Data collected during and immedi-


ately after (he remediation at sites 75-77 (Fig. 13) show sharp
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TABLE 3. SELECTED MINE AND MILL-TAILINGS SITES ON FEDERAL LANDS RECOMMENDED
FOR REMEDIATION (NASHAND FEY, 2007),ANIMAS RIVER WATERSHED


Name


Mines


Early Bird Crosscut
Ben Butler mine
Hermes Group


Eagle Chief mine
Little Ida mine
Frisco tunnel


Grand Mogul
Koehler tunnel


Henrietta mine— #7 Level


Lark mine
Joe and Johns mine


Upper Joe and Johns mine
Eveline mine


Clipper mine
Silver Crown mine


Imogene mine


Ferricrete mine


Brooklyn mine
Kansas City mine—#1 Level


Elk tunnel


Mammoth tunnel
Avalanche mine


Paradise mine


Ruby Trust
Independence mine


Banner mine


Monarch


Mayday mine
Legal Tender mine
Forest Queen mine


Caledonla mine


Kittimack mine


Burbank mine
Columbine mine
Sultan tunnel


Mighty Monarch mine
Last Chance mine


Bandora mine


Highland Mary—#7 Level
Henrietta mine—#8 Level


Henrietta mine—#9 Level


Unnamed prospect (Mineral Creek basin)


Unnamed prospect (upper Animas River basin)
Unnamed prospect (upper Animas River basin)


Unnamed prospect (upper Animas River basin)
Unnamed prospect (upper Animas River basin)


Mill Tailings


Kittlmack tailings
Lackawanna failings (removed)
North Star Mill failings
Highland Mary Mill failings


Note: Data refer to sites in Figure 11; data from Jones (2007);


Site No.


8
9


11
14
15
19


35
75


85
86
87


89
91


114
133


136
137


141
145
147
148
149
168


169
171
172
180
181


189
195
198
201
207
260
266
285


289
332
359
505


506


x
x
x
x
x


192
286
310
361


Church et al.


Ranking


Moderate


High
High
Low


High
High
Very High
Very High


Very High


Very High


High
Low


Low


Very High
High
Moderate


Low


High
High
Low


High
Moderate


Moderate


Very High
High
High
High
Very High
Moderate
Moderate


Very High
High
High
Moderate


High
Low


Moderate


Very High
Low


Very High
Very High
Moderate


Low


Low


Low


Moderate


Very High
Very High
Moderate


Low


(2007b).
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Figure 11. Location and ranking (Table 3) of mine waste, Animas River watershed. Rank is based on size, metal release, proximity to streams, and acid-
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TABLE 4. SELECTED DRAINING MINES, WASTE ROCK PILES, AND PERMITTED MINE AND MILL SITES
IN THE UPPER ANIMAS RIVER WATERSHED


Site No.


31
2


35
148


183
87


150
180


91
37
75


266
76


332


172
172
172
137


168
141
273


17
23


x
x


54


42
125


19


163
348
319


228


Mine or Site Name


Draining Mines
Mogul mine
Silver Ledge mine


Grand Mogul mine
Mammoth tunnel


Anglo-Saxon mine


Joe and Johns mine


Big Colorado mine
Monarch mine


Eveline mine
Columbia mine
Koehler tunnel


North Star mine (Sultan)
Junction mine


Bandora mine


Upper Banner mine


Banner mine


Lower Banner mine


Ferricrete mine


Paradise mine


Brooklyn mine


Little Dora mine


Vermlllion mine
Columbus mine


Lower Comet mine


Unnamed mine


Sound Democrat mine


Mountain Queen mine


Silver Wing mine
Frlsco tunnel


Senator mine


Royal Tiger mine
Pride of the West mine


Little Nation mine


Note: Data refer to sites in Figure 12; Wright et al.


Site No.


82
145


83
89
36


145


155
95
84
36
86
7?


85
31


141
69


x
79


142
x


273


141
9


125
123


8
13


114


325
118


198
116


105


96
49


116
120


234
507-510


(2007).


Mine or Site Name


Waste Rock Pile


Qalena Queen mine


Kansas City #2 mine
Hercules mine, shaft


Upper Joe & Johns mine


Grand Mogul mine, East


Kansas City #1 mine
Black Hawk mine
Lead Carbonate Mill


Henrietta mine (level 3)
Ross Basin mine


Lark mine


Pride of the Rockies mine


Henrietta mine (Level 7)
Mogul mine
Brooklyn mine
Upper Bullion King mine
Unnamed shaft mine, upper Browns Gulch


Congress mine, shaft


Brooklyn mine, upper waste rock pile


Unnamed mine, upper Browns Gulch


Little Dora mine
Brooklyn mine, lower waste rock pile


Ben Butler mine


Silver Wing mine
Tom Moore mine


Eagle Chief mine
Lucky Jack mine


Clipper mine
Buffalo Boy mine
Ben Franklin mine


Caledonia mine


Sunnyside mine


Permitted Mine Sites


Upper Gold King mine
American tunnel mine


Gold Prince mine
Sunnyside mine


Terry tunnel mine


Permitted Mill Sites
Pride of the West Mill failings
Mayflower Mill tailings
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TABLE 5. SUMMARY OF RECLAMATION PROJECTS COMPLETED AS OF 2004


Project Sponsor Project Site Location (Fig. 12) Type of Remediation


Date
Project
Completed Improvement (Actual or Anticipated)


Private Funds


^]
0


a
(Q


N
co
CL
0-


•<


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Sold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Lead Carbonate Mill


Mayflower Mill


Lake Emma
Sunnyside Basin


American tunnel,
waste dump


Sunnyside Eureka
Mill, failings at
town site


Sunnyside mine
hydraulic seal
project


American tunnel


Mayflower Mill
tailings,
Boulder Creek


Gladstone, South Fork
Cement Creek, site #95


Mayflower Mill failings,
sites #507-509


Sunnyside mine collapse,
site #116


Gladstone, on bank of
South Fork Cement Creek,
site #96


On banks and in flood plain
ofAnimas River,
downstream of site #164


Sunnyside mine,
sites #116, #120, #96


American tunnel at
Gladstone, site #96


Mill tailings at site #509,
flood plain of Boulder
Creek


Ransom mine adit Eureka town site, site #161


Gold Prince mine
waste and mill
failings


Longfellow-Koehler


Sunnyside Gold, Inc. Pride of the West
Mill failings


Placer Gulch. site #49


Headwaters of Mineral
Creek, Longfellow Mine,
site #77; Junction Mine,
site #76; Koehter tunnel,
site #75


Howardsville, site #234


Removal of 27,000 yd3 of mill tailings 1991
from stream bank


Recontour inactive mill tailings ponds 1992
and cap, 625,000 yd3 of mill tailings
and overburden moved


Fill mine subsidence at Lake Emma, 1993
remove 240,000 yd3 mine waste
and recontour


Remove 90,000yd3 waste dump and 1995
underlying historical mill failings


Remove 112,000 yd3 of mill tailings 1996


Bulkheads placed in Sunnyside mine 1997
to restore hydrologic regime to
approximate premining hydrology
and eliminate drainage from adits


Divert and treat Cement Creek, fill 8/1996 to
Sunnyside mine pool to mitigate any 12/1999
short-term impacts of reclamation
projects


Remove 5700 yd3 of mill failings 1997


Bulkhead seal to stop deep mine 1997
drainage and reclaim portal


Bulkhead seals to stop deep mine 1997
drainage, consolidate mine waste
and mill tailings, remove 6000 yd3
mine waste and construct upland
diversions


Remove Koehler Mine-waste dump 1 997
(32,100 yd3), consolidate Junction
mine dump and Longfellow mine
dump and cap, capture adit drainage,
construct diversions, conduct
feasibility study of wetland treatment
of Koehler tunnel acidic drainage


Remove 84,000 yd3 of mill failings 1997


Reduce loading of metals to Cement
Creek and erosion transport of mill
tailings


Mined land reclamation—reduce
loading of metals to Animas River and
erosion transport of mill failings


Mined land reclamation and reduce
loading of metals to Animas River


Mined land reclamation and reduce
loading of metals to Cement Creek
and erosion transport of mill failings


Reduce loading of metals to Animas
River and erosion transport of mill
failings.


Place mine workings under water to
reduce oxidation, restore groundwater
movement around mine workings and
eliminate need for perpetual water
treatment


Reduce loading to Animas River to
offset any short term impacts of
reclamation of other sites


Reduce loading of metals to Anlmas
River and erosion transport of mill
failings


Restore hydrologic regime and reduce
rate of ore oxidation by placing mine
workings under water to reduce metal
loading to Animas River


Reduce exposure to water to reduce
metal loading to Animas River


Reduce metal loading to Mineral Creek
and erosion transport of mine waste


Reduce metal loading to Animas River
and transport of mill failings by erosion


{continued)







TABLE 5 (continued)
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Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Sunnyside Gold, Inc.


Gold King mines, Inc.


Gold King mines, Inc.


Sunnyside mine


Mayflower
Hydrological Control


Mayflower Mill
failings pond #4


Mayflower Mill
tailing® pond #4


Power plant flats


Mogul mine bulkhead


Koehler mine
bulkhead


Reactive barrier


Gold King mine


Gold King mine


Mining Remedial Recovery Sunbank Group


Sunnyside mine, American
tunnel treatment, site #96


Mayflower Mill failings
pond #1, site #507


Mayflower Mill failings
pond #4 drainage
modification, site #510


Divert ground water
up-gradient from mill


tailings pond #4, site #51 0


Anlmas Rh/er near old power
plant, east of site #509


Cement Creek, site #31


Koehler mine, (site #75)


Animas River floodplain
below Mayflower Mill,
mill failings pond #4
(site #510)


North Fork Cement Creek,
site #111


North Fork Cement Creek,
site #111


Placer Gulch, site #57


Inject 652 tons of hydrated lime into
the Sunnyside mine pool to provide
increased alkalinity and reduce
oxygen available in mine for pyrite
oxidation


Capture and divert three upland
drainages that provide supply to
ground water up-gradient of mill
failings


Install lined diversion ditch to capture
surface runoff and prevent infiltration
through mill tailings


Capture ground water and divert
around mill tailings impoundment,
failings pond #4


Remove mill failings to tailings
pond #4, site #510


Install bulkhead in Mogul mine to stop
acidic drainage


Install bulkhead in Koehler mine to
stop acidic drainage


Passive treatment of contaminated
ground water before entering
Animas River


Hydrologic controls for workings and
mine waste


Pipe Gold King adit discharge to
Gladstone for active treatment of
acidic drainage


Anoxic drain, settling pond, waste
consolidation, bulkhead


1997


1999


1999


Improve initial conditions as water table
Is restored by installing bulkhead to
stop acidic mine drainage


Minimize potential for contact of runoff
with mill tailings and reduce potential
for metal loading to Animas River


Salem Minerals Mammoth tunnel Cement Creek, site #148 Settling ponds for mine drainage


Minimize potential for contact of runoff
with mill failings and reduce potential
for metal loading to Animas River


1995,1999 Minimize potential for contact of
groundwater with mill tailings and
reduce potential for metal loading to
Animas River


2003 Reduce metal loading to Animas River


2003 Reduce metal loading to Cement Creek


2003 Reduce metal loading to Mineral Creek


2003 Reduce metal loading to Animas River


1998 Reduce metal loading to North Fork
Cement Creek


2002 Reduce metal loading to Cement Creek


1995 Raise pH from draining adit, reduce
metal loading to Animas River from
adits and mine waste


1999 Reduce iron load to Cement Creek


Silver Wing Mining Co. Silver Wing mine Animas River, site #125 Collect acidic mine water, install
hydrological controls


1995 Divert acidic drainage around mine-
waste dump, reduce metals loading
to Animas River


^


Private and Public Funds
Silver Wing Mining Co.


San Juan R. C. & D., ARSQ


Silver Wing mine


Carbon Lake-
Phase I


San Juan R. C. & D., ARSG Carbon Lake—
Phase 11


Animas River, site #125


Carbon Lake mine. Mineral
Creek, site #80


Koehler tunnel, Mineral
Creek, site #75


Install anoxic drain, settling pond, 2000
and bioreactor


Removal of 1900 yd3 of waste rock Phase I-
from stream channel 1999


Reduce flows from Koehler tunnel Phase II—
by reducing infiltration into surface 2001
mine workings


Reduce metal loading to Animas River


Reduce loading of metals, especially


cadmium, copper, iron, lead,
manganese, and zinc, to Mineral
Creek


Reduce metals loading to Mineral
Creek by reducing infiltration of water
into old mine workings


{continued)







TABLE 5 (continued)


Project Sponsor Project Site Location Type of Remediation


Date
Project
Completed Improvement (Actual or Anticipated)


San Juan R. C. & D., ARSQ


San Juan R. C. & D., ARSG


San Juan R. C. & D., ARSG


Carbon Lake—
Phase III


Carbon Lake—
Phase III


Congress mine, Mineral
Creek, site #79


Carbon Lake, site #80,
ditch restoration


Galena Queen and Prospect Gulch, sites #82
Hercules mines and #83


San Juan R. C. & D., ARSQ San Antonio Project San Antonio mine


San Juan R. C. & D., ARSG Handles Peak Project Lucky Jack mine (site #13)


U.S. BLM and Duke Energy Henrietta mine Prospect Qulch, site #84


Complete removal of Congress mine- Phase III—
waste dump 2003


Diversion ditch, wetlands, and stream Phase III—
restoration, water rights purchased 2003
and water diverted to Uncompahgre
River watershed restored to Mineral
Creek drainage


Remove mine waste, install 2001
hydrological controls, add soil
amendments, and revegetation


Install hydrological controls, remove 2004
wastes from stream, consolidate
wastes and neutralize, revegetation


Hydrological controls, remove wastes 2004
from fen, consolidate, neutralize, and
revegetation; adit and shaft closures


Hydrologic controls and mine-waste 2004
removal


Reduce metals loading to Mineral
Creek by removal of mine wastes
and beneficiation


Reduce metals loading to Mineral
Creek by removal of mine wastes
and site beneficiation


Elimination of surface water leaching
of toxic metals. Reduce metal loading
to Cement Creek


Reduce metal loading and acidity to
Mineral Creek; stabilize site. remove
mine wastes, restore streambed and
riparian habitat


Reduce metal loading and acidity to
upper Animas River; uncover fen and
restore


Reduce metal loading to Cement Creek


ri
Public Funds


a
CQ


N
(D
a-


^


f^


U.S. OSM


U.S. BLM


U.S. BLM


U.S. BLM


U.S. BLM


U.S. BLM


U.S. BLM


U.S. F.S.


U.S. F.S.


Galena Queen mine


Joe & Johns mine


Lark mine


Forest Queen mine


Mayday mine


Lackawanna Mill
failings


Elk tunnel
Banner mine


Brooklyn mine


Prospect Gulch, sites #82 Waste consolidation and hydrological 1998
controls


Prospect Gulch, site #87 Mine drainage collection and diversion 1 999


Prospect Gulch, site #86


Animas River near Eureka,
site #195


Cement Creek, site #181


Animas River near Silverton,
site #286, site #181


Cement Creek, site #147


Middle Fork Mineral Creek,
site #172


Mineral Creek, site #141


Install collection system for acidic 1999
water, hydrologjcal controls


Install collection system for acidic 1999
water and passive wetland treatment


Hydrological controls, cap top of mine- 1999
waste pile


Removal of mill tailings from flood 2000
plain to Mayday dump for
consolidation and capping


Install limestone drain 2003
Install collection system for acidic
water and diversion, move waste
rock from avalanche path 2000


Hydrologic controls and mine- 2004
waste removal


Reduce surface water leaching of toxic
metal loading to Cement Creek


Collect acidic drainage for later
treatment project development, reduce
metal loading to Cement Creek


Collect acidic drainage for possible
treatment, remove surface water
from site, reduce metal loading to
Cement Creek


Reduce metal loading to Animas River


Reduce surface water leaching of toxic
metals


Reduce metal loading to Animas River


Reduce metal loading to Cement Creek


Reduce metal loading to Mineral Creek


Reduce metal loading to Mineral Creek


Note: San Juan R. C. & D., San Juan County Resource and Conservation District; ARSG, Animas River Stakeholders Group; U.S. OSM, U.S. Dept. of Interior, Office of Surface
Mining; U.S. BLM, U.S. Dept. of Interior, Bureau of Land Management; U.S. F.S., U.S. Dept. of Agriculture, Forest Sen/ice; mine site locations from Church (2000b); mill site
locations from Jones (2006); yd3, cubic yards of material; data provided by W. Simon, written comm., Animas River Stake Holders Group, Oct. 2004, and by R. Robinson, pers.
connm., U.S. BLM,Apr. 2006.
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Figure 13. Map showing locations of sites remediated through October 2004 (Table 5). Sites designated by sources of funding for remediation work
(private, public, or both).
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increases in metal concentrations resulting from the removal of


contaminated mine waste followed by continued reduction in the


copper concentradon in Mineral Creek. The second major reme-


diadon project at sites 79-80 (Rg. 11) resulted in long-term reduc-


don of the copper concentration and significant improvement in


copper load in Mineral Creek (Fig. 14A). A similar reduction in
zinc (and cadmium) concentrations is also evident (Fig. 14B).


The total recoverable aluminum concentration (uot shown)


fluctuated around the baseUne concentration until 2002, when it


started into a steep decline. This change may be driven, ia part,


by the drought conditions experienced in 2002. The 12-period
moving average through November 10, 2004, indicates that total


recoverable aluminum concentration was 667 pg/L lower than


during the 1994-1996 baseline period.
Total recoverable iron (not shown) and dissolved manganese


concentrations were generally higher than the baseline condition


from 1997 through most of 2002. Since 2002, concentrations of


both constituents are approaching the concentrations of the base-


line period. Remediation initiated at site #79 appears to have
resulted m a substantial increase in the concentradon of man-


ganese (Fig. 14C).


SuUate concentratiou (Fig. 14D) increased following the im-


dal remediation work, but has been dropping since 2002. Evi-


dence of the improved water-quality conditions downstream are


indicated in the reach of Mineral Creek downstream from the con-


fluence of South Fork Mineral Creek, which has since begun to


show recovery of some iavertebrates (W. Simon, pers. comm.,


2004). Since 2002, tfae concentration of sulfate has dropped
below (he concentration of the baseline period.


Dissolved cadmium (not shown), copper, and zmc concen-


trations have all declined since late 1997 (Figs. 14A and B), The
12-penod moving average indicates that through November


10, 2004, dissolved cadmium, copper, and zinc were 0.38 pg/L,


14 [Ag/L, and 94 |ig/L, respectively, less than tfae concentrations


during the 1994-1996 baselme period.


Cement Creek Basin


Cement Creek, which carries high concentrations of cad-


mium, copper, zmc, aluminum, and iron (Fig. 9), is not capable


of supporting aquatic life even wifh remediation. However, reme-


diation in tfae Cement Creek basin is vital to downstream water


quality. The relatioBship between cadmium, copper, and zinc con-


centradon, stream How, and seasonality is weak in the Cement


Creek basin. Remediation activities, which have been under way


in Cement Creek smce 1991 , accompanied by treatment of fhe dis-


charge from fhe American tunnel (site H96, Fig. 13) may explain


the weak relationship among concentration, stream flow, and sea-


sonality for the target metals— cadmium, copper, and zinc. The


valve on the first American tmmel bulkhead (site i?96) was closed
in September 1996. The second bulkhead in the American tunnel


(site #116) was sealed in August 2002. Treatment of Cement
Creek upstream from the American tunnel (site ff96) began m the
fall of 1996 and contiuued through the non-mnoff periods


through 1999. Treatment dudng fhis period resulted in very sig-


nificant reductions in mean metal concentrations (Fig. 15). The


permit for the American tannel was transferred to the Gold King


mine in December 2002. Gold King contiuued to treat the remain-


ing discharge from the American tunnel flhrough May 2003. The
mine pool in the Smmyside mine reached equilibrium by Novem-


ber 2000; however, this was preceded by a large increase in the


volume of flow from the Mogul mine (site #31) in 1999 causing
a bulkhead to be placed in tfaat portal in 2003. The Smmyside
mine pool related mitigations were completed in 2001. Remedi-


ation has occurred at 15 sites in the basm (Fig. 13; Table 5). Pro-


jects in the Cement Creek basin since October 1996 include


hydrologic nmon/runoff controls at Gold King mine (site #111),
Joe and Johns mine (site #87), Lark mine (site #86), and Mayday
mine (site #181). Settling ponds and runon/nmoff controls were


constructed in 1998 at fhe Mammoth mine (site #148).
Runon/runoff controls and complete removal of mine wastes at


(he Hercules and Galeaa Queen mines (sites #82 and #83) were
completed in 2001. A passive treatment system consisted of aer-


obic limestone drains, and settling ponds were implemented at


the EUk tunnel (site #147) in 2003.
Dissolved cadmium (not shown) decreased sigmficanfly fol-


lowing inidal treatment of Cement Creek. A series of high cad-


mium concentrations from July 1999 through November 1999


caused the 12-period moving average to rise above the baseline


condition. This was repeated in 2000 but to a lesser degree. The


near baseline condition was reached in 2002, but a steady trend


upward beginning in 2003 found the average cadmium concen-


teation to be 1.7 |zg/L higher through November 10, 2004, than
during the baseline period.


The dissolved copper concentration (Fig. 15A) has fluctu-


ated around the baseUne condidon except for short periods m


1997 and 1999. Exceptionally high copper concentrations were


measured from August 1999 through November 1999. Dissolved


copper exceeded three standard deviations on four out of seven


sampled dates in that time period.


The dissolved zinc concentration (Fig. 15B) decreased over


250 ]iglL following closure of tfae American tunnel and treatment
of upper Cement Creek tfaroughlate 1998. The zinc concentration


increased through 1999 reaching a maximum of nearly 300 pg/L
higher than the baselme concentration by early 2000. The zmc


concentration then declined to baseline concentration through


early 2003. The zinc concentration was 341 |J,g/L higher than the


basdiae concentradon in November 2004.


The concentration of dissolved manganese (Fig. 15C) was


reduced over 500 p,g/L, on the average, at C48 from the time


treatment began until the summer of 2002. By November 10,


2004, manganese concentrations had returned to tfae baseline


concentration.


The 12-penod movmg average total recoverable aluminum


(not shown) concentration dropped more thau 900 pg/L below
the baseliue condition for the first eight months following the
closing of (he American tunnel and inidation of treatment of


Cement Creek. The average concentration remained less than
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Figure 14. Twelve-sample moving average concentration determined from monitoring data: dissolved copper concentrations (A); dissolved zinc con-


centrations (B); dissolved manganese concentrations (C); and sulfate concentrations (D) measured at the gauge on Mineral Creek (M34, Fig. 13),
1994-2004. Baseline concentrations determined from monitoring data collected from 1994 to 1996.
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Figure 15. Twelve-sample moving average concentration determined from monitoring data for dissolved copper concentrations (A); dissolved


zinc concentrations (B); dissolved manganese concentrations (C); and sulfate concentrations (D) measured at the gauge on Cement Creek


(C4S, Fig. 13), 1994-2004. Baseline concentrations determined from monitoring data collected from 1994 to 1996.
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flhe baseline period through the spring of 1999. By the fall of
1999 the average concentration peaked at over 1000 j-ig/L higher


than the baseline period. Total recoverable aluminum has fluctu-


ated around fhe baseline concentration since it reached a peak in


1999 following cessation of treatment at Gladstone (site #96).


Total recoverable iron (not shown) has exceeded the baseline


condition since the spring of 1999. Peak iron concenbratioas were


reached in the spring of 2001. Although tfae 12-period movmg
average iron concentration through November 10, 2004, was


nearly 1900 pg/L higher tfaan the baseline period, total recover-
able iron concentration has been decreasmg toward the baseline


condition smce fhe peak was reached in 1999,


The concentration of sulfate (Rg. 15D) dropped substan-


tiaUy with tfae closing of the valve on the bulkhead ia the Ameri-
can tunnel and remained at -240 mg/L as of November 10,2004.


Upper Animas River Basin


The upper Animas River supports several species of trout; how-


ever, tracer studies have shown that the upper Ammas River basin


is the major leader for manganese and zinc (Figs. 8 and 9), both


of which are soluble at the pH of water (Rg. 7). Remedial activi-


ties initiated by Smmyside Gold Corp. began in 1991 (Table 5).
These iaclude closure nfmiH-failings sites at their Mayflower Mill


(sites 507-509; Hg. 13), removal of mill wastes from (he Glad-


stone area (site #95, Fig. 13), and repair of the collapse of Lake


Emma into the Sunnyside mine, which occurredin 1978 (site #116,
Fig. 13; Jones, 2007). Major long-teim remediadon work has


continued at the Mayflower Mill tailings sites 507-510 CTable 5;
Fig. 13) to reduce tfae amount of metal added to the ground-water


table by leaching from flie mill taUiags repositories. la addi-
tion, remediadon work has been conducted at 11 additional sites


(Fig. 13; Table 5) since October 1996. They include the removal
of 112,000 cubic yards of taUiags from the floodplain around
Eureka (site #164), which was completed in 1997, and removal
of 84,000 cubic yards of failings from the floodplain at Howards-


ville (site #234), also completed in 1997. Mine waste or mill tail-


ings were removed from Boulder Creek (released from site #509),


Gold Prince mine (site #49), and Lakawanua Mill (sites #181 aud
#286). Passive treatment of adit discharge from the Forest Queen


(site #195) was completed in 1999 (Table 5). Bulkhead seals were
placed in the Ransom mine (site #161), the Terry tmmel (site #120),
and tfae Gold Pnnce mine (site #49). Hydrologic runon/nmoff
controls were unplemented at the Silver Wmg mine (site #125).


Dissolved copper (Fig. 16A) has generally fluctuated around
the baseline condition except for summer periods in 1997 and


1998 when (he concentration was lower than expected.


The peaks and valleys of dissolved zmc at A68 (Fig. 16B)
follow the same general pattern as those of cadmium and man-


ganese; however, for the most part it has stayed relatively close to


the baseline condition. The largest shift in the 12-period mean


was nearly +300 |^g/L following implementation of the consent
decree (1997). The second year following the consent decree, a


high of around +200 p,g/L was reached. The concentration fluc-


tuated around the mean through 2001 and then declined dramad-


caUy during the 2002 drought. This was followed by an mcrease


to over +150 pg/L in late 2002 and early 2003. Since then the
concentradoa has decreased to the baseline condition.


Dissolved manganese (Fig. 16C) has consistently beenhigher


than the baseline condition since Ifae start of remediadon activi-


ties in 1996. Brief declines were noted in the summers of 1997,


1998, and 2002; however, for most of the post-consent-decree


period concentrations have been more than 800 p,g/L higher than


baseline. The concentration appears to be iaa steady decline smce


the spring of 2003, but through November 10,2004, it remained
over 600 p,g/L above the baseline.


The declines in dissolved cadmium, copper, and zinc follow-


ing the 2002 low runoff followed by steep increases m 2003 sug-


gest that several years of weathered material accumulated and


was washed off during the more normal runoff m 2003. It does


not appear that either cadmium or maaganese have reached an


equilibrium condition following the remediation activides that
have been accomplished upstream from the gauge atA68.


Total recoverable aluminum and iron are well within water-


quality standards and were not analyzed at A68. Dissolved


cadmium (not shown) has consistently been higher than the


baseline condition except during Ifae summers of 1998 and 2002.


The highest concentrations were reached m 1997 foUowiug


implementation of the consent decree, when significant remedia-


don related disturbance occurred, and m the spring of 2003 fol-


lowing the 2002 drought. Since flie spring of 2003, the cadmium
concentration appears to be declining toward the baseline; how-


ever, cadmium was still —0.7 p,g/L higher than baseUne through


November 10,2004.


Anlmas River Watershed


The gauge at A72 (Fig. 13) is the compliance point estab-
lished by the State of Colorado for the Sunny side Gold, Inc.con-


sent decree. Four segments in the watershed were idendfied in


Colorado's water-quality impaired 1998 303(d) Ust. The Col-


orado Water Quality Control Commission established water-


quality goals for six parameters (Al, Cd, Cu, Fe, Mh, and Zn) and


adopted total maximum daily loads in 2002 aimed at attaining
aquatic life use classifications for the segments where fhey adopted
those classifications. Water quality atA72 integrates the effects of


remediation upstream from A68, C48, and M34. Total recover-


able aluminum and iron were not monitored at A72 during 2000,


2001, and most of 2002; however, the data collected in 2003 and


2004 suggest that the concentration of these constituents has not


changed from the baseline condition.


The dissolved cadmium concentration (not shown) generally


fluctuated around (he baseline period except immediately follow-


ing tfae start of the remediadon penod and during the 2002 drought.
By November 2004, tfae cadmium concentradon was at flie approxi-


mate baseline concentration (1.9 ± 0.64 jxg/L).


The dissolved copper concentration (Rg. 17A) was gener-


aUy lower tfaan the baseline concentration in the late 1990s and
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Figure 16. Twelve-sample moving average concentration determined from monitoring data for dissolved copper concentrations (A); dissolved


zinc concentrations (B); dissolved manganese concentrations (C); and sulfate concentrations (D), measured at the gauge on the upper Animas
River upstream from the confluence with Cement Creek (A68, Fig. 13), 1994-2004. Baseline concentrations determined from monitoring
data collected from 1994 to 1996.
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Figure 17. Twelve-sample moving average concentration determined from monitoring data for dissolved copper concentrations (A); dissolved


zinc concentrations (B); dissolved manganese concentrations (Q; and sulfate concentrations (D) measured at the gauge on the Animas River
upstream from the confluence with Mineral Creek (A72, Fig. 13), 1994-2004. A72 is the compliance point for water-quality standards established
by the Colorado Water Quality Control Commission. Baseline concentrations determined from monitoring data collected from 1991 to 1996.


Digitized by







80 Church el al.


during the 2002 drought, but it has increased sUghfly with time to
+2 |Ag/L in November 2004.


There has been a large upward shift in tfae zinc concentra-


tion atA72 (Fig. 17B). The zinc concentration spiked in the late
summer of 1999 and has gone from showing improvement of


-90 |^g/Lm 2002/2003 to nearly +90 |ig/L during 2004. The most
likely source of the increase in zinc concentration is the increased


zinc load from Cement Creek. Timing of the increase ia zmc con-


centradon corresponds well with tfae increase in zinc conceu-


tration in Cement Creek (Pig. 15B). Moreover, there has been no


measurable change in zinc concentration atA68 (Rg. 16B), and


the zinc concentration has been significantly reduced in Mineral


Creek (M34; Fig. 14B).
Manganese concenteation continues to be higher than those


observed before remediation activides began (Fig. 17C), but


recentty the manganese concentradonhas declined in the direction


of previous baseline concentradon. The increase in manganese


concentradon at A72 is most likely the result of remediadon and


removal of the Ugh-manganese taUiags at site #164 and at the


MayflowerMfll tailings impoundments (sites #507-510, Fig. 13)
upstream from ACS. Changes in the manganese concentration at


C48 (Fig. 15C) and M34 (Fig. 14C) have been small.
Sulfate concentration (Fig. 17D) atA72 showed only miaor


changes relative to the 1991-1996 baseline concentration through


early 2003. However, the sulfate concentration has decreased by


about 30 mg/L in 2004.


CONCLUSIONS


The monitoring results indicate fhat remediation using the
watershed approach, (faat is, focusing remediatiou on mine sites


where it will have the largest effect on water quality, is the most


cost-effective approach to improvement of water quaUty in a


watershed affected by historical mining. Although half of the
very-Ugh priority sites on federal lands identified by Nash and
Fey (2007) and by Kimball et al. (2007) have been addressed,
and 23% of sites identified by both the ARSG and the USGS
have been remediated through various engineering options,


only small long-term gains in water quality have been demon-


strated to date by the water-quality data analysis. Individual sites


have responded to the remediation work done, as evidenced


by the improved water chemistry at individual sites (W. Simon,


pers. comm., 2003). Remediadon work conducted by the federal


agencies, tfae ARSG, and Sunnyside Gold, Inc. has addressed


water-quality issues caused by some of the largest sites in the


watershed. Steady improvement in water quality should continue


as the effect of disturbances caused by the remediation acdvides'


decline. Some recovery of the aquatic life in designated stream


reaches has begun to occur. Recovery of the watershed to prem-


ining conditions is not an attainable goal because not aU anthro-


pogenic sources can be treated in a cost-effective manner. A


substandal amount of the metal load in the surface drainages is


derived simply from weathering of hydrothermally altered rock
that has not been disturbed by mimng (i.e., simply from weath-


ering). As shown in the discussion of the tracer results (Fig. 9),


13-29% of the copper and zinc loads comes from these dispersed


sources. Given that so many point sources have not been reme-


dialed, documenting the recovery curve for aquatic life in surface


streams remains elusive while public funding for remediation


activities has become more difficult to obtain due to increased


demand. Continued remediation efforts should result in progres-


sively smaller gains in water quality. Continued remediation


work by theARSGis necessary to achieve the water-quality stan-


dards set by the Colorado Water Quality Control Commission at
site A72.
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GEOCHEMICAL CHARACTERISTICS OF 
MINERALIZED BRECCIA PIPES IN THE 


RED MOUNTAIN DISTRICT, 
SAN JUAN MOUNTAINS, COLORADO 


By FREDERICKS. FISHER and WILLARD P. LEEDY' 


ABSTRACT 


Distinctive geochemical anomalies associated with upper Tertiary breccia pipes in the 
northwest San Juan Mountains, Colo., provide useful prospecting guides and help in 
characterizing and delineating types of altered rocks in the area. 


Highly altered silicified rocks in the central zones of the pipes have been extensively 
leached of aluminum, magnesium, calcium, sodium, and potassium and consist of porous 
masses of quartz and sparse diaspore, barite, alunite, rutile, and leucoxene. Moderately 
altered rocks adjacent to and somewhat intermixed with the quartzose zones are com
posed of abundant clay minerals and lesser amounts of quartz, alunite, pyrophyllite, and 
rutile. These rocks have also been leached, but less completely than the highly altered 
rocks. The least altered rocks, in the outermost zones of the pipes, are characterized by 
fine-grained micaceous minerals, quartz, and pyrite; they are depleted of calcium and 
magnesium but are relatively unchanged in their content of aluminum, potassium, and 
sodium. 


Sulfide minerals associated with the pipes have high ratios of sulfur to metal and com
prise silver-bearing copper and lead sulfosalts of arsenic and antimony and common base
metal sulfides. The concentrations of ore metals are generally greatest in the most in
tensely altered rocks and decrease progressively in less altered rock types. Silver, arsenic, 
gold, bismuth, lead, and antimony are probably the most useful elements in the prospec
ting for new breccia pipes. 


INTRODUCTION 


Pods, lenses, and vertical chimneys of ore in breccia pipes of the 
northwest San Juan Mountains, Colo., were intensively mined during 
the late 1800's. Even though much favorable ground still remains, sub
sequent mining and production of breccia-pipe ore have been minor and 
sporadic. Total production from the pipes is unknown; however, it 
probably exceeded $10 million (Burbank, 1947, p. 430). Prospecting for 
new pipes is difficult because of the small size of the structures, the 
complex geology, and the widespread hydrothermal alteration of the 
country rocks. Burbank (1947, p. 430-431) suggested that geochemical 
methods of prospecting might be useful in searching for new breccia
pipe targets. Fischer, Luedke, Sheridan, and Raabe (1968) noted that 
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silver, copper, antimony, bismuth, mercury, and tin were more abun
dant in samples of pipe ore and gangue than in country rock; Burbank, 
Luedke, and Ward (1972) discussed the occurrence of arsenic and 
several other trace elements in samples from five localities in the Red 
Mountain district. 


The objectives of our study were to (1) determine the geochemical 
characteristics of altered rock types associated with the mineralized 
breccia pipe, (2) statistically examine the variability in the geochemical 
data as an aid to its interpretation, and (3) determine what elements 
are most useful in searching for new breccia pipes. 


GEOLOGIC SETTING 


The breccia pipes of the Red Mountain district are in or near the ring
fault zone along the northwestern side of the Silverton caldera (fig. 1), a 
collapse structure that subsided as a result of the eruption of large 
volumes of rhyolitic and latitic ash flows during mid-Tertiary time. 
Mter subsidence, the collapsed block and surrounding area were 
faulted and resurgently domed, and numerous intrusive bodies were 
emplaced in the ring-fault zone and elsewhere in and near the caldera 
(Luedke and Burbank, 1968). 


Widespread propylitic alteration, characterized mainly by the addi
tion of water and carbon dioxide (Burbank and Luedke, 1969; Burbank, 
1960), occurred during and after the late igneous activity. Later, 
hydrogen ion metasomatism and the resultant base cation leaching oc
curred in local areas within the caldera, especially in the Red Mountain 
district within and near breccia pipes and along numerous faults and 
fractures. This later alteration, called solfataric by Burbank and 
Luedke (1969) and Burbank (1950), resulted from hydrogen ion 
metasomatism as described by Remley and Jones (1964). The term 
"solfataric" implies, by definition, a surface or near-surface 
phenomenon associated with volcanism, whereas the altered rocks now 
exposed in the Red Mountain area were metasomatized at depths from 
several thousand feet to as much as a mile below the ground surface 
(Burbank and Luedke, 1969, p. 31; Burbank, 1950, p. 310, fig. 4). 


STRATIGRAPHY 


Layered volcanic rocks in the Red Mountain district are part of the 
middle Tertiary (Oligocene) Silverton Volcanic Group and are com
posed of several thousand feet of rhyodacitic, andesitic, and rhyolitic 
lava flows, breccias, and tuffs. Numerous small stocks, dikes, and brec
cia bodies ranging in composition from rhyolite to quartz latite and 
andesite cut all the layered rocks (Burbank and Luedke, 1964). 


In the Red Mountain district layered volcanic rocks have been 
divided into the Burns and Henson Formations (Burbank and Luedke, 
1964). The Bums Formation is composed of several thousand feet of 
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FIGURE 1.- The National Belle and Red Mountain No.3 areas, the area shown in figure 
2 (hachures) , and principal structural features in the vicinity of the Silverton 
caldera. (Modified from Burbank, 1947, pl. 28.) 







4 GEOCHEMICAL CHARACTERISTICS, BRECCIA PIPES 


thin to thick lava flows, breccias, and tuffs that are mainly rhyodacitic 
in composition. The formation has been divided into lower and upper 
members, each consisting of several units (Burbank and Luedke, 1969, 
p. 10). 


The overlying Henson Formation is defined as andesitic to 
rhyodacitic tuffs, lava flows, and breccias and scattered rhyolitic and 
quartz latitic lava flows and tuffs. Its maximum thickness is generally 
800-1,000 feet, possibly more in a few areas (Burbank and Luedke, 1969, 
p. 12). 


In the western part of the Red Mountain district (fig. 2) where the 
rocks are somewhat less altered, the flow-layered unit of the lower 
member of the Burns Formation has been recognized. This unit com
prises most of the country rocks surrounding the National Belle and 
Hero pipes. The remainder of the mapped area (fig. 2) is probably CQm
posed of the flow unit of the upper member of the Burns and possibly 
the lower part of the Henson Formation. 


Because of the extensively altered character of the country rocks, the 
relatively sparse outcrops, and the limited extent of the mapped area 
(fig. 2), we believe that identification of the rocks as specific formations 
for the purposes of this study would be impractical and possibly mis
leading. Therefore the rocks are distinguished on the map according to 
lithology. 


Four rock types were mapped: quartz latite intrusives, propylitized 
flows and breccias, intensely silicified rocks, and illitic rocks. 


Small irregular stocks of quartz latite are commonly associated with 
the breccia pipes. Their emplacement was undoubtedly controlled in 
large part by the same structures that controlled the emplacement of 
the pipes. In hand specimens the quartz latite is dark to light gray and 
contains large (1-4 em) phenocrysts of potassic feldspar and smaller 
phenocrysts of ferromagnesian minerals and quartz all set in an 
aphanitic groundmass. The groundmass makes up 50-60 percent of the 
rock, and as seen in thin section it has a felted to pilotaxitic texture and 
consists of microlites of potassic feldspar, plagioclase, quartz, and some 
magnetite. Where altered, these rocks are bleached light gray to white. 
Feldspars are altered to sericite and clay; augite, to chlorite and calcite; 
and biotite, to sericite. Pyrite is common in the groundmass. 


Propylitized flows and breccias are common in the western part of the 
mapped area and occur elsewhere as scattered isolated patches of rocks 
(fig. 2). Despite various degrees of alteration, the original character of 
the rock usually is still evident. In hand specimen these rocks are 
purplish to greenish to dark gray and commonly contain small (1-2 mm) 
phenocrysts of feldspar and ferromagnesian minerals. The groundmass 
of the flow rocks ranges in texture from cryptocrystalline to felted to 
pilotaxitic. Phenocrysts are mostly augite, plagioclase (An
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hornblende, and biotite. Glomeroporphyritic clusters of these minerals 
are fairly common, as are lithic and crystal fragments. Accessory 
minerals are magnetite, rutile, and apatite. In some flows the ground
mass contains abundant potassic feldspar and quartz. 


Interbedded locally with the flows are volcanic breccias. These rocks, 
in their overall mineralogical characteristics, are similar to the just
described flows. The fragments in the breccias are small (1-10 em) and 
in general are composed of the same type of materials as the flows. 
Commonly the breccias are highly altered, and therefore their original 
mineralogy cannot be definitely determined. 


Where altered, the propylitic rocks are characterized principally by 
epidote, carbonates, chlorite, and albite and subordinate amounts of 
fine-grained micaceous minerals (sericite(?) and illite). The degree of 
propylitization was rather variable in the area, and the propylites in 
hand specimen range from greenish-gray rocks having their original tex
ture and mineralogy well preserved to highly bleached rocks consisting 
of fine-grained alteration products in which the original texture and 
mineralogy have been completely destroyed. 


Intensely silicified rocks are abundant in the mapped area and occur 
mainly in the upper parts of the breccia pipes and, to a lesser degree, 
adjacent to some fractures. The silicified rocks range from vuggy, caver
·nous breccias to dense, massive rocks composed ·of very fine grained 
silica. Quartz, the predominant mineral, occurs in many forms. Within 
the breccias it ranges from cryptocrystalline to chalcedonic to anhedral 
grains in both the groundmass and fragments. Small (<2 mm) crystals 
of quartz commonly line cavities within the breccias. In more massive 
rocks the quartz occurs as very fine grains .( <I mm) within a siliceous 
cryptocrystalline groundmass. Rock fragments in the breccias are 
generally angular and range in size from< 1 em to approximately 10 
em. They are composed of the same material as the groundmass. 
Irregular veinlets of silica are common in both the breccias and the 
massive rocks. In many places the rocks are stained with iron oxides 
from the oxidation of pyrite. Sparse barite, leucoxene, alunite, rutile, 
and diaspore are also in the siliceous rocks. 


Irregular zones, pods, and lenses of argillic material occur within and 
adjacent to the intensely silicified rocks and, for mapping purposes, 
were included as part of the silicified rocks. They are also associated 
with some fractures. In hand specimen these rocks are grayish-white to 
yellow fine-grained to massive aggregates of clay and quartz. They con
tain kaolinite, dickite, quartz, and alunite; minor amounts of 
pyrophyllite, rutile, and diaspore; and sparse barite. 


The fourth mapped unit (fig. 2) consists of fine-grained light-gray to 
yellowish illitic rocks that are composed mainly of quartz, pyrite, and 
fine-grained micaceous minerals. In thin section these rocks are seen to 
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and as somewhat larger crystals occupying plagioclase voids. Com
monly the original texture of these rocks has been obliterated by altera
tion productl3. These rocks are relatively common in the area and occur 
in the outermost zones of the breccia pipes and also near fractures. 


STRUCTURE 


Ring faults of the Silverton caldera are the major ~tructural features 
within the mapped area (fig. 2). These faults undoubtedly controlled 
the localization of many of the breccia pipes in the district by providing 
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channelways for the altering and mineralizing solutions. Less obvious 
fissures and fractures in the mapped area also may have acted as 
channelways for solutions and thus may have localized breccia pipes. 
The linear nature of many of the breccia pipes, particularly at depth 
(Burbank, 1941, p. 187; Ransome, 1901, p. 106), indicates the impor
tance of fracture control in their formation. Innumerable small fissures 
and fractures, not shown on the map, are probably related to the major 
fractures in the area. Many of these contain fillings of pyrite, but other 
sulfides are scarce. 


The layered volcanic rocks in the mapped area dip a few degrees to 
the west and northwest or are generally flat lying. Local variations in 
attitude occur, particularly near the major faults and in the vicinity of 
the breccia pipes. 


GEOLOGICAL FEATURES OF BRECCIA PIPES 
IN THE RED MOUNTAIN DISTRICT 


PHYSICAL CHARACTERISTICS 


Individual breccia pipes are irregular in plan view, and usually their 
horizontal dimensions are considerably smaller than their vertical 
dimensions which range from several hundred to at least a thousand 
feet. The axes of the pipes are steeply dipping to nearly vertical; 
changes in the axial pitch of individual pipes are common. Generally 
the pipes crop out as low mounds of silicified rock. Well-defined pipes 
commonly have a zone of vertical sheeting around the outer edge; in less 
well defined pipes the breccia grades continuously outward into 
relatively unbroken country rock. Many contain small intrusive bodies 
which range in composition from rhyolite to quartz latite. 


Rocks within the breccia pipes are highly shattered and altered. Ap
parently brecciation in some of the pipes caused almost no vertical 
movement of solid rock material. The brecciation may have resulted 
from one or more processes: explosive release of hot juvenile gases, a 
more passive release of gases and slow brecciation of the surrounding 
country rocks by chemical and volume changes (Burbank, 1941, p. 177), 
and brecciation due to the emplacement of the intrusive bodies. In 
some places the country rock is a volcanic breccia, and intense altera
tion of this breccia adjacent to fractures in local areas produced a 
pipelike structure in the rocks. 


ORE BODIES AND ALTERED ROCKS 


Individual ore bodies within the pipes have highly irregular shapes 
and range in form and size from small pods and lenses a few feet in the 
longest dimension 'to nearly vertical chimneys several hundred feet in 
height and several tens of feet in width (Ransome, 1901, p. 103). The ore 
chimneys are composed of massive sulfides and were formed by open-
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space filling in the upper cavernous parts of the pipes and by replace
ment at depth. 


In general the ore minerals are vertically zoned within the pipes, 
changing with increasing depth from lead-rich ores to copper-silver ores 
to pyritic copper-arsenic ores (Burbank, 1941, p. 181). There is con
siderable overlap and telescoping of the different ore zones within in
dividual pipes, and in some pipes the zoning is exceedingly complex. 
Principal sulfide minerals in the ore bodies are pyrite, enargite, 
chalcopyrite, chalcocite, covellite, bornite, sphalerite, and galena. 
Other minerals that are economically important in some of the ores are 
pyrargyrite, proustite, stromeyerite, tennantite, and free gold. 
Numerous other sulfides are locally present in trace amounts in the 
ores. With the exception of pyrite, quartz, and clay, the gangue 
minerals are sparse and consist of alunite, barite, fluorite, zunyite, 
diaspore, and pyrophyllite. 


The distribution patterns of the altered rocks within the pipes in
dicate that the intensity of base cation leaching decreased downward 
and outward from the center of the pipes (Burbank, 1950). Ideally, 
highly silicified breccias form caps or irregular massive bodies near the 
upper-central parts of the pipes or next to major channel ways. Adjacent 
to and intermixed within the silicified breccias are kaolin-rich clays of 
the argillic rock group. The argillic rocks commonly are poorly exposed 
in outcrop but appear to grade laterally into illitic rocks at the 
perimeter of the pipes. The pattern of alteration was thus one of 
decreasing hydrogen ion activity away from the center of the pipes or 
away from the major channelways. With increasing depth within the 
pipes, the silicified rocks give way to the argillic rocks, which pass into 
quartz-illitic rocks at still deeper levels, where base cation leaching was 
less intense. 


AREAS OF DETAILED STUDY 


Two areas in the Red Mountain district were selected for detailed 
study: the National Belle breccia pipe and the Red Mountain No. 3 
breccia pipe (fig. 2). The National Belle pipe is generally typical of the 
district's mineralized breccia pipes; rock exposures in and around the 
pipe are adequate for study, it is readily accessible, and silver, lead, 
copper, gold, and zinc ore have been mined from it in the past. The Red 
Mountain No.3 pipe is a large, conspicuously altered pipe that has not 
been adequately explored, and our reconnaissance samples from the 
pipe had shown anomalous amounts of metallic elements. 


NATIONAL BELLE PIPE 


The National Belle pipe, about 400 feet in diameter, crops out as a 
circular knob about 200 feet high. The core of the pipe is a silicified and 
kaolinized breccia and is encircled by a zone of highly silicified caver
nous breccia which makes up the sides of the knob. The outermost 
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envelope of the pipe is a poorly exposed zone of pyritized illitic rock 
which grades into propylitized country rock. Rocks of the core of the 
pipe and of the silicified rim have been extensively altered and leached. 
They are composed mostly of quartz and kaolinite, with lesser amounts 
of pyrite, alunite, and barite (Burbank, 1941, p. 185). 


The National Belle mine (fig. 2) was active during the late 1800's. 
Total production is unknown, but it was probably valued· at several 
hundred thousand dollars to $1 million. The mine was developed to a 
depth of about 450 feet, but most of the ore was produced from the up
per 300 feet (Ransome, 1901, p. 231-236; Schwarz, 1890). The ore oc
curred as oxidized material in caverns in the upper parts of the mine 
and as sulfide minerals in the deeper parts. The oxidized ore was 
mainly carbonates of lead and iron, lead sulfates, iron oxides, 
sphalerite, and arsenates. Some residual galena and enargite were pre
sent as cores within the oxidized masses of ore contained in the caverns. 
The caverns, some of which were as large as 50 feet in diameter, 
decrease in size and number with depth (Schwarz, 1890, p. 141). 


The sulfide ore deeper in the mine occurred as irregular masses in the 
altered rock and consisted mainly of enargite with lesser amounts of 
chalcopyrite, galena, sphalerite, and tetrahedrite. The ore was 
generally argentiferous and also contained some free gold. 


RED MOUNTAIN NO. 3 PIPE 


The Red Mountain No. 3 breccia pipe is exposed as a crudely ellip
tical zone of silicified and kaolinized rock about 2,500 feet long that 
trends northeast (fig. 2). An elongate quartz latite intrusive body is ex
posed in the center of the pipe. The remainder of the central part of the 
pipe is mostly covered by soil and talus but appears to be composed of 
altered, kaolinized breccia. A zone of highly silicified rock surrounds 
the pipe and is conspicuous on the southwest side. Vugs and large 
caverns are common in the silicified rocks. Quartz and kaolin are the 
most abundant minerals, and alunite occurs in lesser amounts. 
Meteroic water has leached most of the original pyrite from the rock, 
and so only minor pyrite and some oxide boxworksremain. Rocks out
side the silicified zone are either propylitized material similar to the 
country rocks near the National Belle pipe or fine-grained altered rock 
containing quartz, micaceous minerals, pyrite, and some clay. 


Some exploration beneath the Red Mountain No.3 pipe was under
taken in the late 1940's (Hillebrand and Kelley, 1957, p. 194). Two 
crosscuts at an elevation of about 10,800 feet were driven from the main 
drift of the Genessee-Vanderbilt mine beneath the areas of silicified 
rock on the eastern and western sides ofthe pipe (fig. 2). Diamond drill
ing was done from the crosscuts along the sides and toward the center of 
the pipe. Some mineralized rock was penetrated in the drilling and 
crosscuts; however, no production of ore is recorded. Pyrite, enargite, 
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and minor chalcopyrite were found, mainly in northward-striking 
fissures, together with a gangue of kaolin and some alunite. The country 
rocks are highly altered and contain abundant fine-grained dis
seminated pyrite and clay. 


SAMPLING METHODS 


To determine the geochemical anomalies associated with the breccia 
pipes and to help characterize the nature of altered rocks in the area, 
126 rock samples collected from 63 sample sites were chemically 
analyzed. The sample sites (fig. 2) were randomly selected from 
available rock outcrops. Two samples, each consisting of about 3 
pounds of rock chips 1-2 em in size, were collected from each site. Each 
sample was ground to a powder before a split was taken for chemical 
analysis. The analytical results for selected elements are given in table 1. 


On the basis of X-ray and petrographic analyses the altered rocks 
were classified into four types: propylitic, silicified, argillic, and illitic. 
These types coincide only partly with the four mapped rock types. The 
propylitic rocks were formed by districtwide propylitization, whereas 
the other three types were formed locally by hydrogen ion 
metasomatism and represent an advanced argillic alteration 
assemblage. 


METHODS OF STATISTICAL ANALYSIS 


The geochemical data were statistically analyzed to determine and 
evaluate differences in the chemistry of the various rock alteration 
assemblages. Histograms and geometric means were used to summarize 
and characterize the data. Analysis of variance was used to examine 
variability and to estimate variance components. The statistical 
significance of the differences between geometric means for each ele
ment in the various groups of altered rock was determined by use of a 
two-tailed Student's t-test. 


Most of the frequency distributions of the original chemical data are 
positively skewed; accordingly a log transformation was used to nor
malize the data (Bennett and Franklin, 1954, p. 91; Miesch, 1967, p. 
B5). In general the transformation of the data to logs was effective in 
producing distributions that tend to be normal or at least roughly 
symmetrical. The transformed data were plotted as histograms, one for 
each element in each of the four main types of altered rocks in different 
areas (figs. 3-6). Geometric means for each distribution, also shown in 
figures 3-6, were estimated by use of the antilog of the arithmetic mean 
of the logs (Bennett and Franklin, 1954, p. 18). The geometric mean is 
an estimate of central tendency of a frequency distribution that is 
roughly symmetrical on a log scale, and it is therefore useful for describ
ing and characterizing the abundance of a given element in an in
dividual sample group (Miesch, 1967). 
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TABLE 1.- Geochemical data for selected elements 


[Sample localities shown in figure 2. Silver, bismuth, copper, manganese, lead, antimony, strontium, zinc, gallium, 
Si02, Al,O,, Fe,O,, CaO, K,O, and arsenic analyses were made by X-ray fluorescence by J. S. Wahlberg and 
B. Breeden, J. A. Thomas, G. D. Shipley, W. D. Goss, E. J. Rowe, and Wayne Mountjoy. Symbols used: L, detected 


Sample Rock or alteration type 
No. 


lA 
1B 
2A 
2B 
3A 
3B 
4A 
4B 
5A 
5B 
6A 
6B 
7A 
7B 
SA 
BB 
9A 
9B 


lOA 
lOB 
11A 
11B 
12A 
12B 
13A 
13B 
14A 
14B 
15A 
15B 
16A 
16B 
17A 
17B 
18A 
18B 
19A 
19B 
20A 
20B 
21A 
21B 
22A 
22B 
23A 
23B 
24A 
24B 
25A 
25B 
26A 
26B 
27A 
27B 
28A 
28B 
28A 
29B 
30A 
30B 
31A 
31B 
32A 
32B 
33A 
33B 
34A 
34B 


Silicified 
........... do ......... . 
Illitic 
........... do ......... . 
Argillic 
........... do ......... . 
Silicified 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 


Propylitic 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
Silicified 
........... do ......... . 
Propylitic 
........... do ......... . 
........... do ......... . 
........... do 
........... do 
........... do 
........... do 
........... do 
Silicified 
........... do ......... . 
Propylitic 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
Argillic 
........... do 
Propylitic 
........... do 
........... do 
........... do 
Argillic 
........... do 


Propylitic 
........... do ......... . 
........... do ......... . 
........... do .. · ....... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 


SiO, 


95 
89 
55 
59 
66 
66 
93 
93 
88 
91 
84 
91 
99 
94 
92 
91 
95 
99 
58 
60 
60 
65 
57 
64 
59 
59 
54 
54 
94 
92 
58 
56 


62 
62 
58 
61 
57 
57 
95 
95 
64 
59 
62 
61 
63 
c~ 


61 
64 
59 
63 
81 
82 
54 
52 
58 
56 


70 
71 
59 
59 
57 
55 
60 
58 
67 
65 
60 
56 


Oxide, in Percent 
AI,O, Fe,O, MgO CaO Na,O 


l.OL 0.3 
l.OL .3 


17.0 .5 
15.0 .7 
20.0 1.1 
19.0 .,8 
3.0 1.6 
1.0 1.3 
2.0 4.4 
1.0 4.5 
3.0 1.7 
1.0 1.7 
l.OL 1.0 
l.OL .8 
2.0 2.2 
2.0 2.0 
l.OL .5 
l.OL .5 


15.0 8.3 
19.0 8.6 
16.0 10.4 
14.0 10.7 
15.0 8.0 
23.0 8.1 
15.0 7.3 
15.0 7.8 
14.0 9.2 
16.0 9.5 


l.OL 2.7 
1.0 1.7 


14.0 7.4 
14.0 7.2 
16.0 8.8 
14.0 8.6 
14.0 7.4 
17.0 7.6 
14.0 7.1 
16.0 7.8 
2.0 .9 
l.OL .5 


16.0 7.8 
15.0 8.2 
16.0 8.2 
15.0 8.3 
14.0 11.5 
13.0 11.2 
11.0 12.5 
14.0 11.8 
15.0 9.6 
15.0 9.0 
10.0 .4 
9.0 .3 


17.0 9.6 
17.0 9.7 
16.0 7.7 
16.0 6.8 
16.0 2.9 
15.0 2.6 
18.0 5.9 
16.0 6.1 
16.0 6.7 
15.0 6.6 
15.0 7.5 
15.0 8.0 
12.0 10.3 
12.0 11.0 
14.0 7.6 
18.0 7.4 


0.02 0.1L 
.02 .lL 
.01 .3 
.01 .3 
.02 .1L 
.02 .1L 
.01 .2 
.01 .1L 
.01 .1L 
.02 .1L 
.02 .1L 
.01 .lL 
.02 .lL 
.02 .lL 
.02 .lL 
.01 .lL 
.01 .3 
.01 .1 


1.09 3.7 
1.15 3.9 
1.09 .3 
.94 .3 
.89 4.5 
.87 4.9 
.92 5.4 
.90 5.6 


1.04 4.9 
1.11 5.4 


.02 .1L 


.02 .IL 
3.06 3.8 
3.10 3.6 
3.37 .2 
2.24 .3 
1.22 4.7 
1.19 5.0 
2.28 6.0 
1.57 6.0 


.01 .1L 


.10 .lL 
2.85 2.4 
2.90 2.3 


.81 3.9 
1.22 3.7 
1.82 1.5 
1.75 .8 
2.21 2.1 
2.06 1.3 
1.28 .4 
2.25 .4 
.02 .2 
.02 .2 


1.51 6.4 
1.64 5.7 
1.34 3.6 
1.24 4.0 


.01 .1L 


.OIL .1L 
1.42 5.4 
1.39 5.9 
1.48 6.2 
1.54 6.2 
1.70 4.0 
1.74 3.8 
1.36 1.4 
1.50 1.5 
1.75 4.6 
1.05 5.0 


0.01 
.02 


1.47 
1.26 


.05 


.04 


.01 


.01 


.03 


.02 


.02 


.01 


.02 


.02 


.02 


.02 


.02 


.02 
1.87 
1.91 


.07 


.07 
1.00 
1.01 
1.02 


.90 
1.50 
1.04 


.02 


.02 


.03 


.03 


.02 


.02 


.05 


.06 


2.12 
2.04 


.01 


.01 


.03 


.03 


.70 


.69 


.06 


.07 


.03 


.04 


.09 


.03 


.01 


.01 


.71 


.17 
2.08 
2.28 


.02 


.01 


.10 


.11 
1.36 
1.30 
2.36 
2.60 


.06 


.07 
2.02 
1.92 


K,O 


0.1L 3.0N 
.1L 3.0N 


2.4 3.0N 
2.4 3.0N 
1.1 15.0 
.1L 23.0 
.lL 45.0 
.1L 46.0 
.1 21.0 
.1L 20.0 
.1L 9.0 
0.1 7.0 
.1L 5.0 
.lL 3.0N 
.1 35.0 
.1L 51.0 
.1 3.0N 
.1 3.0N 


3.6 3.0N 
3.7 3.0N 
3.3 3.0N 
2.9 3.0N 
4.2 3.0N 
4.1 3.0N 
4.1 3.0N 
3.8 3.0N 
4.0 3.0N 
3.9 3.0N 


.1L 15.0 


.1L 13.0 
4.6 3.0 
4.6 3.0N 
4.7 3.0N 
4.3 3.0N 
4.3 3.0N 
4.4 3.0N 
3.6 3.0N 
3.6 3.0N 


.lL 17.0 


.1 3.0N 
3.7 3.0N 
3.4 3.0N 
4.7 3.0N 
4.5 3.0N 
3.0 3.0N 
2.7 3.0N 
2.0 3.0N 
2.5 3.0N 
3.6 3.0N 
3.4 3.0N 


.1 3.0N 


.1L 3.0N 
2.9 3.0N 
3.0 3.0N 
2.9 3.0N 
3.0 3.0N 


.1 3.0 


.2 3.0N 
4.4 3.0N 
4.0 3.0N 
3.0 3.0N 
3.1 3.0N 
2.1 3.0N 
2.0 3.0N 
2.1 3.0N 
2.2 3.0N 
2.9 3.0N 
3.2 3.0N 
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from the National Belle and Red Mountain No. 3 areas 


lanthanum, and nickel analyses were made by direct-reader spectrometry by R. G. Havens, N. M. Conklin, and L. M Lee. 
M. W. Solt. MgO, Na20, and gold analyses were made by atomic-absorption spectrometry by J. M. Gardner, V. M. Merritt, L. 
but less than value shown; N, not detected at or below value shown] 


Au 


400 0.30 
500 .20 


40L .05L 
40L .05L 


200 .20 
40L .20 
70 
80 


130 
110 
70 
50 


210 
260 


4000 
3600 


130 
150 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 


l90 
550 
40L 
40L 
40L 
40 
40L 
40L 
40L 
40L 


130 
250 
40 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40 
80 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 


.40 


.40 
2.90 
3.00 


.40 


.40 


.30 


.20 
1.20 
1.10 


.10 


.20 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.40 


.30 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.07 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.50L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


.05L 


Bi 


lON 
12 
10 
14 
10 
14 
28 


20 
110 
80 
12 
11 
ION 
ION 
ION 
13 
ION 
lON 
lON 
lON 
lON 
ION 
ION 
ION 
ION 
lON 
lON 
lON 
16 
15 
lON 
ION 
lON 
ION 
ION 
ION 
ION 
ION 
15 
ION 
ION 
ION 
ION 
ION 
ION 
ION 
ION 
ION 
lON 
ION 
ION 
ION 
ION 
ION 
ION 
ION 
17 
17 
ION 
ION 
ION 
ION 
ION 
ION 
lON 
ION 
ION 
ION 


Cu 


11 
12 
6 
8 


62 
38 
24 
20 
59 
56 
72 
60 


119 
124 


1600 
4000 


20 
20 
60 
51 
66 
66 
84 
88 
54 
49 
27 


120 
1400 
1800 


60 
60 
49 
60 
52 
43 
42 
43 
37 
25 
70 
60 
53 
60 
84 
82 
84 
73 
51 
48 
19 
16 


110 
100 
120 
100 
31 
30 
61 
60 
46 
49 
51 
52 
60 
60 
49 
46 


Element, in parts per million 
Mn Ph Sb Sr Zn 


30 
24 
7N 
7N 


36 
7 


15 
7N 


IO 
14 
30 
18 
8 


11 
30 
11 


1700 
1800 
1200 
1200 
1100 
1300 
900 


1100 
2700 
3000 


14 
36 


1800 
1500 
1100 
690 


1300 
1200 
1650 
1700 


24 
7 


3400 
3000 
1300 
1600 
790 
890 


1450 
830 


2550 
2400 


22 
9 


2100 
1600 
1200 
1100 


7N 
7N 


1200 
1300 
1200 
1300 
1250 
1200 
1250 
1400 
2100 
2100 


110 
120 
560 
570 


1400 
1300 
190 
130 
210 
170 
290 
230 


20N 
20N 
60 
75 
35 
30 
20N 
20N 
20N 
20N 
20N 
20N 
20N 
20N 
20N 
20N 
47 
41 
20 
29 
31 
20N 
20N 
23 
21 
29 
95 
70 


880 
20 
20N 
20N 
30 
25 
35 
27 
56 
76 
37 
44 
20N 
20N 
20N 
20N 


470 
415 


20N 
20N 
20N 
20N 
27 
38 
20N 
20N 
20N 
20N 


300N 60 
300N 60 
300N 420 
300N 380 
300N 3500 
330 2000 
350 
300N 
590 
575 
300N 
300N 
300N 
300N 
870 


1000 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 


30N 
30N 


400 
255 
220 
150 
30N 
30N 
60 
90 


130 
90 


600 
440 
30N 
50 


360 
420 
330 
340 
260 
320 


30N 
30N 
60 
30N 
30N 
30N 


300 
270 


1550 
1900 
100 
30N 
30N 
30N 


225 
240 
70 
90 


100 
30 
60 
40 


300 
370 
160 
120 
490 
370 


1100 
690 
220 
300 
420 
510 
420 
380 


85 
160 
460 
600 


300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
500 
300N 
300N 
600 
300N 
300 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300 


1200 
630 
300N 
300N 
620 
550 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
485 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 


Ga 


iON 
12 
23 
28 
46 
44 
10 
10 
lON 
lON 
lON 
lON 
lON 
lON 
ION 
lON 
lON 
ION 
25 
25 
26 
23 
24 
27 
23 
23 
30 
27 
ION 
ION 
27 
26 
30 
22 
28 
34 
25 
25 
lON 
ION 
30 
30 
26 
24 
26 
25 
23 
21 
28 
24 
ION 
15 
27 
27 
25 
24 
25 
22 
29 
25 
28 
26 
24 
22 
22 
24 
26 
24 


La 


50N 
50N 
60 
60 


100 
90 
50N 
50N 
50N 
50N 
50N 
50N 
50N 
50N 
50N 
50N 
50N 
50N 
90 
77 
60 
50N 
78 
94 
73 
78 
64 
80 
50N 
50N 
71 
54 
65 
60 
82 
83 
74 
78 
50N 
50N 
70 
61 
60 
63 
50N 
56 
56 
50N 
58 
50N 
50N 
56 
74 
60 
77 
60 
94 
95 
69 
80 
64 
60 
67 
60 
76 
60 
74 
72 


Ni 


10 
10 
9 
8 
7 
9 


10 
7N 
7N 
7N 
7N 
7N 
7N 
7N 
7N 
7N 
7N 
7N 


20 
18 
13 
14 
20 
20 
15 
18 
18 
20 
12 
11 
21 
13 
14 
10 
20 
18 
19 
20 
7N 
7N 


15 
15 
13 
15 
16 
21 
20 
15 
11 
10 
10 
7N 
8 
8 


15 
12 
7N 
7N 


15 
17 
12 
15 
14 
12 
16 
17 
17 
20 
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Sample Rock or alteration type 
No. 


35A 
35B 
36A 
36B 
37A 
37B 
38A 
38B 
39A 
39B 
40A 
40B 
41A 
41B 
42A 
42B 
43A 
43B 
44A 
44B 
45A 
45B 
46A 
46B 
47A 
47B 
48A 
48B 
49A 
49B 
50 A 
50B 
51 A 
51B 
51 A 
52B 
53 A 
53B 
54 A 
54B 
55 A 
55B 
56 A 
56B 
57 A 
57B 
58 A 
58 A 
59 A 
59B 
60A 
60B 
61A 
61B 
62A 
62B 
63A 
63B 


........... do ......... . 


........... do ......... . 


........... do ......... . 


........... do ......... . 


........... do ......... . 


........... do ......... . 
Argillic 
....... : ... do ......... . 
Intrusive quartz latite 
........... do ......... . 
Propylitic 
........... do ......... . 
Intrusive quartz latite 
........... do ......... . 
Silicified 
........... do ......... . 
........... do ......... . 
........... do ......... . 
Intrusive quartz latite 
........... do ......... . 
Silified 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
Intrusive quartz latite 
........... do ......... . 
........... do ......... . 
........... do ......... . 
Silicified 
........... do ......... . 
Illitic 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
........... do ......... . 
Silicified 
........... do ......... . 
Argillic 
........... do ......... . 
Silified 
........... do ......... . 
Argillic 
........... do ......... . 
Illitic 
........... do ......... . 
Silified 
........... do ......... . 


TABLE 1.- Geochemical data for selected elements from 


SiO, 


60 
60 


58 
59 
54 
55 
74 
77 
56 
56 
55 
57 
75 
71 
96 
92 
95 
94 
55 
57 
95 
95 
94 
96 
97 
97 
98 
92 
92 
99 
99 
94 
93 
95 
64 
62 
65 
63 
94 
06 
55 
62 
76 
75 
42 
41 
91 
89 
87 
76 
95 
92 
71 
67 
46 
44 
98 
99 


Oxide, in Percent 
Al,O, Fe,O, MgO CaO Na,O 


20.0 
16.0 
16.0 
14.0 
14.0 
15.0 
12.0 
12.0 
14.0 
13.0 
17.0 
13.0 
16.0 
16.0 
1.0 
l.OL 
l.OL 
1.0 


13.0 
14.0 
2.0 
l.OL 
l.OL 
l.OL 
l.OL 
l.OL 
1.0 
1.0 
l.OL 
1.0 
2.0 
3.0 
l.OL 
l.OL 


12.0 
12.0 
16.0 
15.0 
l.OL 
l.OL 


18.0 
18.0 
16.0 
16.0 
21.0 
21.0 
2.0 
3.0 
5.0 
4.0 
l.OL 
1.0 


13.0 
15.0 
17.0 
17.0 
l.OL 
l.OL 


8.0 .93 3.0 
8.1 1.00 3.4 


15.6 .12 .2 
15.7 1.30 .2 
8.4 .86 5.5 
8.3 .86 5.5 


.8 .01 .1L 


.8 .01 .1L 
6.2 6.10 4.2 
5.9 5.99 4.2 
8.3 1.73 6.8 
9.8 1.60 5.5 
1.5 .02 .1L 
2.0 .01 .1L 


.4 .01 .1L 


.4 .02 .1L 


.8 .02 .1L 


.8 .01 .1L 
6.1 2.83 4.6 
7.4 7.35 5.1 


.8 .02 .1L 


.9 .02 .1L 


.7 .02 .1L 


.6 .02 .1L 


.5 .02 .1L 


.3 .02 .1L 


.6 .12 .1L 


.6 .02 .1L 


.4 .01 .1L 


.3 .02 .1L 


.8 .02 .1L 


.2 .01 .1L 


.3 .02 .1L 


.3 .01 .1 


.1L .02 .3 


.2 .02 .2 
3.0 .42 .5 
2.9 .40 .5 


.2 .02 .1L 


.2 .01 .1L 
2.4 .02 .2 
2.5 .02 .3 


.9 .01 ·.2 


.7 1.74 .1 


.1 .01 .1L 


.2 .01L .2 


.8 .01 .1L 
1.0 .01 .1L 


.5 .01 .2 


.4 .03 .1 
1.0 .01 .1L 
1.3 .02 .1L 
2.7 .02 .3 
3.0 .01 .3 


.3 .01L .2 


.3 .01L .1 


.6 .01 .1L 


.7 .01 .1L 


1.80 
1.80 


.18 


.06 


.73 


.77 


.04 


.01L 


.08 


.11 


.17 


.15 


.01 


.01 


.01L 


.01L 


.01 


.01 
1.96 
2.00 


.01L 


.01L 


.01 


.01 


.01L 


.Q1 


.01 


.02 


.01 


.01 


.10 


.01 


.02 


.01 


.57 


.70 


.o7 


.o7 


.02 


.Q1 


.17 


.14 


.04 


.05 


.83 


.83 


.04 


.02 


.13 


.16 


.02 


.02 


.03 


.04 


.24 


.21 


.01 


.01 


K,O 


3.2 3.0N 
3.0 3.0N 
2.4 3.0N 
2.3 3.0N 
3.5 3.0N 
3.6 3.0N 


.1L 3.0N 


.1L 3.0N 
5.0 3.0N 
5.4 3.0N 
3.4 3.0N 
3.6 3.0N 


.1L 3.0N 


.1L 3.0 


.1L 3.0N 


.1L 3.0 


.1 110.0 


.2 98.0 
7.2 3.0N 
7.6 3.0N 


.1L 130.0 


.1L 100.0 


.1L 11.0 


.1 13.0 


.1L 3.0 


.1L 3.0 


.1L 200.0 


.1 200.0 


.1 30.0 


.1L 36.0 


.1L 3.0 


.1 3.0N 


.1L 6.0 


.1L 4.0 
2.3 3.0N 
2.6 3.0N 
3.7 3.0N 


'3.5 3.0N 
.1L 3.0N 
.1L 3.0N 


1.8 3.0N 
1.8 3.0N 


.1 3.0N 


.2 3.0N 
4.3 3.0N 
4.4 3.0N 


.1L 3.0N 


.1L 3.0N 
1.2 3.0N 
1.1 3.0N 
.1L 3.0N 
.9 5.0 
.2 4.0 
.1L 3.0N 


4.4 3.0N 
4.9 3.0N 


.1L 3.0N 


.1L 3.0N 


In some samples from each rock type, not all the elements considered 
were detected. In such censored distributions each undetected element 
was assigned a value equal to one-half its limit of detection. In dis
tributions whose censored part is small, the replacement of values is 
justified because estimates of the geometric means are nearly indepen
dent of any reasonable values that are substituted in the distributions. 


Analysis-of-variance techniques, following the general mathematical 
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the Nation Belle and Red Mountain No. 3 areas- Continued 


Au Bi 


40L .05L ION 
40L .05L ION 
40L .05L IO 
40L .05L ION 
40L .05L ION 
60 .05L ION 
40 .05L 10N 
40L .05L ION 
40L .05L ION 
40L .05L ION 
40L .05L ION 
40L .05L 10N 
40 .05L 11 
40 .05L 11 
40 .40 ION 
40 .05L ION 


600 .07 68 
700 .Q7 110 
40L .05L 10N 
40L .05L ION 


590 .30 415 
590 .30 300 
350 .40 10N 
130 .50 10N 
110 .20 10N 
50 .20 ION 


910 .50 300 
1200 .80 250 


40L 2.00 29 
40L 1.90 74 


110 
60 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
40L 
80 


100 
200 


40L 
40L 
40L 


300 
600 


40L 
40L 
80 
40L 
40 


.10 


.20 


.80 


.60 


.06 


.06 


.05L 


.05L 


.07 


.05 


.05L 


.05L 


.05L 


.05L 


.05 


.05 


.60 


.50 


.20 


.20 


.90 


.90 


.40 


.50 


.IO 


.10 


.50 


.50 


ION 
10N 
13 
11 
ION 
ION 
10N 
10N 
ION 
10N 
10N 
10N 
10N 
10N 
17 
16 
17 
28 
ION 
lON 
10N 
10N 
46 


100 
10N 
10N 
ION 
ION 


Cu 


60 
55 
59 
60 
48 
42 
60 
55 
50 
39 
60 
70 
21 
24 


29 
29 
4I 
50 
71 


60 
35 
32 
28 
20 
44 
51 
25 
20 
17 
52 
8 


24 
1N 
2 


95 
91 
22 
93 
21 
20 
10 
9 


16 
19 
7 


10 
26 
36 


250 
360 


14 
12 


Element, in parts per million 
Mn Pb Sb Sr Zn 


2500 
2300 


770 
630 


2000 
1800 


7N 
7N 


1300 
800. 


2700 
2400 


7N 
9 


30 
14 
13 
60 


600 
900 


13 
32 
21 
10 
13 
24 
19 


7N 
14 
26 


20N 300N 340 
20N 300N 300 
21 300N 120 
25 300N 80 
20N 300N 270 
20N 300N 240 


550 300N 1300 
510 300N 1200 


30 300N 340 
23 300N 300 
20N 300N 270 
20N 300N 190 


560 300N 690 
490 300N 430 
89 300N 30N 
84 300N 30N 


430 600 250 
410 810 290 


25 300N 4100 
37 300N 2900 


190 890 30N 
140 660 30N 
180 300N 60 
100 300N 70 
98 300N 30N 
67 300N 30N 


420 590 110 
480 370 180 
260 300N 200 
220 330 130 


13 220 330N 
300N 


320 
400 1300 32 


25 65 
19 60 
22 660 
18 750 
36 46 
33 45 
17 110 
14 210 
8 110 
8 140 


11 120 
11 180 
7N 3500 
7N 3000 


18 160 
13 200 
8 550 


47 630 
12 190 
27 340 
12 6000 
7 8300 
7N 1600 
8 2700 


21 41 
17 66 


300N 
300N 
330N 
300N 
300N 
300N 
300N 
470 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 


40 
30 


470 
300 
640 
670 


30N 
30N 


340 
360 
150 
145 
790 
930 
200 
180 
360 
380 
130 
150 


1300 
2900 
1300 
4100 


30N 
50 


300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
400 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 
300N 


Ga 


30 
25 
29 
27 
25 
24 
20 
17 
30 
25 
24 
30 
36 
45 


ION 
10N 
10N 
10N 
25 
26 
10N 
ION 
ION 
ION 
10N 
ION 
10N 
ION 
10N 
10N 
10N 
30 
ION 
10N 
35 
29 
30 
32 
10N 
ION 
36 
32 
24 
24 
73 
68 
12 
17 
37 
40 
10 
16 
120 
160 
100 
150 
10N 
10N 


La 


89 
76 
84 
69 
84 
60 
90 
90 


180 
160 


61 
60 


100 
99 
50N 
50N 
50N 
50N 


180 
170 
50N 
50N 
50N 
50N 
50N 
50N 
50N 
50N 
50N 
50N 
50N 


140 
50N 
50N 


130 
120 
160 
150 
50N 
50N 
74 
72 
60 
60 
64 
60 
50N 
50N 
96 


100 
50N 
50N 


120 
140 
140 
210 
50N 
50N 


Ni 


18 
15 
21 
16 
25 
20 
7N 
7N 


160 
120 


20 
16 
12 
17 
7N 
7N 
7N 
7N 


160 
150 


7N 
7N 
7N 
7N 
7N 
7N 
7N 
7N 
7N 
7N 
7N 


13 
8 


11 
9 
8 


63 
60 
9 
8 


11 
10 
8 
8 
9 
8 
8 
9 
8 
9 
9 
9 


11 
10 
7 
7N 
9 
9 


15 


methods described by Anderson and Bancroft (1952, p. 325-330), were 
used to examine the variation in the concentrations of different 
elements and to estimate the variance components between samples 
from the same site and between sample sites. The variance components 
are given in table 2. 


Generally the variance components between sample sites are suf
ficiently large in comparison with the variance components between in-
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TABLE 2.- Logarithmic variance components for each element and oxide divided among 
different 


[Numbers in parentheses express each variance component as a percentage ofthe total logarithmic variance. Asterisks 
of the data were censored and accordingly 


Type of rocks ............ Silicified 


National Belle National 
Area ................... and National Belle Red Mtn. No. 3 and 


Red Mtn. No.3 RedMtn. 


Number of samples ...... 44 18 26 12 


Variance between ........ Sam2les Sites Sameles Sites Samples Sites Samples 


Oxides (in percent) 


SiO, ................... 0.00013 0.0001 0.00013 0.00018 *0.00011 *0.000042 0.00036 
(56) (44) (42) (58) (72) (28) (23) 


Al,O, .................. .0013 
(3) 


Fe,O, .................. .013 .1 .0078 .091 .017 .039 .004 
(12) (88) (8) (92) (30) (70) (3) 


MgO ··················· *.057 *.0 *.079 *.0 *.047 *.0068 *.034 
(100) (0) (100) (0) (87) (13) (68) 


CaO ................... 


Na,O ·················· .037 .029 .0075 .018 *.055 *.034 .078 
(56) (44) (29) (71) (62) (38) (36) 


K,O ................... 


Elements (in parts per million) 


Ag ..................... 0.044 0.46 0.089 0.24 0.019 0.62 
(9) (91) (27) (73) (3) (97) 


As ..................... .035 .28 .012 .31 .052 .25 
(11) (89) (4) (96) (17) (83) 


Au ..................... .045 .3 .021 .29 .062 .17 
(18) (82) (7) (93) (27) (73) 


Bi ..................... 
Cu ..................... .025 .36 .013 .66 .035 .051 0.0084 


(6) (94) (2) (98) (41) (59) (3) 
Mn .................... *.16 *.0 "'.1 *.0 *.21 *.0 *.066 


(100) (0) (100) (0) (100) (0) (52) 
Ph ..................... .024 .13 .005 .21 .039 .07 .0028 


(16) (84) (2) (98) (36) (64) (.5) 
Sb ..................... 
Sr ····················· .015 .27 .019 


(5) (95) (14) 
Zn ..................... 
Ga ..................... .0061 


(4) 


La····················. .0013 
(7) 


Ni ····················· 


dividual samples from the same site to allow the recognition of 
differences in the concentration of a given element between sample 
sites. 


An asterisk in table 2 indicates that the variance between two 
samples of the same site is significant at the 95-percent level of con
fidence. In those instances the variance components between sample 
sites are small in comparison with the components between individual 
samples from the same site, making it impossible to statistically dis
tinguish differences between sample sites and also complicating the in
terpretation of geochemical anomalies. Using elements whose concen
trations are highly variable in a given type of altered rock would require 
collecting more than two samples from each site. The number of 
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the two levels of the analysis-of-variance design within different altered rock types and 
areas 


indicate significance at the 95-percent level of confidence; leaders ( ........ ) indicate that more than 30 percent 
analysis of variance was not attempted] 


Arg:illic Illitic Pyropylitic 


Belle 
National Belle Red Mtn. No.3 Red Mtn. No.3 National Belle 


No.3 


8 4 10 50 


Sites Samples Sites Samples Sites Samples Sites Samples Sites 


Oxides (in percent) - Continued 


0.0012 0.000041 0.0015 *0.001 *0.002 0.00041 0.01 0.00018 0.00042 
(77) (3) (97) (33) (67) (4) (96) (30) (70) 


.049 .00042 .018 .0033 .12 .00029 .0022 *.0024 *.0006 
(97 (2) (98) (3) (97) (12) (88) (80) (20) 


.14 .0046 .13 .0028 .32 .012 .2 .0003 .0079 
(97) (3) (97) (.8) (99.2) (6) (94) (4) (96) 


*.016 .011 .045 *.079 *.0 *.51 *.062 .025 .024 
(32) (20) (80) (100) (0) (89) (11) (51) (49) 


*.022 *.042 *.057 *.0092 .0035 .22 
(.34) (66) (86) (14) (2) (98) 


.14 *.11 *.023 .0059 .18 .0024 .35 .018 .53 
(64) (83) (17) (3) (97) (.7) (99.3) (3) (97) 


*.09 *.51 .0092 .38 .00054 .01 
(15} (85) (2} (98) (5) (95) 


Elements (in parts per million) - Continued 


0.0023 0.059 
(4) (96) 


0.27 0.0065 0.05 .012 1.2 *0.034 *0.064 0.0094 0.0069 
(97) (12) (88) (.9) (99.1) (35) (65) (58) (42) 


*.061 *.16 *.0 .0033 .028 
(48) (100) (0) (11) (89) 


.53 .0013 .42 .0058 .57 .0098 .41 
(99.5) (.3) (99.7) (1) (99) (2) (98) 


.12 .013 .13 *.03 *.24 .025 .18 .023 .26 
(86) (9) (91) (11) (89) (12) (88) (8) (92) 


.13 .0072 .056 .0041 .15 .0041 .092 *.0013 *.0006 
(96) (11) (89) (3) (97) (4) (96) (68) (32) 
.017 .0013 .017 *.0011 *.0067 .0031 .036 .0031 .0032 
(93) (7) (93) (14) (86) (8) (92) (49) (51) 


*.001 *.0036 .0011 .005 .0036 .0081 
(22) (78) (18) (82) (31) (69) 


samples needed could be estimated according to procedures suggested 
by Shacklette, Sauer, and Miesch (1970, p. C12). 


A two-tailed t-test, as described by Guenther (1964, p. 23), was used 
to compare geometric means of the content of 20 elements and oxides in 
·the different types of altered rocks and in different areas. The 
hypothesis tested in each case was that no difference existed between 
the geometric means for a given element or oxide in the two altered-rock 
types or areas being considered. In table 3, shown in the boxes for the 
various pairs of altered rock types or areas, are the elements and oxides 
which were 9,etermined by the t-tests to be nonsignificant (that is, hav
ing no statistical difference between means) at the 95-percent level of 
confidence. For example, when differences in geometric means were 







18 GEOCHEMICAL CHARACTERISTICS, BRECCIA PIPES 


compared for all 20 elements and oxides between silicified rocks and 
propylitized rocks, only two, copper and zinc, were nonsignificant at the 
95-percent level of confidence. For the remaining 18 oxides and 
elements that were tested, the hypothesis - that there is no difference 
between geometric means for a given element or oxide between the 
silicified group of samples and the propylitized group of sa~ples- was 
rejected; therefore, the differences in geometric means were significant 
for the remaining, unlisted oxides and elements. 


DISTRIBUTION OF OXIDES AND ELEMENTS 


ROCK TYPE DISTRIBUTIONS 


The distribution and relative depletion or enrichment of the various 
oxides and elements are shown in figures 3-6. The statistical 
significance of the differences between geometric means of the oxides 
and elements for comparisons between the various altered-rock types is 
shown in table 3. The concentration of the oxides and elements in the 
propylitized rocks provides a reasonable estimate of the background 
content of these oxides and elements in the National Belle and Red 
Mountain No. 3 areas and is also useful for describing the chemical 
changes in the rocks affected by advanced argillic alteration. 


Si0 2, Al20 2, Fe20 3, MgO, CaO, Na20, K 20, Mn, Sr, Ga, La, and Ni 
(figs. 3-6) were constituents of the propylitized country rock in the area 
and were, in general, leached by the later hydrogen ion metasomatism. 
Some of these constituents (Si02, Sr, Ga, La; figs. 3, 6) are enriched in 
certain rocks; this enrichment is due not to their being added from the 
altering solutions but to depletion of other elements. 


The abundance of Si02 (fig. 3) is about the same in the propylitic and 
illitic rocks but increases progressively from the illitic to the argillic and 
to the silicified rocks. The numerous quartz veinlets, abundant crypto
crystalline silica, and common quartz crystals in vugs in the silicified 
rocks all suggest that the silica was rather mobile. Most of this silica 
was probably derived from the original rock material and was not in
troduced by the altering fluids. This is evident from the content of 
titanium (not shown in tables and histograms), which is progressively 
greater in progressively more altered rocks. Vein silica in the area con
tains little or no titanium; pipe silica contains about 0.5 percent or 
slightly more titanium, or approximately the same amount as the coun
try rocks; and the silicified rocks contain the greatest amount, with a 
mean value of 3.5 percent. 


Strontium, gallium, and lanthanum (fig. 6) all show a slight increase 
in abundance in the illitic rocks as compared with the propylitized 
rocks, although for lanthanum the increase is not statistically signifi
cant (table 3). The concentrations of these three elements remain about 
the same in the argillic rocks as in the illitic rocks. In the silicified rocks 
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all three elements have been leached; gallium and lanthanum have 
been almost totally removed. 


Alumina (fig. 3) was rather resistant to leaching, being only slightly 
depleted in the argillic rocks as compared with the illitic and 
propylitized rocks. However, in the silicified rocks, it has been exten
sively leached. Some of the aluminum was reprecipitated in alunite and 
diaspore in both the argillic and silicified rocks. 


Magnesium, calcium, manganese, and nickel (figs. 3-6) were readily 
leached by hydrogen ion metasomatism even in the illitic rocks, and 
calcium has been almost totally removed from the argillic and silicified 
rocks. Potassium (fig. 4) decreases continuously in abundance in 
progressively more altered rocks, whereas sodium concentrations (fig. 4) 
remain about the same from the propylitic to the illitic rocks and then 
decrease sharply from the illitic rocks to the argillic and silicified rocks. 
Alunite and natroalunite(?), or sodic alunite, contain most of the 
potassium and sodium that remains in the silicified rocks. Chemical 
analyses by Hurlbu~t (1894) indicate a K20 content of 4.26 percent and 
a Na20 content of 4.41 percent for "alunite" from the National Belle 
breccia pipe. 


Silver, arsenic, gold, bismuth, copper, lead, antimony, and zinc (figs. 
4-6) were all added to the rocks during hydrothermal alteration and 
mineralization of the breccia pipes; generally, the more intensely 
altered rocks contain higher amounts of metallic elements, the greatest 
concentrations occurring in the silicified rocks. However, the degree of 
enrichment among the different types of altered rocks is rather variable. 


In the illitic rocks, lead (fig. 5) is significantly enriched (table 3), and 
arsenic, gold, and bismuth (figs. 4, 5) occur in more "'amples of these 
rocks, but their concentrations are not statistically different from their 
concentrations in the propylitic rocks. 


Gold (fig. 4) is enriched in the argillic rocks as compared with the il
litic and propylitic rocks; silver, arsenic, bismuth, lead, and antimony 
(figs. 4, 5) are more common in the argillic rocks but are not enriched to 
statistically significant amounts. 


In the silicified rocks all the introduced elements except lead, zinc, 
and copper (figs. 5, 6) are enriched significantly. The content of lead 
decreases as compared with the argillic and illitic rocks. Zinc occurs 
more commonly in samples of the silicified rocks, but not in statistically 
significant amounts. 


Copper (fig. 5) is depleted in the illitic rocks, and its concentration is 
about the same in the argillic, silicified, and propylitized rocks. It was 
undoubtedly added to the rocks along with the other metals during 
mineralization, but its mobility in the highly acid supergene environ
ment of the breccia pipes makes interpretation of its concentration 
patterns exceedingly difficult. 
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AREAL DISTRIBUTIONS 


Histograms showing the distributions of oxides and elements in 
silicified and argillic rocks from the National Belle breccia pipe and the 
Red Mountain No. 3 breccia pipe are presented in figures 3-6. Rocks 
from the two areas generally are geochemically very similar. Concen
trations of iron, copper, and lead (figs. 3, 5) in the silicified rocks were 
determined to differ significantly in the two areas, and concentrations 
of calcium, gold, lanthanum, and nickel (figs. 4-6) in the argillic rocks 
were significantly different (table 3). 


TABLE 3. -Elements and oxides determined by t·tests to be nonsignificant at the 95-
percent level of confidence between different pairs of altered rock types or areas 
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The difference in iron (fig. 3) and copper (fig. 5) concentrations may 
be due to different rates of supergene leaching in the two areas. 
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However, because mine workings were inaccessible, we could not collect 
below the zone of supergene leaching, and the extent and degree of 
supergene leaching are unknown. 


The Student's t-test, as applied to the data for calcium, gold, 
lanthanum, and nickel in the silicified and argillized rock types, is 
biased because of the high variability in the data due to sampling (table 
2) and censored distributions (figs. 3-6). Therefore, whether concen
trations of these four elements actually differ in the two areas is uncer
tain. 


Lead (fig. 5) reaches its greatest concentrations in the illitic and 
argillic rock types and is only moderately enriched in the silicified 
rocks. Figure 11 indicates that the lead anomaly does not coincide 
areally to the anomalies in silver (fig. 7), arsenic (fig. 8), gold (fig. 9), 
bismuth (fig. 10), and antimony (fig. 12). The relative enrichment of 
lead in the argillic rocks and the location of the lead anomaly outside 
the area enriched in the other introduced metals indicate a lateral zonal 
pattern around the breccia pipes or around the highly silicified major 
channelways within the pipes. Burbank (1941, p. 181) suggested a 
similar pattern of lead enrichment in the Guston breccia pipe, which is 
about 1 mile northeast of the National Belle pipe. 


SUGGESTIONS FOR PROSPECTING 


Figures 7-11 show the sample localities and the concentrations of 
silver, arsenic, gold, bismuth, lead, and antimony in samples from the 
National Belle and Red Mountain No.3 areas. Obviously, samples with 
anomalous metal contents are associated with areas of silicified rock. It 
is also readily apparent that the highest metal anomalies in the Red 
Mountain No. 3 pipe are at the southern end of the structure. The 
southern end has not been explored in the subsurface, and thus it 
provides an interesting exploration target. 


One further line of evidence concerning the possible target at the 
southern end of the Red Mountain No. 3 pipe should be considered. 
Schwarz (1890, p. 143), Ransome (1901, p. 111), and Burbank (1941, p. 
156, 181) each called attention to the vertical zoning of ores and metals 
within the breccia pipes; they also pointed out that enargite and pyrite 
are characteristically the deepest ores within the pipes and that the 
richer silver, lead, copper, and gold ores occur higher in the structure. 
As previously mentioned (p.lO') the mineralized rocks penetrated in the 
crosscuts and diamond drilling under the northern part of the pipe con
tained mainly enargite and pyrite. This suggests that the southern end 
of the Red Mountain No.3 pipe should be explored above the level of 
the northerly crosscuts (10,800 ft). The geochemical anomaly un
derscores .Burbank's (1941, p. 205-208) suggestion, based on geologic 
evidence, that the ground under the south and west slopes of Red 
Mountain No. 3 presents a favorable exploration target. 
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FIG URE 7. - Map showing concentration of silver in the National Belle and Red 
Mountain No.3 areas. Silicified rocks indicated by shaded pattern. Base from figure 2. 
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FIGURE 8. - Map showing concentration of arsenic in the National Belle and Red 
Mountain No. 3 areas. Silicified rocks indicated by shaded pattern. Base from figure 2. 
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FIGURE 9. -Map showing concentration of gold in the National Belle and Red Mountain 
No. 3 areas. Silicified rocks indicated by shaded pattern. Base from figure 2. 
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FIGURE 10. - Map showing concentration of bismuth in the National Belle and Red 
Mountain No. 3 areas. Silicified rocks indicated by shaded pattern. Base from figure 2. 
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FIGURE 11. - Map showing concentration of lead in the National Belle and Red 
Mountain No.3 areas. Silicified rocks indicated by shaded pattern. Base from figure 2. 
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FIGURE 12. - Map showing concentration of antimony in the National Belle and Red 
Mountain No.3 areas. Silicified rocks indicated by shaded pattern. Base from figure 2. 
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Silver, arsenic, gold, bismuth, lead, and antimony are probably the 
most useful elements for prospecting for new breccia-pipe targets in the 
Red Mountain district. Some precautions must be taken, however, in 
interpreting concentration patterns of these elements. The dis
tributions for bismuth and antimony are severely censored in all four 
types of altered rocks (fig. 5); distributions are similarly censored for 
silver, arsenic, and gold (fig. 4) in all altered-rock types except the 
silicified rocks (fig. 3). Because of the censored distributions, the 
variance components for these elements in most of the altered-rock 
types (table 2) could not be reliably estimated from the available data . . 
Without first obtaining variance components, interpreting the data is 
exceedingly hazardous because there is no reliable way to distinguish 
variability in the data due to differences between sample sites from 
variability within an individual sample site. For example, 97 percent of 
the variability of silver in silicified rocks from Red Mountain No. 3 
(table 2) is due to differences between sample sites, and only 3 percent 
of the variability is due to differences within individual sample sites. In 
contrast, 13 percent of the variability of magnesia in the same rock type 
is due to differences between sample sites, and 87 percent of the 
variability is due to differences within the individual sample sites. The 
low variability makes it impossible to statistically distinguish signifi
cant differences in magnesia concentration between sample sites. 


Some elements which were not enriched in statistically significant 
amounts in progressively more altered rocks are nevertheless useful for 
prospecting on the basis of their presence. Silver (fig. 4), though 
significantly enriched only in the silicified rocks (table 3), is present in 
33 percent of the samples of argillized rocks, but it was not detected in 
any samples of illitic and propylitic rocks. Antimony was not detected 
in any samples of propylitic and illitic rocks but was present in 30 per
cent of the silicified rocks (fig. 5). Bismuth, present in only 2 percent of 
the propylitic rocks, was detected in 50 percent of the argillic rocks, and 
in 53 percent of the silicified rocks (fig. 5). 


Lead is a favorable element to use for prospecting: it is severely cen
sored only in the propylitic rocks (fig. 5), and most of the variability in 
its concentrations is due to differences between sample sites (table 2). 
Remember, however, that lead is laterally zoned around the areas of 
highest concentrations of the other introduced metals and that its 
highest concentrations are in tlte illitic and argillic rocks (fig. 5). 


Gold and arsenic are probably the best elements to use for 
geochemical prospecting in the silicified rocks. In those pipes in the Red 
Mountain district where the silicified rocks are poorly developed or 
have been removed by erosion, the exposed rocks are argillic and illitic, 
and lead would be the best element to use for prospecting. 
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FOREWORD 


Dallas L. Peck, Director, U.S. Geological Survey 


The extended abstracts in this volume are summaries of the papers pre
sented orally and as posters in the first V.E. McKelvey Forum on Mineral and 
Energy Resources, entitled "USGS Research on Mineral Resources-1985." 
The Forum has been established to improve communication between the USGS 
and the earth science community by presenting the results of current USGS 
research on nonrenewable resources in a timely fashion and by providing an op
portunity for individuals from other organizations to meet informally with 
USGS scientists and managers. It is our hope that the McKelvey Forum will 
help to make USGS programs more responsive to the needs of the earth science 
community, particularly the mining and petroleum industries, and will foster 
closer cooperation between organizations and individuals. 


The Forum was named after former Director Vincent E. McKelvey in 
recognition of his lifelong contributions to research, development, and ad
ministration in mineral and energy resources, as a scientist, as Chief Geologist, 
and as Director of the U.S. Geological Survey. The Forum will be an annual 
event, and its subject matter will alternate between mineral and energy 
resources. We expect that the format will change somewhat from year to year as 
various approaches are tried, but its primary purpose will remain the same: to 
encourage direct communication between USGS scientists and the representa
tives of other earth-science related organizations. 


The topics selected for presentation at the first McKelvey Forum represent 
an overview of the scientific breadth of USGS research on mineral resources. 
They include the role of organic matter in forming and prospecting for ore 
deposits, the accumulation of metals in sedimentary basins, the evolution of ore
forming hydrothermal fluids, and the concentration of sulfides and platinum
group elements in ultramafic complexes. Research on methods of resource 
assessment using new geochemical and geophysical technology is described, 
along with studies devoted to the development and application of occurrence 
and genetic models of ore deposits. In addition to the technical sessions present
ing the results of USGS research, each Congressionally. mandated USGS 
Mineral Resource Program has a display outlining plans and progress. 


We are all excited about this new opportunity to disseminate and discuss 
our research with our colleagues in industry and academia, and we welcome your 
suggestions on improving this new series of Forums. 
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2500 nm) ....... Gary L. Raines, Linda G. 
McGee, and StevenJ. Sutley 


Preliminary results of an ALVIN dive pro
gram on active hydrothermal vents at the 
southern Juan de Fuca ridge ....... USGS 
Juan de Fuca Study Group 


-Luncheon honoring Vincent E. McKelvey 
(Grand Salon) 


Keynote speaker Dallas L. Peck 
"Mineral Resources Research: Opportuni· 
ties for Government-Industry Coopera
tion" 


-Session II (Grand Ballroom) 
Frank C. Frischknecht and Edwin H. 
McKee presiding 


Metal concentrations in marine black 
shales ............. Forrest G. Poole and 
George A. Des borough 


Sediment-hosted ore deposits: Genetic proc
esses inferred from the mineralogic, 
chemical, and isotopic composition of clay 
minerals ........... H. Roy Northrop and 
Gene Whitney 


Stratigraphic and structural controls of 
Mississippi Valley-type ore deposits in 
Tennessee .......... . Joseph A. Briskey, 
Augustus K. Armstrong, Paul R. Dingess, 
Ray C. Gilbert, Walt B. Gaylord, and 
George P. Cole 


-Coffee break (Piccadilly Lane) 
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4:00p.m. -Session II continued (Grand Ballroom) 
Origin of sedimentary humic acids, potential 


carriers of ore-forming elements ........ . 
Patrick G. Hatcher 


Recent studies of the distribution of Bacillus 
cereus near subsurface gold deposits ..... 
Nancy L. Parduhn, John R. Watterson, 
and Miles L. Silberman 


A strategy in the exploration for sedimen· 
tary manganese ores .......... William F. 
Cannon and Eric R. Force 


5:30-6:30 p.m. -Mixer (Grand Salon) 


8:00-10:30 p.m. -Keg and poster session (Piccadilly Lane and 
Rotunda) 


Thursday, February 7, 1985 
8:30 am. -Session III (Grand Ballroom) 


10:00 am. 


10:30 am. 


Lawrence J. Drew and Bruce R. Lipin 
presiding 


Tin, molybdenum, and other metal elements 
in silicic magmas and their relation 
to fluorine and chlorine distribution ..... . 
Robert L. Smith 


Heat transfer and brine evolution in magma-
hydrothermal systems ........ . Robert 0. 
Fournier 


Multiple episodes of mineralization in the 
southern Toquima Range, Nye County, 
Nevada .............. . Daniel R. Shawe 


-Coffee break (Piccadilly Lane) 


-Session III continued 
Development of disseminated gold deposits 


of Cortez, Horse Canyon, and Gold Acres, 
Nevada, at the end stage of caldera-related 
volcanism ............ . James J. Rytuba 


Aeromagnetic and radiometric signatures of 
a possible porphyry system in the western 
Tushar Mountains, Utah ....... . David L. 
Campbel~ James A. Pitkin, Joseph S. 
Duv~ Thomas A. Steven, Charles G. 
Cunningham, and C. W. Naeser 


Fission-track dating applied to mineral ex· 
ploration ....... C. W. Naeser and Charles 
G. Cunningham 


Episodic metallization in the western San 
Juan caldera complex, Colorado ........ . 
R.I. Grouch, Ken Hon, R.L. Reynolds, D.J. 
Bove, and V.J.S. Grouch 


2:00-4:00 p.m. -Poster session (Rotunda) and 
Open house at U.S. Geological Survey labo


ratories, Branches of Analytical Chem
istry and Exploration Geochemistry 







POSTER SESSIONS 


Mineral Resource Programs Booth 


Strategic and Critical Minerals program ........ Alfred H. 
Chidester 1 


The Development of Assessment Techniques program .. 
Charles G. Cunningham 2 


The Alaska Mineral Resources Assessment Program .. 
Gary R. Winkler 3 


The Conterminous United States Mineral Assessment Pro-
gram . . Gary C. Curtin 4 


Mineral Resources of Public Lands ...... Gus H. Goudarzi 
and Susan M. Marcus 5 


Availability and application of NURE data sets in regional 
mineral survey programs of the U.S. Geological Survey .. 
Byron R. Berger, Thomas D. Fouch, Richard H. Godson, 
and Bruce F. Molnia 6 


The U.S. Geological Survey EEZ program. Terry W Offield 7 
Uranium and thorium investigations in the U.S. Geological 


Survey. . . Thomas D. Fouch and Jennie L. Ridgley 8 
Federal Mineral Land Information System. . . Richard 


L. Kleckner 9 


Geophysical Exploration Techniques 


Geophysical exploration for breccia pipes on the Colorado 
Plateau of northern Arizona . . . . . Vincent J. Flanigan and 
CarlL. Long 10 


A comparison of Landsat Thematic Mapper, Multispectral 
Scanner, and airborne sensors for mapping the distribu
tion of alteration minerals: examples from the South-
western United States ........ . MH. Podwysock~ MS. 
Power, O.D. Jones, MH. Koslow. and William E. Collins 11 


Processing of Landsat imagery to map surface mineral 
alteration on the Alaska Peninsula. Alaska ..... Frederic 
H. Wilson and James E. York 12 


Electrical geophysical studies of massive sulfide deposits 
and their host rocks, West Shasta copper-zinc district ... 
Robert Horton and Bruce D. Smith 13 


Aeromagnetic and gravity models of the pluton below the 
Lake City caldera, Colorado. . ..... V.J.S. Grauch 14 


Some geophysical guides to ore in southern and southwest-
em Alaska. . .................... . J.E. Case 15 


Other Exploration Methods 


Research on kimberlites and applications to diamond pros-
pecting ....... B. Carter Hearn, Jr., and Elaine S. McGee 16 


Volatile elements and compounds in exploration geochem-
istry. . . . Margaret E. Hinkle and J. Howard McCarthy 17 


Partial chemical extractions-Their application to geo
chemical exploration for ore deposits in the tropical envi-
ronment ............ Robert E. Learned, T T Chao, and 
Richard F. Sanzolone 18 


Metals in plants-Exploration of the Red Mountain gold
bearing stockwork, Yellow Pine district, Idaho .... . B.F. 
Leonard, J.A. Erdman, andD.M. McKown 19 


Microbiology of soil derived from a copper deposit . . . . . . . 
John R. Watterson, Sarah S. Elliott, Nancy L. Parduhn, 
and David M Updegraff 20 


VI 


Minerals in the Oceans Booth 


Organic matter associated with metal ores of hydrother
mal vent origin .... William H. Orem, Patrick G. Hatcher, 
and Elliott C. Spiker 21 


Geologic and hydrothermal characteristics of the Gorda 
Ridge ............ . David A. Clague and Mark Holmes 22 


Cobalt-rich ferromanganese crusts in the oceans . . . . . . . . . 
James R. Hein and Frank T Manheim 23 


Genesis of metalliferous sediment in the Atlantis II Deep, 
Red Sea. . . . . . . . . . . . . . ......... Robert A. Zierenberg 24 


Economic heavy minerals of the U.S. Atlantic Continental 
Shelf. . . ... . Andrew E. Grosz, Edward C. Escowitz, 
S. Jeffress Williams, Ricardo Lopez, John C. Hathaway, 
Joseph M Botbol, and LaurenceJ. Poppe 25 


Massive sulfide deposits from the southern Juan de Fuca 
Ridge. . .Randolph A. Kosk~ David A. Clague, 
James L. Bischoff, and Robert A. Zierenberg 26 


Regional Syntheses 


Early and middle Cenozoic volcanic syntheses .... . Robert 
G. Luedke 27 


Sediment dispersal pattern in the emerged Atlantic 
Coastal Plain (New Jersey-Georgia) from Early 
Cretaceous to Holocene: A guide to placer deposits . . . . .. 
James P. Owens 28 


Marine phosphorite deposits model for exploration, with 
emphasis on the deposits in the Atlantic Coastal Plain of 
the United States. . ............ . James B. Cathcart 29 


New silver resource map of the United States-Potential 
for increased domestic silver production . . ... Allen V. 
Heyl and Robert B. Hall 30 


Geology and geochemistry of wall rocks of Appalachian 
massive sulfide deposits ............... . Jacob E. Gair 31 


Sediment-Hosted Deposits 


Depositional model for sodium carbonate deposits in the 
Green River Formation. . .... . John R. Dyni 32 


Organic geochemistry of wall-rock alteration, Thompson-
Temperly mine, southwest Wisconsin. . . . Joseph R. 
Hatch, Allen V. Heyl, and J. David King 33 


Mineral Deposit and Occurrence Models 


Base metals, precious metals, and molybdenum: New oc
currence types in the Western United States ..... Wayne 
Hall, Steve Ludington, Ted G. Theodore, and Norman J 
Page 34 


Identification of regional mineral resource targets by using 
ore deposit models-Two examples from the Eastern 
U.S. early Mesozoic basins ...... Gilpin R. Robinson, Jr., 
and David Gottfried 35 


Some recent deposit modeling efforts ......... D.A. Singer 
and D.P. Cox 36 







Disseminated Gold Studies Booth 


Pathfinder elements in soils over the Dee disseminated 
gold deposit, Elko County, Nevada ........ W.C. Bagby, 
W.J. Pickthom, andR.J. Goldfarb 37 


Characteristics of lode-gold deposits in the Prince William 
Sound region, southern Alaska ............... Miles L. 
Silbennan and Dawn J. Madden 38 


Mahd adh Dhahab, a Proterozoic epithermal precious-
metal deposit, Kingdom of Saudi Arabia ......... . R.G. 
Worl andJ.L. Doebrich 39 


Igneous-Hosted Deposits 


Volcanic and hydrothermal systems: Early Proterozoic 
massive sulfide deposits, Bagdad, Arizona ........ Clay 
M. Conway, Thomas J. Connelly, and Lori C. Robison 40 


The setting and distribution of copper-nickel sulfides in the 
South Kawishiwi intrusion, Duluth Complex, Minne-
sota ............................ . Michael P. Foose 41 


Studies of ore deposits in the early magmatic environment: 
The Stillwater Complex, Montana ...... Nonnan J Page, 
W.J. Bawiec, R.J. Blakely, G.K. Czamanske, L.J. Drew, 
Michael P. Foose, R.L. Helz, MD. Kleinkopf, Bruce R. 
Lipin, Patricia J. Lofersk~ J.H. Schuenemeyer, and ML. 
Zientek 42 


High-alumina hydrothermal alteration systems and their 
role in mineral exploration, Southeastern United 
States .................. R. G. Schmidt and T.L. Klein 43 


Characteristics of and exploration for Sn-W granites in the 
Precambrian Arabian Shield ........ Edward A. du Bray 44 


VII 


Topical Studies: Field and Theoretical Booth 


Gas analysis of ore-forming fluids ............ G.P. Landis 45 
Precious and base metal mineralization in the Coeur 


d'Alene district, Idaho, during Proterozoic metamor-
phism of the Belt basin ............... David L. Leach, 
G.P. Landis, and Albert H. Hofstra 46 


Thermodynamic properties of minerals .......... Richard 
A. Robie, Bruce S. Hemingway, and John L. Haas, Jr. 47 


Resource Assessments: Techniques and Case Histories 


The role of regional subsurface geochemistry in resource 
assessment in the Central United States .......... . R.L. 
Erickson, E.L. Mosier, J. G. Viets, and MS. Erickson 48 


Mineral resource assessment of the San Isabel National 
Forest, Colorado: A prototype for 1:250,00Q-scale multi-
disciplinary assessments "from the literature" ........ . 
Richard B. TaylorandJohn S. Dersch 49 


Mineral resources of the Survey Pass quadrangle, Brooks 
Range, Alaska ......... . Donald J. Grybeck and Steven 
W. Nelson 50 


A multidisciplinary resource assessment of the Chugach 
National Forest, Alaska ............ . Steven W. Nelson 51 


Applications of the Mineral Resources Data System and 
the International Strategic Minerals Inventory in 
mineral-resource assessments by region and commod-
ity .......... . Antoinette L. Medlin, David M Sutphin, 
and John H. De Young, Jr. 52 


Expert systems research in regional resource evaluation: 
Experiences in the application of microcomputer tech-
nologies .................... . Richard B. McCammon 53 







This Circular uses the following abbreviations: 


EEZ-Exclusive Economic Zone 
Ga-giga-annum (109 years ago) 
Ma-mega-annum (106 years ago) 
m.y.-106 years duration 
REE-rare-earth element 


The Deep Submergence Research Vehicle ALVIN is referred to 
throughout as ALVIN. 
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GEOLOGY AND GEOCHEMISTRY OF WALL ROCKS 
OF APPALACHIAN MASSIVE SULFIDE DEPOSITS 


jacob E. Gair 


During the past few years, distinctive mineral 
and chemical compositions have been noted in wall 
rocks of a number of Appalachian massive sulfide 
deposits. Such compositions also appear to be 
associated with many massive sulfides in other 
areas. 


Wall rocks of sediment-hosted massive sul
fides in the Gossan Lead district, Virginia, and at 
Ducktown, Tennessee, are parts of thick flyschoid 
metagraywacke-schist sequences deposited in 
craton-margin rifts with or without substantial 
mid-ocean-ridge-type basalt (MORB). Adjacent to 
the sulfide bodies, lenses of the wall rock common
ly are of unusual composition, containing a high 
proportion of a single mineral (sodic plagioclase, 
Mn-garnet, biotite, or muscovite); in places, some 
lenses are virtually monomineralic. Other lenses 
contain a large amount of two minerals such as 
sodic plagioclase and biotite, Mn-garnet and 
quartz, or Mn-garnet and biotite. In the Gossan 
Lead district, the Mn-garnet near sulfide bodies 
contrasts with Mn-poor (almanditic) garnets in the 
more distant country rocks. Dravitic tourmaline is 
an important constituent of wall rocks and (or) 
gangue in a few such sediment-hosted deposits 
elsewhere in the Appalachians. These minerals 
reflect metasomatic additions of Na, Mn, K, and 
(or) B to the normal flyschoid sediments. The 
association of these added materials and sulfide 
deposits is attributed to deposition from the same 
or closely related hydrothermal fluids. Rifts were 
the sites both of the flyschoid sedimentation and 
of hydrothermal circulation and mineralization. 


Volcanic-hosted massive sulfide deposits in 
the Appalachians, as in many other places in the 
world, are preferentially associated with felsic to 
intermediate calc-alkalic island-arc volcanic rocks. 
In the Mineral district, Virginia, such volcanic 
rocks in the walls of the deposits are enriched in 
the light rare-earth elements (with La!Yb > 5 and 
commonly > 8) and have Nb > 7 ppm; some of 
these rocks were residually enriched in Al by 
hydrothermal volcanic activity as they formed or 
shortly thereafter, so that subsequently the 
aluminous metamorphic minerals, chloritoid and 
(or) staurolite, formed in them. Kyanite-rich rock 
at Graves Mountain, Georgia, in the southwestern 
part of the Carolina slate belt, also has been at-
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Wall-rock fragments in massive sulfide ore, Gossan Lead 
district, Virginia 


tributed to residual enrichment in Al by hydro
thermal leaching during volcanism, and nearby 
massive sulfide deposits are considered to be a 
product of the same hydrothermal activity. Garnet 
in the wall rocks at Mineral is rich in Mn, but 
whether this contrasts with garnet compositions 
in country rock distant from the deposits, as in the 
Gossan Lead district, has not yet been determined. 


In appropriate (meta)volcanic or (meta)sedi
mentary terranes, the discovery of rocks, mineral 
concentrations, or geochemical anomalies consist
ent with the features described here can aid in 
targeting massive sulfide exploration. 


EPISODIC METALLIZATION IN THE WESTERN 
SAN JUAN CALDERA COMPLEX, COLORADO 


R.I. Grauch, Ken Hon, R.l. Reynolds, D.J. Bove, 
and V.j.S. Grauch 


Base- and precious-metal (BPM), Mo, U, Al, 
and Sn concentrations in volcanic and intrusive 







host rocks are spatially and temporally related to 
the evolution of the Lake City and Uncompahgre 
calderas of the western San Juan volcanic field, 
Colorado. The Uncompahgre caldera forms the 
eastern half of the Uncompahgre-San Juan
Silverton caldera complex, which collapsed and 
resurged between 27 and 29 Ma to create the 
northeast-oriented Eureka graben along the crest 
of the resurgent dome. Nested within the Uncom
pahgre caldera is the younger Lake City (LC) 
caldera, which collapsed following the eruption 
of the Sunshine Peak Tuff, a 23.1-Ma, composi
tionally zoned intracaldera ash-flow sheet 
(
87Sr/86Sr = 0.7061-0.7068 and 206Pb/205Pb = 
18.55-18.62). Emplacement of cogenetic quartz 
syenite magma caused asymmetric resurgence of 
the LC caldera and uplift of at least 1,500 m along 
the northern ring fault. Aeromagnetic and gravity 
data show that exposed quartz syenites represent 
a single large resurgent intrusion. Paleomagnetic 
and radiometric data indicate that the time re
quired for caldera development, from eruption of 
the ash-flow tuffs to emplacement of resurgent in
trusions, was less than 300,000 years. During the 
same interval, post-collapse lavas and a composite 
dome, the Red Mountain center, were emplaced 
along the east side of the caldera and were hydro
thermally altered. The youngest intrusions in the 
area are 19-Ma rhyolite porphyry plugs north of 
the caldera and 17±0.5-Ma rhyolite porphyry 
dikes southwest of the caldera. 


Elemental distribution patterns (K, Th, Be, U, 
Mo) show distinct anomalies related to the LC 
caldera and are generally associated with the Sun
shine Peak Tuff. However, more localized and in
tense geochemical anomalies, combined with 
variations in spectral reflectivities and in whole
rock isotope ratios, clay, and metal contents, 
define distinct hydrothermal cells within the 
caldera complex. Major fracture zones, resurgent 
intrusions, and post-caldera intrusions apparently 
controlled the distribution of hydrothermal cells 
and metal concentrations. BPM- and Te-bearing 
veins associated with U occur west of the LC 
caldera at Gravel Ridge in structures of the 
Eureka graben and east of the caldera at the 
Golden Fleece mine, where the vein yielded a U-Pb 
isochron age of 27.5±0.5 Ma. Highly radiogenic 
initial Ph-isotope ratios of ore samples from 
the Golden Fleece (206Pb/2°4Pb = 19.078-19.58; 
208Pb/2°4Pb = 38.533-38.84) suggest that a signifi
cant amount of common lead, and possibly of other 
metals, was derived from upper crustal Precam-
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brian rocks by deeply circulating hydrothermal 
fluids. A near-surface, low-temperature Au-Te 
deposit at the nearby Golden Wonder mine has 
much less radiogenic common lead and is thought 
to have formed as part of a contemporaneous but 
separate hydrothermal cell. Minor concentrations 
of BPM, U, and Sn are spatially associated with 
the resurgent intrusion in the northwest portion of 
the LC caldera The Red Mountain alunite deposit, 
one of the largest in the United States, formed 
during the same time interval and involved the 
shallow circulation of large quantities of meteoric 
fluids in and around the Red Mountain composite 
dome. Radiometric data suggest that the major 
BPM deposits of the Lake City District, northeast 
of the LC caldera, formed at the same time as the 
Red Mountain deposit. Anomalous concentrations 
of Be, Mo, U, and Fare associated with 19-Ma in
trusions north and west of the caldera and with 
17-Ma dikes southwest of the caldera. These occur
rences and deposits document episodic metalliza
tion, over a period of about 10 m.y., related to 
the evolution of the western San Juan caldera 
complex. 


AEROMAGNETIC AND GRAVITY MODELS 
OF THE PLUTON BELOW THE 


LAKE CITY CALDERA, COLORADO 


V.j.S. Grauch 


Aeromagnetic and gravity data collected over 
the Lake City caldera, San Juan Mountains, Col
orado, were used to calculate models of the pluton 
below the caldera. Magnetic data are from a 
draped airborne survey and are in digital form. 
Gravity data were assembled from the Depart
ment of Defense files and were combined with 
more recent data collected across the caldera Both 
data sets were gridded and contoured in map form 
and also examined in profile form. Regional trends 
were removed where necessary and data were con
tinued upward mathematically, to enhance the ef
fect of the subsurface pluton over the effects of 
shallow sources. 


Geologic mapping by P. Lipman and more re
cently by K. Hon, both of the USGS, revealed iso
lated outcrops of quartz syenite inside the caldera. 
These workers inferred that these rocks were in
truded at the time of resurgence of the caldera. 
Aeromagnetic and gravity data strongly suggest 












STATE OF COLORADO
D I V I S I O N  O F  M I N E R A L S  A N D  G E O L O G Y


Departm ent o f Natural Resources
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FAX: (303) 832-8106
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Sunny Side G old  Corporation 
P.O . Box 177 
Silverton, C O  81433


D ear Mr. Goodhard:


DEPARTMENT OF
NATURAL
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Roy Romer 
G overnor


James S. Lochhead 
E xecutive  D irec to r


M ich a e l U. Long 
D iv is io n  D irec to r


I am pleased to advise you that Sunnyside G old  Corporation has been  awarded a 1994 
M ined Land Reclam ation Board Reclam ation Aw ard fo r reclam ation work at the M ayflower 
M ill &  Sunnyside Mine.


The award is sponsored by the Colorado M ined Land Reclam ation Board, Colorado M ining 
Association and the Colorado R ock  Products Association.
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C olorado A ttorney General w ill speak and assist in presenting the awards. Th e  luncheon 
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I NTRODUCTION


S u n n y s i d e  G o l d  C o r p o r a t i o n ' s  s u c c e s s f u l  r e c l a m a t i o n  o f  d e c a d e s - o l d  
t a i l i n g s  p o n d s  a t  t h e  M a y f l o w e r  M i l l  a n d  t h e  c o n t i n u i n g  p r o c e s s  o f  
c l o s i n g  t h e  S u n n y s i d e  M i n e ,  e l i m i n a t i n g  t h e  v i s u a l  i m p a c t  o f  m i n i n g  
s t r u c t u r e s ,  p r e s e n t  a n  o u t s t a n d i n g  a c h i e v e m e n t  o f  t h e  m i n e  
r e c l a m a t i o n  p r o c e s s  a n d  m e r i t  s e r i o u s  c o n s i d e r a t i o n  f o r  t h e  1 9 9 4  
M i n e d  L a n d  R e c l a m a t i o n  A w a r d s .


T h e  r e c o n d i t i o n i n g  o f  t a i l i n g s  p o n d s  a n d  t h e  h i g h l y  e f f e c t i v e  
l a n d s c a p i n g  o n  t h e  p o n d s ’ s l o p e s  c l e a r l y  d e m o n s t r a t e  t h e  c o n t i n u e d  
c o m m i t m e n t  o f  S u n n y s i d e  a n d  i t s  c o r p o r a t e  p a r e n t ,  E c h o  B a y  M i n e s ,  
t o  r e s p o n s i b l y  a d d r e s s  c o n c e r n s  o f  l o c a l  r e s i d e n t s  a n d  s t a t e  
r e g u l a t o r s .


As  a  r e s u l t  o f  S u n n y s i d e  M i n e ' s  r e c l a m a t i o n  e f f o r t s ,  a  d r a m a t i c  
c h a n g e  h a s  t a k e n  p l a c e  a t  t h e  M a y f l o w e r  M i l l  -  a  c h a n g e  S i l v e r t o n  
c i t i z e n s  n e v e r  d r e a m e d  w a s  p o s s i b l e .  T h e  l o n g - s t a n d i n g  e f f e c t s  o f  
m i n i n g  t h r o u g h  t h e  1 9 8 0 s  a r e  s c a r c e l y  v i s i b l e ,  a d d i n g  t o  t h e  t o w n ' s  
p o t e n t i a l  a s  a  s i t e  f o r  t o u r i s m  a n d  b a c k - c o u n t r y  e x p e r i e n c e .  
H o w e v e r ,  r a t h e r  t h a n  l o s e  t h e  h i s t o r i c a l  p e r s p e c t i v e #  S u n n y s i d e  a n d  
t h e  S a n  J u a n  C o u n t y  H i s t o r i c a l  S o c i e t y  c o m b i n e d  e f f o r t s  t o  c r e a t e  
a  h i g h l y  a c c l a i m e d  i n t e r p r e t a t i v e  d i s p l a y  t h a t  d e p i c t s  b o t h  t h e  
m i n i n g  h i s t o r y  a n d  t h e  r e c l a m a t i o n  s u c c e s s .


H I S T O RY


S u n n y s i d e  G o l d  p u r c h a s e d  t h e  g o l d  m i n e  a n d  m i n i n g  p r o p e r t i e s  a n d  
l e a s e s  f r o m  b a n k r u p t c y  i n  N o v e m b e r ,  1 9 8 5 .  T h e  S u n n y s i d e  M i n e ,  w i t h  
c u r r e n t  p o r t a l  a c c e s s  a t  G l a d s t o n e ,  s e v e n  m i l e s  n o r t h w e s t  o f  
S i l v e r t o n  d a t e s  b a c k  t o  1 8 7 2  a n d  t h e  M a y f l o w e r  M i l l  w a s  p u t  i n t o  
p r o d u c t i o n  i n  1 9 2 9 .


S u n n y s i d e  o p e r a t e d  t h e  m i n e ,  t h e n  t h e  b i g g e s t  e m p l o y e r  a n d  p r o p e r t y  
t a x  s o u r c e  i n  S a n  J u a n  C o u n t y ,  f r o m  1 9 8 5  t h r o u g h  A u g u s t  o f  1 9 9 1 .  
U n t i l  i t  c l o s e d ,  t h e  S u n n y s i d e  M i n e  p r o d u c e d  m o r e  t h a n  9 0 0 , 0 0 0  
o u n c e s  o f  g o l d ,  m i l l i o n s  o f  o u n c e s  o f  s i l v e r  a n d  t o n s  o f  b a s e  
m e t a l s .  T h e  m i n e  w a s  c l o s e d  a s  v i a b l e  o r e  r e s e r v e s  w e r e  d e p l e t e d  
a n d  w o r l d  m e t a l s  p r i c e s  f e l l .


S i n c e  t h a t  t i m e ,  t h e  c o m p a n y  h a s  m a i n t a i n e d  a  s m a l l  w o r k  f o r c e  t o  
p e r f o r m  r e c l a m a t i o n  w o r k  o n  t h e  s u r f a c e  p r o p e r t i e s ,  u p g r a d e  t h e  
w a t e r  t r e a t m e n t  f a c i l i t y  a n d  c o m p l e t e  i n s t a l l a t i o n  o f  h y d r a u l i c  
p l u g s  t o  s e a l  t h e  m i n e  o n  t h e  i n s i d e .  T o  d a t e ,  t h e  c o m p a n y  h a s  
i n v e s t e d  m o r e  t h a n  $ 9 . 2  m i l l i o n  i n  c a p i t a l  i m p r o v e m e n t s  a n d  
r e c l a m a t i o n  w o r k .







RECLAMATION AT THE MAYFLOWER MILL 
Photo #1


T h e  M a y f l o w e r  Mill lies one m i l e  n o r t h e a s t  of S i l v e r t o n  an d  its 
t a i l i n g s  p o n d s  and pi l e s  are c l e a r l y  v i s i b l e  f r o m  the town. The 
ponds, first started in the m i d  1930's, w e r e  t y p i c a l  of the 
t e c h n o l o g y  of the day, u s i n g  po n d s  to r e d u c e  the e n v i r o n m e n t a l  
i m p a c t  of mi n i n g .  A s  a res u l t  huge p i l e s  of o r e  t a i l i n g s  w e r e  
a l l o w e d  to fo r m  200' high m o u n d s  of y e l l o w ,  d u s k y  material. 
B e c a u s e  of the p r o c e s s  w h i c h  p r o d u c e d  the tailings, it was t h o u g h t  
t h a t  they w o u l d  not s u s t a i n  p l a n t  life and the u n s i g h t l y  a p p e a r a n c e  
was accepted as an i nevitable o f f s h o o t  of the p r o s p e r i t y  c r e a t e d  by 
the mine.


S u n n y s i d e ' s  p h i l o s o p h y  of r e c l a m a t i o n  was m a r k e d l y  d i f f e r e n t .  
L e a v i n g  the tailings p o n d s  as th e y  w e r e  ma y  be a less co s t l y  
solution, but would be n e g l e c t i n g  e n v i r o n m e n t a l  r e s p o n s i b i l i t y .  
S u n n y s i d e  cr e w s  res h a p e d  the tai l i n g s  po n d s  and p r e p a r e d  th e m  for 
n a t u r a l  growth.


C o l o r a d o ' s  M i n e d  Land R e c l a m a t i o n  B o a r d  g r a n t e d  16 u n c o n t e s t e d  
t e c h n i c a l  r e v i s i o n s  when S u n n y s i d e  Gold C o r p o r a t i o n  d e m o n s t r a t e d  
th a t  c h a n g e s  to the r e c l a m a t i o n  pl a n  wo u l d  d r a m a t i c a l l y  i m p r o v e  the 
fi n a l  results. In e a c h  case, S u n n y s i d e  i n i t i a t e d  the a c t i o n  
itself, f r e q u e n t l y  at an inc r e a s e d  cost.


Photos #2,3,4
M a y f l o w e r  M i l l ’s Tailings Pond #1 an d  #2 w e r e  r e c o n t o u r e d  t o  r e d u c e  
t h e  slope, i n c r e a s e  s t a b i l i t y  and a l l o w  g r o w t h  me d i a  to a d h e r e  to 
the si d e  s l o p e s  and top pad. S u n n y s i d e ' s  o r i g i n a l  p e r m i t  c a l l e d  
o n l y  for d i r e c t  r e v e g e t a t i o n ,  but S u n n y s i d e  b e l i e v e d  that r e s h a p i n g  
wo u l d  p r o v i d e  a better g r o w t h  s u r f a c e  to s u s t a i n  a m i x t u r e  of 
n a t i v e  g r a s s e s  and w i l d f l o w e r s .


Photo #5
T h e  top s u r f a c e  of the tailings ponds was graded to d r a i n  s u r f a c e  
m o i s t u r e  toward th e  h i l l s i d e  to th e  west, into a d r a i n a g e  d i t c h  and 
a r o u n d  the tailings pond, p r e v e n t i n g  erosion.







P h o t o  #6


T h e  change in a p p e a r a n c e  is r e m a r k a b l e  - the t a i l i n g s  d e p o s i t s  now 
look like natural r o l l i n g  mesas, ra t h e r  th a n  u n s i g h t l y  p i l e s  of 
m i n i n g  debris. Th e  m a x i m u m  r e c o n t o u r e d  s l o p e  is 2.0:1, w i t h  se l e c t  
a r e a s  as low as 6.0:1. The job r e q u i r e d  m o v i n g  m o r e  th a n  330,000 
y a r d s  of m a t e r i a l  at Pond #1 a n d  23 0 , 0 0 0  y a r d s  at Pond #2. The 
c o s t  for r e c l a i m i n g  Ponds #1 and #2 al o n e  a m o u n t e d  to n e a r l y  $1.3 
mi H i  on.
R e s h a p i n g  and ca p p i n g  of T a i l i n g s  Ponds #1 an d  #2 first s t a r t e d  in 
1991. The work was c o m p l e t e d  in the fall of 1992. The natural 
g r a s s e s  p l a n t e d  o n  the s l o p e s  g r o w  s l o w l y  d u e  to the altitude, 
climate, sc a n t  rai n f a l l  and g e n e r a l l y  lo w  t e m p e r a t u r e s .


Photo #7
T h e  ba n k s  of Boulder Creek, w h i c h  flows b e t w e e n  Ponds #1 a n d  #2, 
w e r e  r e s h a p e d  from b o t t o m  to top a n d  the t a i l i n g s  i m p o u n d m e n t s  w e r e  
p u s h e d  back fr o m  the s t r e a m  bed.


P h o t o  #8


L a r g e  boulder rip-rap was ad d e d  to con t r o l  e r o s i o n  and c r e a t e  bank 
stability.


P h o t o  #9, 10


Th e  growth o n  Pond #1, n o w  in its s e c o n d  year, r e a c h e s  full 
m a t u r i t y  in late J u l y  and c o v e r s  the h i l l s i d e s  and t o p  s u r f a c e  with 
g r a s s  m o r e  than one fo o t  high. Similar n a t i v e  g r a s s  m i x t u r e s  on 
Po n d  #2, in its third year, have gr o w n  as w e l l  and the a s p e n  trees 
p l a n t e d  o n  the s l o p e s  a n d  in g r o v e s  on  the s u r f a c e  h a v e  inched 
ta l l e r  ea c h  year, d e s p i t e  a sh o r t  g r o w i n g  season.


P h o t o  #11


T a i l i n g s  Pond #3 was r e c l a i m e d  i n  1993. M o r e  t h a n  6 5 , 0 0 0  y a r d s  o f  
o v e r b u r d e n  w e r e  moved i n t o  Pond #3 and g r a s s e s  and p l a n t s  w e r e  
h y d r o s e e d e d .







Photo #12
B y  the summer of 1994, the gr a s s  had taken r o o t  an d  was s p r e a d i n g  
over the p o n d s’ surface.


T a i l i n g s  Pond #4, n e a r e s t  Silverton, c o n t i n u e s  to r e c e i v e  water 
t r e a t m e n t  r e s i d u e  fr o m  the A m e r i c a n  T u n n e l  w a t e r  t r e a t m e n t  pl a n t .  
However, the s e t t l i n g  ponds b e l o w  #4 w e r e  c o n t o u r e d  and s e e d e d  in 
1993 and the grass on the side s l o p e s  has b e e n  e f f e c t i v e  in 
c o n t a i n i n g  p o t e n t i a l  erosion. T h e  c a p p i n g  of Po n d  #4's si d e  s l o p e s  
r e q u i r e d  m o v i n g  10,000 yards of m a t e r i a l  at  a c o s t  of $14 8 , 0 0 0 .


S i n c e  the o b j e c t i v e  is to re t u r n  t h e  area to a n a t u r a l  habitat, the 
g r o w t h  on the three tailings p o n d s  r e c e i v e s  m i n i m u m  m a i n t e n a n c e  
u n t i l  the p l a n t s  a r e  e s t a b l i s h e d .  T h e  g r a s s  is n o t  a r t i f i c i a l l y  
irr i g a t e d ,  e n c o u r a g i n g  nat u r a l  g r o w t h  a n d  p l a n t  s t urdiness. Snow 
m e l t  and summer rain s h o w e r s  p r o v i d e  en o u g h  m o i s t u r e  to s u s t a i n  
them.


Photo #13
T h e  w o r k i n g  ar e a s  ar o u n d  t h e  M a y f l o w e r  Mill h a v e  also b e e n
rec l a i m e d .  Slopes of p a r k i n g  lots, f o r m e r  b u i l d i n g  sites and
s e r v i c e  roads h a v e  b e e n  r e c o n t o u r e d  for a p p e a r a n c e  and e r o s i o n  
c on t r o l .  M o r e  than 98 a c r e s  of the 130 a c r e s  of d i s t u r b e d  w o r k i n g  
s u r f a c e  at the mill ha v e  b e e n  r e c l a i m e d  or reshaped. Of the
r e m a i n i n g  32 acres, 29 ac r e s  have y e t  to be r e c l a i m e d  due to the 
use of the top of Tailings Pond #4 an d  the b o r r o w  pit as a s o u r c e  
for growth media; 3 acres is c o m p r i s e d  of ac c e s s  ro a d s  and
b u i l d i n g s .  T h e  areas are s c h e d u l e d  for r e c l a m a t i o n  w h e n  no longer 
needed. T h r o u g h  1994, the total co s t  for i m p r o v e m e n t s  at the 
M a y f l o w e r  Mill site is $1.6 million.


Photo #14
T h e  m a i n t e n a n c e  shops area o n  the e a s t  s i d e  of C o u n t y  Road 1 h a v e  
a l s o  r e c e i v e d  sub s t a n t i a l  a t t e n t i o n .  H i s t o r i c a l  e q u i p m e n t  and 
w a s t e  p i l e s  w e r e  re m o v e d  and the areas r e g r a d e d  a n d  p l a n t e d  wi t h  a 
m i x t u r e  of n a t u r a l  grasses.







P h o t o  #15


T h e  a e s t h e t i c  i m p r o v e m e n t  b r o u g h t  by  the S u n n y s i d e  r e c l a m a t i o n  
p r o j e c t  are not the o n l y  b e n e f i t s  to the S i l v e r t o n  c o m m u n i t y .  The 
use of f u l l - t i m e  mine p e r s o n n e l  an d  s e a s o n a l  w o r k e r s  has c o n t i n u e d  
to p r o v i d e  e c o n o m i c  b e n e f i t s  to the S i l v e r t o n  com m u n i t y .  The 
p u r c h a s e  of supplies, fuel an d  us e  of local v e n d o r s  a n d  s p e c i a l t y  
c r a f t s m e n  c a n n o t  be  o v e r l o o k e d .


H I S T O R I C  D I S P L A Y


S u n n y s i d e  Gold is e x t r e m e l y  pr o u d  of it s  s u c c e s s f u l  r e c l a m a t i o n  and 
b e l i e v e s  the a c c o m p l i s h m e n t s  w o r t h y  of s p e c i a l  attention.


P h o t o  #16


In A u g u s t  of 1994, f o l l o w i n g  s e v e r a l  m o n t h s  of design c o r r o b o r a t i o n  
w i t h  the San J u a n  C o u n t y  H i s t o r i c a l  S o c i e t y  and the B u r e a u  of Land 
M a n a g e m e n t ,  a r o a d - s i d e  i n t e r p r e t a t i v e  d i s p l a y  wa s  d e d i c a t e d  at 
B o u l d e r  Cr e e k  f a c i n g  u p h i l l  to w a r d  T a i l i n g s  Pond #1.


The exhibit, w h i c h  c a r r i e s  the " C o l o r a d o  S c e n i c  Byways" C o l u m b i n e  
emblem, is s i m i l a r  to a s y s t e m  of d i s p l a y s  c h r o n i c l i n g  C o l o r a d o ' s  
c o l o r f u l  h i s t o r y  and n a t u r a l  wonders. In f o u r - c o l o r  p h o t o s  and 
text, it p r e s e n t s  h i s t o r i c a l  i n f o r m a t i o n  ab o u t  m i n i n g  h i s t o r y  not 
n o r m a l l y  a v a i l a b l e  to t o u r i s t s  a n d  s i ghtseers.


P h o t o  #17


Th e  st e e l  and p o r c e l a i n  s i g n s  d i s p l a y  " b e f o r e "  an d  c u r r e n t  "after" 
p h o t o g r a p h s  of the mill and t a i l i n g s  piles, g r a p h i c a l l y  
d e m o n s t r a t i n g  the d r a m a t i c  ch a n g e  in appearance. Th e  text 
h i g h l i g h t s  the his t o r y  of the mill and the r e s p o n s i b l e  a t t i t u d e  
m o d e r n - d a y  m i n i n g  c o m p a n i e s  such as S u n n y s i d e  hold for 
e n v i r o n m e n t a l  concerns.


P h o t o  #10


Th e  h i s t o r i c a l  display, a p p r o x i m a t e l y  one m i l e  e a s t  of S i l v e r t o n  on 
C o u n t y  Road 1, o v e r l o o k s  the A n i m a s  River and includes a tu r n o u t  
ar e a  with p a r k i n g  for 10 cars, a c o m p a c t e d  g r a v e l  p a t h  a n d  a large 
c o n c r e t e  p e d e s t a l  th a t  a l l o w s  v i s i t o r s  to sit and e n j o y  the 
scenery. T h e  p a t h  a n d  the d i s p l a y s  a r e  d e s i g n e d  to b e  a c c e s s i b l e  
to p e r s o n s  in w h e e l c h a i r s .







S u n n y s i d e  an d  the San Ju a n  H i s t o r i c  S o c i e t y  a r e  c o n t i n u i n g  
d i s c u s s i o n s  that ma y  a l l o w  the old M a y f l o w e r  Mill to be con v e r t e d  
into a h i s t o r i c  p u b l i c  exhibit. I n s i d e  the mill, w h i c h  c l o s e d  its 
d o o r s  in 1991, looks like a c r e w  ju s t  left for the day. S c h e d u l e  
c a l e n d a r s  still hang o n  walls an d  g l o v e s  a r e  d r a p e d  over tools 
w h e r e  their owners left them. The c o n f i g u r a t i o n  of the mill and 
m a n y  of the m a s s i v e  m a c h i n e s  h a v e  c h a n g e d  li t t l e  over the years. 
V i s i t o r s  wo u l d  have an  o p p o r t u n i t y  to a p p r e c i a t e  t h e  s c o p e  of work 
that went into turning o r e  in t o  me t a l  b y  o b s e r v i n g  th e  p r o c e s s  f r o m  
t h e  ore dump to  the huge grinders, to the j a i l - l i k e  o f f i c e  w i t h  the 
s a f e  w h e r e  the gold and silver w e r e  p r o t e c t e d  un t i l  they could be 
shipped.


SUNNYSIDE MINE SURFACE RECLAMATION


Photo #19
The o p e r a t i n g  site or " b u s i n e s s  en d "  of S u n n y s i d e  is at the 
hi s t o r i c  to w n  site of G l a d s t o n e .  T h e  old c o r r u g a t e d  steel m i n i n g  
o f f i c e s  and anc i l l a r y  s e r v i c e  b u i l d i n g s  o b s c u r e  the i m p r e s s i v e  
A m e r i c a n  Tunnel portal into the S u n n y s i d e  w o r k i n g s .  R e c l a m a t i o n  
has be e n  c o m p l e t e d  on  m o r e  than t h r e e  a c r e s  of the total 11.5 acre 


site.


In the past year, S u n n y s i d e  has r e m o v e d  s e v e r a l  u n n e e d e d  b uildings, 
including the cr e w  c h a n g e  r o o m s  and s t o r a g e  sheds. Rail cars and 
surplus m a c h i n e r y  stored o u t s i d e  th e  p o r t a l  h a v e  al s o  b e e n  removed.


Photo #20
R e c l a m a t i o n  of old ta i l i n g s  p o n d s  a t  the m i n e  p o r t a l  a r e a  has 
a l r e a d y  be e n  completed. The h i s t o r i c  Lead C a r b o n a t e  Pond 
c o n t a i n i n g  some 27,000 ya r d s  of m a t e r i a l  was m o v e d  in 1991 an d  
c o n s o l i d a t e d  in Ta i l i n g s  Pond #1 ne a r  t h e  M a y f l o w e r  Mill. The site 
has be e n  r e g r a d e d  and r e s e e d e d  a n d  is e n t e r i n g  its t h i r d  year of 
s u s t a i n e d  growth. To t a l  p r o j e c t  co s t  w a s  $131,000.


Si n c e  1988, S u n n y s i d e  has m a d e  $ 2 5 0 , 0 0 0  in c a p i t a l  i m p r o v e m e n t s  to 
the water t r e a t m e n t  f a c i l i t y  at the A m e r i c a n  Tun n e l  to me e t  
i n c r e a s i n g l y  stringent p e r m i t  limits.







CONCLUSION
S u n n y s i d e  G o l d ' s  r e c l a m a t i o n  p r o g r a m  is d e s i g n e d  to p r o v i d e  the 
best o u t c o m e  for the e n v i r o n m e n t  and r e s i d e n t s  of San Ju a n  County. 
Wh i l e  w e  w a n t  to m a k e  s u r e  that w e  s a t i s f y  st a t e  reg u l a t o r y  
r e q u i r e m e n t s ,  w e  have never let th a t  o b l i g a t i o n  set the limits of 
wh a t  w e  wi l l  do. Our l i m i t s  a r e  set o n l y  b y  our d e t e r m i n a t i o n  t o  
m a i n t a i n  our r e p u t a t i o n  as an e n v i r o n m e n t a l l y  r e s p o n s i b l e  c o m p a n y  
by d o i n g  the j o b  r i g h t  the first time. If th a t  r e q u i r e s  us to 
exceed r e g u l a t o r y  r e q u i r e m e n t s ,  w e  are a l w a y s  p r e p a r e d  to do so. 
This p h i l o s o p h y  is not o n l y  s u p p o r t e d  by an o n - s i t e  m a n a g e m e n t  w h o  
have 40 y e a r s  of c o m b i n e d  s e r v i c e  at the mine, it is Echo Bay's 
c o r p o r a t e  phi l o s o p h y .  Local r e s i d e n t s  a r e  i m p r e s s e d  by  the e f f e c t s  
of this r e s p o n s i b l e  a c t i o n  to i m p r o v e  the e n v i r o n m e n t  and limit the 
u n s i g h t l y  e f f e c t s  of mining.


Our e m p l o y e e s  a r e  p r o u d  of the r e c l a m a t i o n  work w e  have 
a c c o m p l i s h e d  at the S u n n y s i d e  Mine. Our hope is that through 
awards p r o g r a m s  such as this one, m o r e  p u b l i c i t y  will be gen e r a t e d  
to d e m o n s t r a t e  the p o s i t i v e  a c c o m p l i s h m e n t s  m a d e  by to d a y ' s  
e n v i r o n m e n t a l  r e s p o n s i b l e  m i n i n g  com p a n i e s .


S u b m i t t e d  by:


W i l l i a m  B. G o o d h a r d  
R e s i d e n t  M a n a g e r  
S u n n y s i d e  Gold C o r p o r a t i o n


F e b r u a r y  27, 1995







Post Office B o x  250 Silverton, C o l o r a d o  81433 


Telephone (303) 387-5522 Fax (303) 387-5583


O ffice of the Mayor


Mr. William B. Goodhard 
Sunnyside Gold Corporation 
P. O. Box 177 
Silverton, CO 81433


Dear Bill:


The Board of Trustees for the Town of Silverton recently learned that Sunnyside Gold Corporation has applied 
for a Colorado Mined Land Reclamation award for your work on the Sunnyside Mine closure. We have watched 
with a great deal of interest as you have taken on the formidable task of reclaiming the mine sites and tailings 
ponds, and we would like to commend Sunnyside Gold Corporation for the way in which the Sunnyside Mine 
closing has been handled. You have kept ourselves and the citizens of Silverton well informed o f the closure 
plans and schedules; you have gone beyond the minimum requirements in order to realize a superior reclamation 
project; and even though you are closing your doors, you have continued to be an outstanding corporate citizen in 
this community. We are especially impressed with the dramatic change in the appearance of the Mayflower Mill 
tailings ponds: your reclamation work on the ponds and along Boulder Creek has resulted in a landscape that 
blends with the surrounding environment and is pleasant to view.


While we are saddened to know the Sunnyside Mine is finally closing, we appreciate the support and vitality 
Sunnyside Gold Corporation has provided our community over the years. Through jobs; donations of capital, 
time and equipment; purchasing goods and services through local vendors; and your willingness to help the 
community in untold ways, you have proven yourself to be a good neighbor and friend. We believe that your 
success in reclaiming the mining landscape and mitigating adverse impacts to the surrounding environs and 
communities is deserving of special recognition, and we desire to endorse your application for the reclamation 
award. You deserve the honor.


If you have any questions concerning this letter, or if we can be of further help in obtaining the recognition you 
deserve, please let us know. In some small way we would like to repay you for being a good citizen.


CL
Sincerely,


Linda W. Bernard 
Mayor


-


Januaty 27, 1995







S a n  J u a n  C o u n t y  H i s t o r i c a l  S o c i e t y
P.O. Box 154 Silverton, Colorado 81433


Sunnyside Gold Corporation
PO Box 177
Silverton, CO. 81433 


Dear Mr. Goodhard:


The members of the San Juan County Historical Society want 
to express our thanks to you, Sunnyside Gold Corporation and 
Echo Bay Mining, for your support over the past many years. 
Your interest in and support of our preservation efforts 
through donations, both capital and historic mining 
equipment, are deeply appreciated.


While we certainly understand the fiscal reasoning for 
closing the historic Sunnyside Mine, it is a sad occasion 
for all of us who cherish its long and colorful history.
Your interest in and assistance with the preservation of the 
memory of the Sunnyside Mine through exhibits, the donation 
of historic equipment and, particularly, your willingness to 
discuss the possible donation to the Society of the 
historically significant Mayflower Mill, have made the 
closing less traumatic. We look forward to continuing our 
efforts to convert the old mill into a viable public 
attraction.


We also thank you for the sensitivity with which your 
reclamation efforts have been conducted. The reclamation 
has beautified many areas, particularly along Boulder Creek 
and in Sunnyside Basin, while preserving the flavor and 
essence of the mining history that makes Silverton such a 
unique place to visit. The placement of the interpretive 
display which explains the history of the Mayflower Mill and 
tailings ponds is another example of Sunnyside Gold 
Corporation and Echo Bay Mine's willingness to go far beyond 
what is required in order to do what is right.


We look forward to working with you as the final phase of 
the historic Sunnyside Mine comes to a close.


Sincerely,







BOARD OF COUNTY COMMISSIONERS 
San Juan County


P.O. Box 466 Silverton, Colorado 81433 303-387-5671


January 23, 1995


Sunnyside Gold Corporation 
P.O. Box 177
Silverton, Colorado 81433


Att: Bill Goodhard, Resident Manager


Dear Bill,
The Commissioners of San Juan County wish to extend their thanks and 


appreciation for the work you have conducted reclaiming the Sunnyside Mine, 
which Is now ending a long and glorious history. We salute your efforts 
In applying for a Mined Land Reclamation Award and endorse your application.


The Commissioners wish to thank you personally, and also the employee© 
of Sunnyside Mine and Echo Bay Mining Company for reclamation efforts that 
have frequently exceeded state and federal requirements. We commend the 
management of Sunnyside Gold for their honesty and candor during this most 
difficult period of mining downsizing. There have been difficult questions 
to which you have responded in a straightforward, honest manner.


With mining fast becoming a fading industry in our county, we must 
now turn our attention to other enterprises, including tourism. The work 
that Sunnyside Mine has completed has served to increase the beauty of the 
area while at the same time making it safer. These are both important 
considerations for anyone wishing to spend some of their vacation with us.


We also wish to thank both you and your employees for the countless 
contributions you have made within our community. Prom the important tax 
base you provided, to the donation of volunteer labor and equipment, and 
further still to the donations made to the Silverton Historical Society 
Mining Museum, the Sunnyside Mine and its people have made an indelible 
imprint on the history of our county. Sunnyside's support for our 
community continues today although mining operations closed three years 
ago. The support you provided has helped in our transition from mining 
to a broader based economy. Your continued concern for the vitality of 
the Silverton community is most appreciated.







Wg look forward to a continued mutually beneficial partnership for 
as long as Sunnyside Gold Corporation remains a part of our community. 
Your presence here will be sorely missed.


Sincerely,


Ernest F. Kuhlman, Chairman


Ricnard A. Perino


Terry Rh^iades








































































































May 7, 2015 


Mr. Mike Rudy 
U.S. Environmental Protection Agency 
R~gion.8 
1595 Wynkoop Street 
Denver, CO 80202-1129 


Re: Contract No. EP-BPA-11-W-0001 
Task Order No. 069 
Upper Animas Mining Di~trict 
_Mayflower MIii-Finai PRP Search Report 


_ Dear Mr. Rudy, 


TOEROEK 
ASSOCIATES, INC. 


On March 22, 2013, Toeroek Associates; Inc. (Toeroek) submitted to the U.S. Environmental 
Pr:otectlon Agency (EPA) the Dr.aft PRP Seard:i Report for the Mayflower Mill Site under 
Contract No. EP-RS-09-10, Task Order No. 35 .. The. Mayflow.er Mill Site is located in Upper 
Animas Mining District in San Juan County, Colorado (SSID No. os~sM). 


EPA has accepted the draft report; without edits, as the f,inal product. Pe_r your request, 
Toeroek is submitting this letter to document thiucceptance. , . . 


· If you have any questions, please do not hesitate to contact me at (720) 898-4105 or by 
email (lgarner@toeroek;com). We appreciate the opportunity to support EPA on this project. 


Sincerely, 


Lindsay Garner 
Project Manager 


cc: fv'I. O'Reilly, EPA 
TOa069 File 


300 Union Boule,ard 
Suite520 
L;ikewood, C0'80228- l552 
www.toerook.com 
Phone 303420-7735 
Fa,i;:,303-42(). 7658 







UPPER ANIMAS MINING-DISTRICT 


MAYFLOWER MILL DRAFT PRP SEARCH REPORT 


EPA SITE ID No. 08-SM 


March 22, 2013 


Enforcement Support Services 4 
Contract Number El;>-R8-09-1 O 
TO No. 035. 


Enforcement Confidential 


Prepared for: 


U.S. Environmental Protection Agency 
Region VIII 
1595 Wynkoop Street 
Denver, CO 80202-1129 


Prepared by: 


Toeroek Associates, Inc. 
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Lakewood, CO 80228 
303/420. 7735 
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1.0 INTRODUCTION 


TO-035 Upper Animas Mining District 
Mayflower Mill PRP Search Report 


March 22, 2013 


On October 10, 2012 Toeroek Associates, Inc. (Toeroek) received Task Order (TO) No. 035, Amendment 


B, from the U.S. Environmental Protection Agency (EPA), Region 8, under Enforcement Support Services 


4 Contract EP-RS-09-10. This TO requires Toeroek to conduct a potentially responsible party (PRP) 


search on the Mayflower Mill and Tailings Area (the "Site") in the Upper Animas Mining District. The Site 


is located two miles northeast of Silverton in San Juan County, Colorado. 


1.1 OBJECTIVE AND SCOPE 


The objective of this Task Order is to conduct a PRP search of the Site. This report identifies individuals 


and companies that may be liable for response actions and costs pursuant to the Comprehensive 


Environmental Response, Compensation, and Liability Act (CERCLA). 


The PRP Search includes a section on past and present owners and operators, and examines the areas of 


contamination delineated by the EPA Task Order Manager at the Task Order scoping meeting. 


For the purposes of this report, the Site has been defined as Mayflower Mill, and its associated tailings 


impoundments. The Site covers approximately 130 acres and is located on the north side of the Animas 


River and County Road 2. Based on EPA direction, full chain of title was conducted for the core 


Mayflower Mill Property: "S" Mill Site, E.C.W. Mill Site, and H.M. Mill. Current ownership was 


researched for the remaining Site parcels. 


1.2 REPORT FORMAT 


The report is organized in six sections. Section 1.0 is the introduction and describes the objective, scope 


of work, format of the report, and sources of information. Section 2.0 describes the location of the 


Mayflower Mill and provides background information on the physical attributes of the area. Section 3.0 


presents ownership information and the results of the title research. Section 4.0 provides the 


operational history of the Site. Section 5.0 identifies PRPs and associated parties for the Site, and 


provides current corporate status and addresses for these entities. Section 6.0 presents the conclusions 


and recommendations. 


The report contains three appendices. Appendix A is a summary of the work performed under this TO 


and a list of the sources contacted. Appendix B is a reference document index of all supporting 


documents. Appendix C is an abstract of the title documents collected from the title search. 
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1.3 SOURCES OF INFORMATION 


References to the numbered evidentiary documents within this report are made by a document number 


in parentheses following the sentence(s) to which the reference applies. The document number 


generally consists of a letter prefix followed by a number. The prefix indicates the general source of the 


document and the numbers are sequential. It should be noted that any documents obtained from the 


EPA Site Files are referenced according to their SDMS number. 


The prefix in the citation number indicates the source of the document: 


+ AO# documents are from the Potentially Responsible Party Search Final Report for Mogul and 
Grand Mogul Mines Site, San Juan County, Colorado. The report was prepared for BLM by 
Prizim Inc. in June 2009. 


+ BLM documents are from the U.S. Bureau of Land Management. 
+ CBM documents are from the Colorado Bureau of Mines. 
+ CDPHE documents are from the Colorado Department of Public Health and Environment. 
+ COSOS documents are from the Colorado Secretary of State. 
+ CSA documents are from the Colorado State Archives. 
+ CSM documents are from the Arthur Lakes Library, Colorado School of Mines. 
+ DPL documents are from the Denver Public Library. 
+ ORMS documents are from the Colorado Division of Reclamation, Mining and Safety. 
+ DUPL documents are from the Durango Public Library. 
+ EMJ documents are from the Engineering and Mining Journal. 
+ EPA documents were provided by EPA. 
+ HAER documents are from the Historical American Engineering Record of the United States 


National Park Service. 
+ HISOS documents are from the Hawaii Secretary of State. 
+ INT documents are from online searches and pertain to corporate and private entities. 
+ MESOS documents are from the Maine Secretary of State. 


·· + MY documents are from the Mineral Resources and Minerals Yearbooks, USGS publications. 
+ NEX documents are from LexisNexis news, corporate and legal database. 
+ NJSOS documents are from the New Jersey Secretary of State. 
+ PACER documents are from the Public Access to Court Electronic Records. 
+ SDMS documents are from the EPA Site File for the Iron Springs Mining District. 
+ SEC documents are from the United States Securities and Exchange Commission. 
+ SJCA documents are from the San Juan County Assessor's Office. 
+ TITLE documents are from the San Juan County Clerk and Recorder's Office. 
+ USGS documents are from the U.S. Geological Survey Library in Denver, Colorado. 
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2.0 SITE DESCRIPTION 


TO-035 Upper Animas Mining District 
Mayflower Mill PRP Search Report 


March 22, 2013 


Characteristics of the Site, including the Site Location (Section 2.1); Site Description (Section 2.2); Site 


Background (Section 2.3); Geology (Section 2.4); Ground and Surface Water (Section 2.5); Climate 


(Section2.6); and Contamination (Section 2.7) are presented in this section. 


2.1 SITE LOCATION 


The Mayflower Mill and Tailings Area, located in the Upper Animas Mining District, is situated 


approximately two miles northeast of Silverton in San Juan County, Colorado. The Site is located in the 


Upper Animas Mining District within Sections 9 and 10, Township 41 North, Range 7 West of the New 


Mexico Meridian. The Site is depicted in Figure 1 below. 


ll I 


Dolores 
County_ 


Rico 


Montezuma 


Telluride 


Mountain 
Village 


Ophir 


National r ~ 


..,.-.-_ __ ···L 
1/ ~a P l ata County 


Figure 1: Site Location Map 
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This PRP Search Report addresses the Mayflower Mill and Tailings Area, which includes the parcels listed 


in Table 1. 


Table 1: List of Site Mining Claims 


Mining/Mill Claim Name 


"S" Mill Site 


E.C.W. Mill Site 


H.M. Mill Site 


Toeroek Associates, Inc. 


Mineral Survey (M.S.) Number 


M ill Site Patented Claims 
20407 


20595 


20595 
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Table 1: List of Site Mlnln1 Claims 


Mining/MIii Claim Name Mineral Survey (M.S.) Number 
Tailings Area Parcels 


Ann Harris Placer 11596 


Aurora 18434 


Bend Placer 11596 


Blair Placer 841 


Blair Placer 841 


Blair Placer (portion) 841 


Buena Vista 14012 


C.H. Mill Site 20594 B 


Tract A, Esther Allen 8801A 


Genoa, lot 1 14024 


Genoa, Lot 1 14024 


Gold 14012 


Jeannette Roux Placer 11596 


Jeannette Roux Placer (Surface Rights Only) 11596 


Jeannette Roux Placer, Lot 1 [Powerhouse PUD] 11596 


Jeannette Roux Placer, Lot 2 [Powerhouse PUD] 11596 


Jeannette Roux Placer, lot 3 [Powerhouse PUD] 11596 


Jeannette Roux Placer, Lot 4 [Powerhouse PUD) 11596 


Jeannette Roux Placer, Lot 5 [Powerhouse PUD] 11596 


Jeannette Roux Placer, Lot 6 [Powerhouse PUD) 11596 
--


Jeannette Roux Placer, Lot 7 [Powerhouse PUD] 11596 


Jeannette Roux Placer, Lot 8 [Powerhouse PUD] 11596 


Jeannette Roux Placer, Lot 9 [Powerhouse PUD] 11596 


Lowville Mill Site 5529 B 


M .B. Mill Site 20595B 


M.D. Thatcher Placer 17699 


Marcia L. 8801A 


N.N. Mill Site 20595B 


H.V.B. Mill Site 20594B 


Peter Placer 11596 


Polar Star Mill Site 7608 


River 15112 


Riverside 8801 


Riverside (Part of) 8801 


Riverside (Part of) 8801 


Southside 14012 


Tract A of Jeannette Roux Placer 8801 A 


Tract A, T.H .W. Mill Site 20595B 


Tract B, THW Mill Site 20595B 


Tract B, Esther Allen 8801 A 
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Table 1: List of Site Mining Claims 


Mining/Mill Claim Name 


U.S. C23981 


Valley Forge 


Valley Forge Extension 


Toeroek Associates, Inc. 


T0-035 Upper Animas Mining District 
Mayflower Mill PRP Search Report 


March 22, 2013 


Mineral Survey (M.S.) Number 


Exempt 


653 


18434 
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The Mayflower Mill is within the Site's boundaries and is a National Historical Landmark. The property is 


situated at an elevation of approximately 9,500 feet, two miles northeast of Silverton, Colorado. The mill 


consists of several buildings terraced into a hillside on the property. The main building is a gravity-flow 


metal flotation mill constructed of wood and structural steel with metal siding on portions of the walls. 


A large tram containing a metal cable with ore hauling buckets spans the canyon 10,000 feet from the 


tram house to the Mayflower mine-portal on the mountain opposite the mill. The wastes from the mill 


were sent to the Mayflower Mill tailings ponds. The tailings ponds were located just north of the Animas 


River, built along a steep hillside southwest of the Mayflower Mill (HAER-001, p. 6, 52-53). 


There have been a total of four large tailings impoundments constructed over the course of the Site's 


history; hereinafter referenced as Tailings Pond No. 1, No. 2, No. 3, and No. 4 and are shown in Figure 2. 


Tailings Pond No. 1 and No. 2 were constructed shortly after the mill began operations in the early 


1930s. Tailings Pond No. 3 and No. 4 were constructed in the mid-1970s, while Tailings Ponds No. 1 and 


No. 2 were discontinued and began reclamation. Tailings Pond No. 4 became the only waste 


impoundment after 1976, and continued to store Mayflower Mill tailings waste until operations stopped 


in 1991. Tailings Pond No. 4 remained a waste impoundment for other mines in the Sunnyside Mine 


complex that were undergoing reclamation, such as the American Tunnel and the Eureka Mine (CDPHE-


20; DRMS-016, -026). 


There have been numerous environmental studies conducted near the Sunnyside Mine Complex and the 


San Juan Mountains among various government agencies, private consultants, organizations, and 


corporate owners. The following sections provide excerpts from various studies that summarize 


Mayflower Mill's waste characteristics that have led to diminished water quality levels in the Animas 


River basin. Much of the background information was taken from United States Geological Survey 


(USGS) professional papers; and has been supplemented with information from the Colorado 


Department of Public Health and Environment (CDPHE) and the Colorado Division of Reclamation, 


Mining and Safety (ORMS). 


2.3 GEOLOGY 


The regional landscape of the western San Juan Mountains are rugged and steep, with terrain further 


emphasized by Pleistocene glaciation and Holocene erosion. Snowmelt is strongly controlled by slope 


and aspect of the sun's position, in addition to time of year and elevation. On steep north-facing slopes, 


snow remains even in the summer and fall months, following a winter with normal precipitation. In 


contrast, south-facing slopes that receive direct sunlight are usually snow free from late spring to early 


fall. Thus, the volume of acid rock drainage varies throughout the year, which in turn influences the 


amount of water-rock interaction (USGS-051, p. 6). 


Bedrock is subject to strong mechanical weathering by exposure to frequent freeze-thaw temperature 


fluctuations, which in turn expose freshly broken surfaces to continued water-rock interaction. The 


western San Juan volcanic field is part of the Southern Rocky Mountain steppe eco-region. Only sparsely 
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vegetated alpine zone tundra is present at high elevation. Where altered bedrock and steep slopes 


coincide, the fragile vegetation patterns cannot stabilize the easily erodible outcrops, which constantly 


contribute mineral-laden sediment to streams below them. The subalpine zone is delimited by 


Engelmann spruce and subalpine fir. At lower elevations, riparian vegetation consists of grasses, sedges, 


mosses, and willows (USGS-051, p. 7). 


Through the late Tertiary period to present day, regional uplift and subsequent erosion of the Colorado 


Plateau has cut deeply into the volcanic pile. Thousands of feet of overlying rock have been stripped 


away, revealing the roots of the volcanic center. Canyons around the margin of the Silverton caldera, 


such those cut by the Animas and Uncompahgre Rivers, have reached the underlying strata, exposing 


much older Paleozoic and Precambrian rock beneath the volcanic deposits (SDMS 1136211). 


Extrusive sequences of volcanic ash-flow tuffs and flow breccias, and dacite-to-rhyodacite lava flows and 


domes underlie essentially the entire watershed. These rocks belong to the Silverton Volcanic series, 


and underlie the San Juan Formation. The Silverton series has been further subdivided into mapable 


formations in the Silverton Caldera. On the southern and eastern margins of the caldera, Paleozoic and 


older Precambrian rock are exposed beneath the volcanic flows. Intruded upward into the volcanic flows 


within the caldera, but particularly along its margins, are younger stocks, plugs, dikes, and sills of a 


variety of igneous rock (SDMS 1136211). 


2.4 HYDROLOGY/ HYDROGEOLOGY 


The Animas watershed drains roughly three-quarters of the total extent of the Silverton Caldera. In 


Oligocene through Miocene time, the Silverton Caldera was a focus of repeated volcanic eruptive 


activity. Hundreds of cubic miles of ash flows and lava were erupted upon a surface of older Paleozoic 


and Mesozoic sedimentary rock, and Precambrian metamorphic and igneous basement rocks. Through 


the middle Tertiary, an extensive, thick volcanic complex was formed, encompassing the entire present 


Animas Basin watershed (SDMS 1136211). 


The Silverton caldera is nested within the older San Juan caldera, and its collapse is evidenced by the 


intensely faulted and fractured ring fracture zone (see Figure 3), well exposed along the Mineral Creek 


Basin and east of Silverton along the Animas River. Pronounced erosion along Mineral Creek and along 


the Animas River upstream from Silverton accentuates the semicircular drainage system that follows the 


Silverton caldera ring fault zone (USGS-051, p. 20). 


Shown in Figure 4, the Animas River flows south towards Silverton along the outer ring of depression in 


the Silverton caldera. The lower lying rock of the Animas River is tertiary intrusive volcanic rock, while 


erosional Quaternary sediments line the Animas River bed. 
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Animas River basin (USGS-051) 
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The Mayflower Mill Site is situated along the north bank of the Animas River, and abuts a steep hillside 


to the north. The general hydrological flow of both groundwater and surface runoff traverses the Site, 


gravitating towards the Animas River depression. The following section addresses concerns about the 


general flow of groundwater and surface runoff seeping through the Mayflower Mill tailing 


impoundments. 


2.5 WASTE CHARACTERISTICS AND SITE CONTAMINATION 


Beginning in mid-1935, the initial operator of the Site, Shenandoah-Dives Mining Company 


(Shenandoah-Dives) began depositing mining waste into tailings ponds located southwest of the mill 


(HAER-001, p. 52). The Historic American Engineering Record report for the mill ("HAER report") 


described this disposal process: 


"The tailing slurry was pumped from the scavenger cells to the upper end of a V-shaped 


flume that delivered the tailings to the pond area. The flume was made of two 2" 


planks; one 12" wide, and the other 10" wide. Supported by a 20'-high trestle, it was set 


on a gradient so the tailings would flow downhill by gravity. Upon arrival at the pond, a 


20' -long, grooved board distributed the tailings to form a 'wall of sand' in the shape of 


[the] pond. A technician would move the board periodically to retain a level top to the 


pond. In order to draw off, or decant, water without stirring up the sediment, a wooden 


box was laid in an inclined trench up the hillside prior to depositing the tailings ... Once 


the desired level of water was attained, pipes drained off the water into a decantation 


pond, located on a lower plane than the tailings ponds, where it could evaporate. In 


practice, only a small portion of the water was actually decanted and evaporated. The 


greater volume percolated into the hillside. As each tailing pond filled to capacity, the 


flume was lengthened and another pond was begun" (HAER-001, p. 53). 


Despite Shenandoah-Dives' relatively (and initially) "enlightened" approach to tailings disposal, the sand 


wall on Tailings Pond No. 1 was breached in 1947, and spilled a large quantity of waste into the Animas 


River (USGS-021, -054). The wall was repaired and operations were only briefly interrupted (USGS-021). 


This occurred once again in 1975, when the main tailings pond washed out and discharged over 100,000 


short tons of tailings and waste into Boulder Gulch and the Animas River (CSA-075; USGS-054). 


"Considerable cleanup" was required, and Standard Metals, the operator at the Site, received a $40,000 


fine for the incident (CSA-075; USGS-054). 


In 1976, an entirely new tailings disposal site and transport system was constructed and the old ponds 


were abandoned. Deposition of tailings were modified to a downstream technique, in which the cyclone 


separator moved along a designated centerline and the tailings slurry particles were segregated into 


coarse and fine fractions based on specific gravity. The coarse particles were deposited downstream of 


centerline, forming the tailings retention dam or embankment, and the tailings fines and slurry water 
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were deposited in sequence to the pond's interior or upstream of centerline .. This system was seen as 


an improvement and eliminated tailings slurry spills, which frequently occurred from the launder during 


transport. The tailings ponds are discussed in more detail in Section 4.0 (DRMS-026, p. 27-28). 


A toe drain was also installed into Tailings Pond No. 4 to sustain overall stability of the tailings pond 


structure, maintaining phreatic levels in the berm at a minimum. The toe drain was constructed with in


place river gravels, overlain by a pervious filter cloth to keep the gravels from plugging (DRMS-025). 


The CDPHE was concerned that tailings waste water from the impoundments were seeping into ground 


water and the adjacent Animas River. The CDPHE requested that Standard Metals perform tests on the 


Site to confirm or disprove such occurrences. Studies conducted by Standard Metals in 1982 revealed 


that seepage from Tailings Pond No. 4 had occurred along the embankment by three factors: high 


phreatic levels in the berm; migration of pond water through the roadbed at the northeast abutment of 


the tailings pond with the roadbed; and infiltration of the Animas River into the toe drain during periods 


of high run-off. Standard Metals attempted to mitigate seepage from the embankment with a series of 


plans for seepage controls (DRMS-025, -026). 


In July 1982, seepage from the toe drain averaged 100 gallons per minute (gpm), but after new 


installations, the flow from the toe drain was reduced to 10 to 20 gpm (DRMS-029, -030). CDPHE 


commented on the stability of the tailings impoundment berm after these measures: 


"The corrective measures instituted by [the operator] will control some of this seepage, 


but probably not eliminate it. Because of the alluvium underlying the pond, it would be 


reasonable to assume that some ground water flow exists between the pond and the 


river, this situation may also exist with the blanket drain. The only way to potentially 


eliminate seepage would be to line the pond or construct a grout-type cutoff curtain 


and corresponding pump-back system. However, both such measures may be 


impractical at this site" (DRMS-031). 


The tailings ponds were constructed as a hillside impoundment in an alluvial valley where the Animas 


River travels southwest to Silverton. The hillside contact is glacial till, and up-gradient of this contact 


area are alluvial fans resulting from cliff erosion. Snowmelt and rainfall that is not lost to evaporation or 


plant transpiration become surface runoff, or infiltrate to flow as groundwater to the streams in the 


valley floor (DRMS-025). Before measures to control water runoff from higher on the hillside [known as 


the Upland Groundwater Diversion project] seepage and water drainage passing through tailings 


impoundments was observed, especially during times of high groundwater seasons. Water from higher 


on the hillside was picking up dissolved metals as it migrated to the lower depressions of the Animas 


River watershed (CDPHE-025). 


The following list names reagents formerly used at the Mayflower Mill, which are currently a concern for 


stormwater pollution: sodium cyanide; zinc sulfate; sodium sulfate; liquid promotor (unknown 


composition); sodium ethyl xanthate; potassium amyl xanthate; dowfroth frother; polypropylene glycol 
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methyl ether; lime; copper sulfate; tergitol (nonionic surfactant); calcium hypochlorite; cationic 


coagulant; anionic flocculent; sodium hydroxide; sodium gluconate; lead nitrate. Other potential 


pollutants in the tailings ponds that could come in contact with stormwater runoff are residual metals, 


such as aluminum, cadmium, copper, lead, zinc, iron and manganese (CDPHE-023). 
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In line with the Statement of Work, Toeroek contacted a local attorney to research chain-of-title for the 


Mayflower Mill Site at the San Juan County Clerk and Recorder's Office. EPA requested that Toeroek 


complete full chain of title, from patent to present, for the following three patented Mayflower Mill Site 


claims. These claims are the core mill site properties. 


• "S" Mill Site 


• E.C.W. Mill Site. 


• H.M . Mill Site 


Toeroek was also tasked to identify current ownership for the Mayflower Mill Site tailings impoundment 


area that was associated with the Mayflower Mill. listed in Table 2 is the current owner information for 


the patented Mill Site claims and all associated tailings impoundment area parcels. 


Section 3.1 provides general information on the current property owner(s) for the Mayflower Mill Site 


claims and the Mayflower Mill tailings impoundment area properties. Section 3.2 presents a detailed 


discussion of the title search results for t he core Mayflower Mi ll Site claims from patent to present. 


Several of the tailings impoundment mining claims share a similar ownership history as the core 


properties. Following the ownership discussion of the core Mayflower Mill Site parcels, is a table which 


depicts historic ownership information for the tailings impoundment parce ls that are mentioned within 


those deeds. Title abstracts for the three patented Mayflower Mill Site claims, along with additional 


title research and current ownership information for the tailing impoundments, are presented in tabular 


form in Appendix C. 


3.1 CURRENT O WNERS 


The current property owners of the Site are listed in Table 02 below. Additionally, Figure OS following 


this Table depicts the Site property and the current owners. The tailings impoundment area extends 


north of the Site onto public land, which is owned by the U.S. Bureau of Land Management (BLM). 


Table 2: Current Owners of Site Property 


Claim Name S.N. # 


"S" Mill Site 20407 


E.C.W. Mill Site 20595 


H.M. Mill Site 20595 


Ann Harris Placer 11596 


Toeroek Associates, Inc. 


Parcel# Current Owner 


M ayflower Mill Site Current Owners 


48290090010010 
San Juan County Historical 


Society 


48290090010010 
San Juan County Historical 


Society 


48290090010010 
San Juan County Historical 


Society 


M ayflower Mill and Tailings Area Current Owners 


48290090010003 Sunnyside Gold Corporation 


Enforcement Confidential 
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Deed SJCA 


TITLE-023 SJCA-029 


TITLE-023 SJCA-029 


TITLE-023 SJCA-029 


TITLE-015 SJCA-001 
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Table 2: current Ownars of Sita Property 


Claim Name S.N. # Parcel# 


Aurora 18434 48290100010053 


Bend Placer 11596 48290090010031 


Blair Placer 841 48290090010003 


Blair Placer 841 48290090010003 


Blair Placer 
841 48290090010321 


(portion) 


Buena Vista 14012 48290100010006 


C.H. Mill Site 
20594 


48290090010031 
B 


Tract A, Esther Allen 8801 A 48290090010034 


Genoa, Lot 1 14024 48290100010055 


Genoa, Lot 1 14024 48290100010056 


Gold 14012 48290090010003 


Jeannette Roux 
11596 48290090010003 


Placer 


Jeannette Roux 


Placer (Surface 11596 48290000010070 
Rights Only) 


Jeannette Roux 
Placer, Lot 1 11596 48290090010101 
(Powerhouse PUD] 


Jeannette Roux 
Placer, Lot 2 11596 48290090010102 
[Powerhouse PUD) 


Jeannette Roux 


Placer, Lot 3 11596 48290090010103 
[Powerhouse PUD) 


Jeannette Roux 
Placer, Lot 4 11596 48290090010104 
[Powerhouse PUD) 


Jeannette Roux 
Placer, Lot 5 11596 48290090010105 
[Powerhouse PUD] 


Jeannette Roux 
Placer, Lot 6 11596 48290090010106 
[Powerhouse PUD] 


Jeannette Roux 
Placer, Lot 7 11596 48290090010107 
[Powerhouse PUD) 


Jeannette Roux 
11596 48290090010108 


Placer, Lot 8 


Current Owner 
San Juan County Historical 
Society 


Perino, Larry R. 


Sunnyside Gold Corporation 


San Miguel Power Association 


San Juan County 


Sunnyside Gold Corporation 


Perino, Larry R. 


Dan Dugi Defined Benefit Trust 


Zastrow, Larry 


Zastrow, Larry 


Sunnyside Gold Corporation 


Sunnyside Gold Corporation 


Utah Power & Light Co. 


Dillon Ranches LLLP 


San Juan County Historical 


Society 


Michael K. Meuer 


Sidehill Mugwump Protection 
Society 


Little Dog Enterprises, LLC 


San Juan County Historical 
Society 


San Juan County Historical 
Society 


San Juan County Historical 


Society 
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TITLE-027 SJCA-025 


TITLE-033 SJCA-014 


TITLE-015 SJCA-001 


TITLE-029 SJCA-001 


N/A SJCA-003 


TITLE-015 SJCA-020 


TITLE-033 SJCA-014 


TITLE-034 SJCA-016 


TITLE-038 SJCA-021 


TITLE-038 SJCA-022 


TITLE-015 SJCA-001 


TITLE-015 SJCA-001 


TITLE-025 SJCA-004 


TITLE-064 SJCA-005 


TITLE-015 SJCA-006 


TITLE-061 SJCA-007 


n/a SJCA-008 


TITLE-059 SJCA-009 


TITLE-068 SJCA-010 


TITLE-015 SJCA-011 


TITLE-015 SJCA-012 
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Table 2: Current Owners of Site Property 


Claim Name S.N.# Parcel# Current Owner Deed SJCA 
[Powerhouse PUD) 


Jeannette Roux 
San Juan County Historical 


Placer, Lot 9 11596 48290090010109 TITLE-015 SJCA-013 


[Powerhouse PUD) 
Society 


Lowville Mill Site 5529 B 48290100010048 Watts Rev Declaration o f Trust TITLE-041 SJCA-028 


M .B. Mill Site 20595B 48290100010006 Sunnyside Gold Corporation TITLE-015 SJCA-020 


M .D. Thatcher 
17699 48290090010031 Perino, Larry R. TITLE-033 SJCA-014 


Placer 


Marcia L. 8801 A 48290100010047 Naffziger, Ryan and Cherie TITLE-045 SJCA-018 


N.N. Mill Site 20595B 48290100010006 Sunnyside Gold Corporation TITLE-015 SJCA-020 


H.V.B Mill Site 20594B 48290090010003 Sunnyside Gold Corporation TITLE-015 SJCA-001 


Peter Placer 11596 48290090010031 Perino, Larry R. TITLE-033 SJCA-014 


Polar Star Mill Site 7608 48290090010031 Perino, Larry R. TITLE-033 SJCA-014 


River 15112 48290090010035 Dan Dugi Defined Benefit Trust TITLE-035 SJCA-017 


Riverside 8801 48290090010003 Sunnyside Gold Corporation TITLE-015 SJCA-001 


Riverside (Part of) 8801 48290090010008 William E. Ogle TITLE-043 SJCA-026 


Riverside (Part of) 8801 48290090010008 William E. Ogle TITLE-044 SJCA-026 


Southside 14012 48290100010009 
Edgar, Tim A. and Pam TITLE-019 SJCA-019 
Ki llebrew 


Tract A of Jeannette 
8801A 48290090010110 


San Juan County Historical TITLE-032 SJCA-027 
Roux Placer Society 


Tract A, T.H.W. Mill 
205958 48290100010006 Sunnyside Gold Corporation TITLE-015 SJCA-020 


Site 


Tract 8, T.H.W Mill 
205958 48290100010006 


Site 
Sunnyside Gold Corporation TITLE-015 SJCA-0 20 


Tract 8, Esther Allen 8801A 48290090010111 
San Juan County Historical TITLE-032 SJCA-015 
Society 


U.S. C23981
1 - - - - -


Valley Forge 653 48290100010053 
San Juan County Historical TITLE-027 SJCA-025 
Society 


Valley Forge 
18434 48290100010053 


San Juan County Historical TITLE-027 SJCA-025 
Extension Society 


1 Although this property is shown on the Assessor's Plat Map, limited information about this parcel is available at 


the San Juan County Clerk and Recorder's Office. This parcel is exempt and appears to be owned by the federal 


government. 
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Legend 


Current Owner 


Dan Dugi Defined Benefit Trust Plan 


Dillon Ranches LLLP 


Edgar, Tim A. and Pam Killebrew 


Little Dog Enterprises, LLC 


Michael K Meuer 


Naffziger, Ryan and Cherie 


Perino, Larry R. 


San Juan County Historical Society 


San Miguel Power Association; Sunnyside Gold Corporation; San Juan County 


Sidehill Mugwump Protection Society 


Sunnyside Gold Corporation 


Sunnyside Gold Corporabon; Utah Power & Light Co (Surface Rights Only) 


Utah Power & Light Co. 


VVatts Rev Dedartion of Trust 


William E. Ogle 


I 0 
---===:::ifeet 


400 800 0 


Toeroek Associates, Inc. 


Figure 5: Current Owner Map 
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Mayflower Mill Site 
Current Owners 


San Juan County, Colorado 


Page I 17 







TO-035 Upper Animas Mining District 
Mayflower Mill PRP Search Report 
March 22, 2013 


Page I 18 


Page Left Blank Intentionally 


----- -


Enforcement Confidential 
Attorney Work Product 


I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 


Toeroek Associates, Inc. ,. 







I 
I 
I 
I 


:I 
I 


I 
I 
I 


I 
I 


I 
I 


3.2 TITLE RESEARCH RESULTS 


TO-035 Upper Animas Mining District 
MayflowerMIII PRP Search Report 


March 22, .2013 


This section presents the ownership history of the Mayflower Mill Site claims, "S" Mill Site, E.C.W Mill 
Site, and H.M. Mill Site, from patent to present. The following chain of title is presented and orgaraized 


based on ownership time~periods for the Mayflower Mill Site. Because the Mayflower Mill Site claims 


are conveyed together from patent to present, the claims are discussed in one historical narrative. 


Additionally, several of the tailings impoundments parcels share similar ownership history as the Mill 


Site parcels. Toeroek has extracted and presented this information following the subsequent narrative in 


a table. The title research results are presented in tabular form in Appendix C. 


Shenandoah Dives Mining Co. (1931 - 1957) 


• On August 14, 1931, the United States of America granted the "S" Mill Site (Survey No. 20407) 


patented claim to the Shenandoah-Dives Mining Company (TITLE-001). 


• On March 7, 1946, the United States of America granted the E.C.W. Mill Site and H.M. Mill Site 


(Survey No. 20595) patented claims to the Shenandoah-Dives MiniAg Company (Tl:rLE-002). 


• On July 11, 1957, Shenandoah-Dives Mining Company merged with and into the Marcy 


Exploration and Mining Company, Inc, (survivor). The surviving corporate name was changed to 


Marcy-Shenandoah Corporation (TITLE-003). 


• 0A September 3, 1957, the Shenandoah-Dives Mining Company conveyed the "S" Mill Site, 


E.C.W. Mill Site, and H.M. Mill Site by Quit Claim deed to the Marcy-Shenandoah Corporation 


(TITLE-004). 


Marcy-Shenandoah Corporation (1957 -1959) 


• On February 28, 1959, the Marcy-Shenandoah Corporation conveyed an undivided one-half(½) 


interest in the "S" Mill Site, E.C.W. Mill Site, and H.M. Mill Site by Quit Claim deed to the 


Standard Uranium Corporation (TITLE-006). 


On the same day, Marcy-Shenandoah Corporation and Standard Uranium Corporation each 


conveyed its undivided ½ interest in the "S" Mill Site, E.C.W. Mill Site, and H.M. Mill Site by Quit 


Claim deed to Shenandoah, Ltd. (TITLE-007). 


Shenandoah, Ltd. was a limited partnership between Standard Uranium Corporation (general 


partner) and Marcy-Shenandoah Corporation, and became the sole owner of the Mayflower Mill 


Site claims. 


Shenandoah, Ltd. (1959 -1960) 


• On January 18, 1960, the Shenandoah, Ltd. partnership was dissolved between Standard 


Uranium Corporation and Marcy-Shenandoah Corporation (TITLE-008). 
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A gap in title exists between the ownership of Shenandoah, Ltd. and Standard Metals 


Corporation (Standard Metals). The following information was identified that helps to reconcile 


this gap: 


By Assignment dated January 18, 1960,. Standard Uranium Corporation acquired all of the 


interest of the Marcy-Shenandoah Corporation in Shenandoah, Ltd. (TITLE-071). In addition, a 


Standard Uranium Corporation Annual Report reported that on "December 30, 1959, the 


Corporation [Standard Uranium Corporation] offered to purchase the remaining one-half 


interest of the limited partner [Marcy-Shenandoah Corporation] for $515,000. This offer was 


accepted on January 18, 1960 and the purchase has been reflected herein as of December 31, 


1959" (A0l-0165). 


It is assumed that Standard Uranium Corporation became the sole owner of the "S" Mill Site, 


E.C.W. Mill Site, and H.M. Mill Site, along with all other associated Mayflower Mill claims, by 


way of this transaction; however, no title conveyance records from Shenandoah, Ltd. to 


Standard Uranium Corporation was discovered through title research. 


On May 4, 1960, Standard Uranium Corporation changed its name to Standard Metals 


Corporation (Standard Metals) (TITLE-071). 


Standard Metals Corporation (1960 - 1985) 


• On November 19, 1985, Canadian Imperial Bank of Commerce (CIBC) (mortgagee) released and 


terminated its mortgage with Standard Metals (mortgagor) (TITLE-014). 


• Standard Metals, being a debtor in possession pursuant to a reorganization proceeding before 


the United States Bankruptcy Court for the District of Colorado, and Echo Bay Inc., a Delaware 


corporation, entered into an Asset Sale and Purchase Agreement on November 19, 1985, for the 


purchase and sale of substantially all of the assets of Standard Metals located within San Juan 


County, Colorado, and having been approved by the United States Bankruptcy Court for the 


District of Colorado (TITLE-016). 


• On the same day, Echo Bay Inc. assigned and transferred all its rights, titles and interests, which 


included the "S" Mill Site, E.C.W. Mill Site, and H.M. Mill Site, to assets stated in the November 


19, 1985 Asset Sale and Purchase Agreement between Standard Metals and Echo Bay Inc. to 


Sunnyside Gold Corporation (SGC) (TITLE-015). 


Sunnyside Gold Corporation (1985 -1996) 


• By way of General Transfer, Assignment and Bill of Sale, Standard Metals assigned and 


transferred all its rights, titles and interests that were located in San Juan County, Colorado to 


SGC. All Mayflower Mill and tailings area interests held by Standard Metals, which included 


patented claims "S" Mill Site, E.C.W. Mill Site, and H.M. Mill Site, were conveyed to SGC on 


November 19, 1985 (TITLE-015). 
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• On May 29, 1996, SGC conveyed the "S" Mill Site, E.C.W. Mill Site, and H.M. Mill Site by Quit 


Claim deed to the San Juan County Historical Society (SJCHS) ·(TITLE-023). This conveyance was 


the last transfer of ownership for the Mayflower Mill Site. SJCHS Is the current owner of the "S" 
Mill Site, E.C.W. Mill Site, and H.M. Mill Site. 


• September 15, 1998, SJCHS granted right of access to the E.C.W. Mill Site claim for the purpose 


of hydrological studies, pursuant to the 1996 Consent Decree between the state of Colorado 


and SGC. The right of access was deemed necessary by SGC to intercept and divert water before 


it reached the tailings mine waste and tailings materials (also known as the Upland Hydrological 


Control project) (TITLE-026). 


• On January 14, 1999, SJCHS granted right of access to the E.C.W. Mill Site claim and portions of 


the adjacent Valley Forge, Valley Forge Extension and Aurora claim properties for the purpose of 


hydrological studies, pursuant to the 1996 Consent Decree between the state of Colorado and 


SGC. The right of access was deemed necessary by SGC to intercept and divert water before it 


reached the tailings mine waste and tailings materials (also known as the Upland Hydrological 


Control project) (TITLE-028). 


• On October 11, 2006, SJCHS granted an easement situated in portions of the Jeannette Roux 


Placer and Esther Allen claims to The Board of County Commissioners of the County of San Juan 


for the purpose of constructing and maintaining a pedestrian hiking/biking trail. The Board of 


County Commissioners indemnified SJCHS of any claims for damages on the easement property 


(TITLE-048). 


• On October 11, 2006, SJCHS dedicated an open space within the Powerhouse Project Property 


(portions of the Jeannette Roux Placer and Esther Allen claims) to The Board of County 


Commissioners of the County of San Juan for public purposes and to maintain the scenic beauty 


and historical significance of the property (TITLE-049). 


• Recorded on January 17, 2007, SJCHS terminated a lease agreement with SGC for all lawful uses 


in connection with the ownership, operation and reclamation of its mining properties located in 


San Juan County, Colorado (TITLE-050). 
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Several of the Mayflower Mill tailings impoundment parcels were identified within the chain-of-title 


research for the "S" Mill Site, E.C.W. Mill Site, and H.M. Mill Site. As title research for the tailings 


impoundment parcels only consisted of current owner research, the common historic ownership 


information pertinent to these parcels has been compiled and summarized in the table below. 


The following company abbreviations are used in the table: 


• SDMC = Shenandoah Dives Mining Company 
• MSC = Marcy-Shenandoah Corporation 
• SLTD = Shenandoah, Ltd. 


• SMC = Standard Metals Corporation 
• SGC = Sunnyside Gold Corporation 
• SJCHS = San Juan County Historical Society 


Table 3: Timeline of past owners for Mayflower Mill tailing impoundment areas 


Tailings Area 
1946-1957 


Parcels 


SOMC 
N.N. Mill Site 


(TITLE-002) 


SOMC 
M.B. Mill Site 


(TITLE-002) 


T.H.W. Mill Site SOMC 
Tract "A" (TITLE-002) 


T.H.W. Mill Site SOMC 
Tract "B" (TITLE-002) 


C.H. Mill Site 


Buena Vista 


Gold 


Bend Placer 


Peter Placer 


H.V.B Mill Site 
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1957-1959 1959-1985 


MSC 
SLTD/SMC 


(TITLE-004) 
(TITLE-006, -007) 


(AOl-0165) 


MSC 
SLTD/SMC 


(TITLE-004) 
(TITLE-006, -007) 


(A0l-0165) 


MSC 
SLTD/SMC 


(TITLE-004) 
(TITLE-006, -007) 


(A0l-0165) 


MSC 
SLTD/SMC 


(TITLE-004) 
(TITLE-006, -007) 


(A0l-0165) 


MSC 
SLTD/SMC 


(TITLE-004) 
(TITLE-006, -007) 


(A0l-0165) 


MSC 
SLTD/SMC 


(TITLE-004) 
(TITLE-006, -007) 


(A0l-0165) 


MSC 
SLTO/SMC 


(TITLE-004) 
(TITLE-006, -007) 


(A0l-0165) 


MSC 
SLTD/SMC 


(TITLE-004) 
(TITLE-006, -007) 


(A0l-0165) 


MSC 
SLTD/SMC 


(TITLE-004) 
(TITLE-006, -007) 


(A0l-0165) 


MSC SLTD/SMC 
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1985-1996 I 1996 - Present 


SGC 
(TITLE-015) 


SGC 
(TITLE-015) 


SGC 
(TITLE-015) 


SGC 
(TITLE-015) 


SGC 
(TITLE-015) 


SGC 
(TITLE-015) 


SGC 
(TITLE-015) 


SGC 
(TITLE-015) 


SGC 
(TITLE-015) 


SGC 
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Table 3: Timeline of past owners for Mayflower Mill tailing impoundment areas 


Tailings Area 
1946 - 1957 


Parcels ,___ 


Polar Star Mill 


Site 
Esther Allen 


Tract B 


Jeannette Roux 


Placer 


M.O. Thatcher 
Placer 


Riverside 
(partial) 


Blair Placer 
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1957-1959 1959 - 1985 


(TITLE-004) {TITLE-006, -007) 
{A0l-0165} 
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1985 - 1996 1996 - Present 


{TITLE-015) 


SGC 
(TITLE-015) 


SGC 
SJCHS 


(TITLE-015) 
(portion) 


(TITLE-023} 


SGC 
SJCHS 


(TITLE-015) 
(portion) 


{TITLE-023) 


SGC 
{TITLE-015) 


SGC 
(TITLE-015) 


SGC 
SJCHS 


(TITLE-015} 
(portion) 


(TITLE-023) 
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This section describes the operational history of the Site and surrounding area. A general description of 


the Mayflower Mill history and operations is presented in Section 4.1; operational and mill process and 


production information is detailed in Section 4.2; and Section 4.3 describes the regulatory history at the 


mill. 


4.1 INTRODUCTION 


The Mayflower Mill is one of the best intact examples of a twentieth-century flotation mill in existence 


today, and is of great historical importance to mining history and the heritage of Silverton, San Juan 


County and the State of Colorado (INT-003, -004). It was built in 1929, and operated from 1930 until its 


permanent closure in 1991. During this 61-year span of operations, the mill remained in operation for all 


but 12 years (INT-014). The mill was owned and operated by several different entities, as presented in 


Table 4. 


The mill originally received ore from the Shenandoah-Dives Mining Company's Mayflower Mine, to 


which it was connected via an extensive tramway. By the 1960s, when the mill was operated by the 


Standard Metals Corporation, it received a steady supply of ore from the Sunnyside Mine, t he most 


important mine in the San Juan County area. Over its many years of operation, the mill also received 


and processed custom ore from other area mines, but the vast majority of ore processed was supplied 


by the Mayflower and Sunnyside. 


The mill processed these ores into various zinc, lead, copper, gold and silver concentrates, and 


discharged significant amounts of waste rock and tailings into the Animas River and tailings ponds at the 


mill facility. Although the mill was innovative and ahead of its time by utilizing tailings ponds since the 


1930s, tailings discharge and disposa l has left behind significant contamination. 


The Mayflower Mill was permanently shut down in 1991. It is estimated that over its 61-year span of 


operations, the mill processed 9,700,500 tons of ore and produced 1,940,100 ounces of gold and 


30,000,000 ounces of silver {INT-014). The mill was conveyed to the San Juan County Historical Society in 


1996, which sought to preserve the mill for its historical value. Rehabilitation of the negative impacts of 


mill operations on the surrounding area has been ongoing from the 1960s to present. 


Table 4: Mayflower MIii Owner/Operator Tlmeline 


Dates of 
Corporate Owners/Operators Operations 


Operation 


1929-1957 Shenandoah-Dives Mining Company Constructed mill in 1929 and operated mill, 
processing ore and producing concentrates from 
1930 until a temporary closure in 1953. Obtained 
patent to the mill site in 1931. 


1957-1959 Marcy-Shenandoah Corporation Took title to the mill and performed work to 
refurbish and renovate the facility, although the 
mill was mostly inactive during this period. 


1959-1960 Shenandoah, Ltd. Took title to the mill and continued work to 
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Table 4: Mayflower MIii owner/Operator Tlmellne 


Dates of 
Corporate Owners/Operators Operations 


Operation 


refurbish and renovate the facility, although the 
mill was mostly inactive during this period. 


1961-1985 Standard Metals Corporation Processed ore and produced concentrates; 
renovated and improved mill; and remediated 
disturbed areas. 


1985-1996 Sunnyside Gold Corporation Processed ore and produced concentrates; 
renovated and improved mill; and remediated 
disturbed areas. 


1996 - Present San Juan County Historical Society Worked to preserve mill for its historical 
significance and began operation of the mill as a 
cultural and historical landmark. Is the current 
owner of the mill. 


4.2 MAYFLOWER MILL OPERATIONS 


Section 4.2 is organized into eight distinct time periods, based primarily upon ownership of the mill. 


These periods are discussed in detail below. 


• Pre-Mayflower Mill Operations (pre-1929) 


• Mayflower Mill Construction (1929) 


• Shenandoah-Dives Mining Company Operations (1929 -1957) 


• Marcy-Shenandoah Corporation Operations (1957 - 1959) 


• Shenandoah, Ltd. Operations (1959 -1960) 


• Standard Metals Corporation Operations (1960 -1985) 


• Sunnyside Gold Corporation Operations (1985 -1996) 


• San Juan County Historical Society Ownership (1996 - Present) 


Pre-Mayflower Mill (pre-1929) 


A group of Kansas City individuals known as the Shenandoah-Dives Syndicate organized in January 1926 


(USGS-043). The syndicate purchased and operated the Shenandoah-Dives, Mayflower and North Star 


groups of mining claims (CSA-001, -002, -004, -008). These individuals later officially organized and 


incorporated the Shenandoah-Dives Mining Company ("Shenandoah-Dives") in May 1929 (A08-0006, -


0007; USGS-043). 


Prior to the construction of the company's new mill in 1929, Shenandoah-Dives originally processed its 


ore at the Iowa Tiger mill, which was a 100-ton concentration and flotation mill (CSA-001, -004). In 1929, 


28,858 tons of ore were milled at the Iowa Tiger mill (CSA-004). The company then planned to erect a 


new 500-ton mill and construct an aerial tramway from the Shenandoah-Dives mine to the mill (CSA-


002). 
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Mayflower Mill Construction (1929) 


Construction began on the new mill in 1929. The State of Colorado Bureau of Mines (CBM) Inspection 


Report issued May 28th, 1929 provided details on the construction: 


"A conti:act has been let by THE SHENANDOAH-DIVES MINING CO. to THE STEARNS


ROGER MFG. Co., of Denver, for the erection and equipment of a 600 ton concentration 


ar:id flotation mill. 


This mill will be situated on MILLSITE S, 2.1 miles northeasterly from Silverton, about ¼ 


of a mile northeasterly from the mouth of Boulder Gulch, and about 100 feet distant 


from the northerly side of the county highway from Silverton to Eureka. 


The dimensions of the Mill section are 210' x 80': 


The dimensions of the Shops section are 60' x 30': 


The dimensions of the Warehouse are not yet decided: 


The dimensions of the Offices are not yet decided: 


Steel Ore Bins will be built above the Mill. 


The mill structure will be erected so as to provide ample space for machinery and 


equipment for a capacity of 600 tons daily, and it is the plan of the company to install 


equipment for such tonnage capacity, expecting as to Ball Mills, Tables and Flotation 


which at first will be provided for the treatment of 300 tons daily. 


EXCAVATION AND CONCRETE MASONRY for the mill has been sublet by The Stearns


Roger Mfg. Co. to Hamilton & Gleason Co., contractors for work of this character: 


President, G. W. Hamilton; Secretary, C. B. Berry, addresses of both 505 Tramway Bldg, 


Denver, Colo.; Vice President, R. J. Gleason, in direct charge of work, whose address is 


Silverton, Colo." (CSA-005). 


The mill was built into the mountainside to utilize gravitational flow (HAER-001, p. 36). Figure 6 shows 


the mill in 1929, shortly before it was completed. 
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Figure 6: Mayflower Mill, 1929 (DPL-003) 


Shenandoah-Dives Mining Company Operations (1929-1957) 


The mill began operations in February 1930 (MY-1929). The CBM's December 7, 1929 inspection report 


described the operation of the new mill: 


Page I 28 


"THE SHENANDOAH-DIVES MINING COMPANY have [sic] recently completed its 


concentration and flotation MILL. The structure is 210 feet long by 135 feet wide at 


front and 80 feet wide at rear end. Ample space has been provided for the installation of 


additional machinery and equipment sufficient for the treatment of 600 tons of ore 


daily. At present the mill is arranged for treating 300 tons daily" {CSA-004). 


"The flow sheet of this mill is as follows: The ore is crushed at the mine and transported 


to the mill tram terminal where it is dumped into a steel hopper, thence taken by belt 


conveyor 250 feet long by 2 feet wide to a round steel ore bin of 1500 tons capacity; 


thence by 24" pan conveyor to 8' by 6' ball mill, and a small trammel at end of said ball 


mill, the undersize going through a distributor to 3 Wilfley tables, and the oversize going 


by elevator to a 12' x 26' Dorr classifier, and the oversize from classifier returned to the 


ball mill. The finished overflow goes to a 20 cell Minerals Separation flotation machine; 


the tailings from the 3 tables goes back to the 12' x 26' classifier; the concentrates from 


the 3 tables go to a dewatering device; the tailings from the first 20 cell flotation 
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machine goes to ariother Min. Sep. tlotation machine of 20 cells for the elimination of 


the iron content, thence to a 15 foot Dorr bowl classifier: The tailings from this bowl 


classifier conveyed by 6 - 2 in. Wilfley p1:Jmps to a concrete Dorr thickener 50 feet in 


diameter and about 6 feet high, where the water is filtered and returned to the mill:The 


coarse product from the bowl classifier goes to 2 Wilfley tables, and the tailings are sent 


,back to the 50' concrete thickener. The copper concentrate from the first 20 cell 


flotation machine goes to a stave tank Dorr thickener 35 feet in diameter, and the 


concentrates from this 35 foot thickener goes to a 5' x 10' Dorr filter, thence to an 18' x 


18' x 12' concrete concentrate bin. The iron concentrate from the 2nd. Flotation 


machine (21 in) goes to another stave tank Dorr thickener - 35' in dia., and then 


concentrate from this thickener to a dewatering machine, thence to a regririd by a 4' x 


10' ball mill, and thence to a Wilfley table: The tailings from this table are returned to 


the flotation machine, thereafter to be handled as deemed a~visable, probably sent to a 


grinding pan. All secondary froth from both flotation machines is returned by 6 - 2 in. 


Wilfley pumps to said machines. The overflow of the bowl classifier is sent through a 5 


in. iron pipe line to the 50 foot concrete Dorr thickener by a 3 in. Wilfley tailings pump. 


Also installed is a 10 cell - 12 inch Mineral Separation machine for picking up iron 


concentrate and product of reagents. 


Other machinery and equipment installed consists of a 1 Gen. Elec. rotary blower, No. 


15112; 1 - 17x10 Chicago-Pneumatic Vacuum pump; several reagents feeders; 1 - 55 


KW Gen. Elec. turbine and generator; 4 - 3 h.p., 50 - 5 h.p., 3 - 7.5 h.p., 2 -15 h.p., 4-


25 h.p., 1 - 250 h.p. Gen'I Electric motors; 1 - 1- ton Armington crane; 1 - 150 h.p. 


horizontal tubular boiler for heating purposes, and starting compensators for motors, all 


new equipment. 


In the section of the mill used as a machine shop is 1 South Bend lathe with 24" swing 


and 12' bed; 1 portable Gen. Elec. Arc welder; 1 Smith & Mills shaper; 2 drill press, pipe 


threaders, cutters, and machine tools, The welder, shaper and lathe are operated by 3-


3 h.p. Gen. Elec. motors. Also 1 Yale & Towne crawl trolley, all new. 


ELECTRICITY: Equipment and apparatus consists of 3 - 250 KVA Gen. Elec. transformers 


of outdoor type on elevated steel structural support which is fenced and gate kept 


locked. Lightning arresters, transmission switches, and a full complement of applia11ces 


are provided in conforn:lity with specifications and installation by the General Electric 


Company. All electric switches in the mill are enclosed in closets, and all wiring is in 


closed pipe conduit, thus preventing dangerous contact by persons. The transformers 


are set up about 100 feet northeasterly from the mill" (CSA-004). 


Ore was delivered to the mill via a 10,594-ft. tramway running from the Shenandoah-Dives mine to the 


mill terminal (HAER-001, p. 40). The tramline began operating in January 1930 (HAER-001, p. 38). Two 
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sizes of buckets were initially used, one with a capacity of one ton, and the other with a capacity of 


1,600 pounds (HAER-001, p. 40). A primary crusher operated at the mine entrance, which roughly 


crushed the ore to½ inch pieces before it was loaded into the tram buckets and sent down to the mill 


(HAER-001, p. 43). 


From 1929 through the 1940s, ore concentrates were shipped by truck to Silverton, where they were 


transferred and shipped via rail to the American Smelting & Refining Company smelter in Leadville, 


Colorado (CSA-003, -012, -017, -019, -20; HAER-001). 


Despite a downward trend in base-metal prices, the mill continued to be profitable in 1931 and 1932, 


and was one of the few mills in the United States to continue operations throughout the Great 


Depression (EMJ-002, -003). A new Symons 4-foot short head crusher was installed at the mill in 1933 


(CSA-013). The mill's General Manager, Charles A. Chase described the mill operations in a 1935 article 


for the Engineering and Mining Journal: 


"Bulk flotation is practiced, some pyrite and sphalerite being depressed and wasted. The 


mill was designed for 300 tons daily; but, with lowering grade of ore and lowering prices 


of metals, capacity was increased progressively to 600 tons, this final capacity being 


assured by the interpolation of a 4-ft Symons short-head crusher operating wet at the 


ball mill. 


Metallurgical results held uniformly good as tonnage mounted, extractions at 600 tons 


being 91.1 per cent for gold, 83.9 for silver, 87.5 for lead, and 88.2 for copper, compared 


with 90.8 per cent for gold, 84.2 for silver, 86.2 for lead, and 89.5 for copper at 300 


tons" (EMJ-004). 


Charles A. Chase was one of the pioneers in the use of tailings or holdings ponds to contain waste rock 


(INT-004). In the first years of the mill's operation, tailings were discharged directly into the Animas 


River (HAER-001, p. 52). After researching more environmentally-sound methods of tailings disposal, Mr. 


Chase adapted and implemented a new tailing-pond method, which was in use in Butte, Montana 


(HAER-001, p. 52). Beginning in mid-1935, Shenandoah-Dives began depositing waste into tailings ponds 


located south of the mill (HAER-001, p. 52). The Historic American Engineering Record report for the mill 


("HAER report") described this disposal process: 
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"The tailing slurry was pumped from the scavenger cells to the upper end of a V-shaped 


flume that delivered the tailings to the pond area. The flume was made of two 2" 


planks; one 12" wide, and the other 10" wide. Supported by a 20'-high trestle, it was set 


on a gradient so the tailings would flow downhill by gravity. Upon arrival at the pond, a 


20' -long, grooved board distributed the tailings to form a 'wall of sand' in the shape of 


[the] pond. A technician would move the board periodically to retain a level top to the 


pond. In order to draw off, or decant, water without stirring up the sediment, a wooden 
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box was laid in an inclined trench up the hillside prior to depositing the tailings. The top 


of this box had a series of holes 1 ½" in diameter. As the water level rose, the lower hole 


was corked off to elevate the water level. As each subsequent hole was reached, a cork 


was placed in that hole. Once the desired level of water was attained, pipes drained off 


the water into a decantation pond, located on a lower plane than the tailings ponds, 


where it could evaporate. In practice, on ly a small portion of the water was actually 


decanted and evaporated. The greater volume perco lated into the hillside. As each 


tailing pond filled to capacity, the flume was lengthened and another pond was begun. 


At the Shenandoah-Dives Mill, the ponds filled a triangular shape, following the mill's 


property lines" {HAER-001, p. 53). 


A photograph, circa 1934-1939, provides a view of the Mayflower Mill, Animas River and Railroad 


looking in a westerly direction (see Figure 7). 


Figure 7: Photo of Mayflower Mill, Animas River and Railroad, circa 1934 -1939 (DPL-001) 
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A new custom ore sampling plant was constructed at the facility in 1936, and a small addition was made 


to the mill building in 1937 to house a new 6x5-foot Stearns Roger ball mill (CSA-018, -20, -021; HAER-


001, p. 54). The custom ore plant allowed the mill to begin accepting custom ores from other area mines 


(HAER-001, p. 54). By 1938, several other changes and improvements were made to the mill. The CBM 


inspector's report dated January 6, 1939 described these changes and their effect on mill operations: 


"MILLING PLANT consists of a 750 ton flotation plant, equipped with crushers, ball mills, 


classifier, flotation machines, tables, settling tanks, filters, pump elevators, etc., as well 


as a modern automatic sampling plant. Besides milling their own ore, they are milling 


various amounts of custom ores. Owing to winter conditions only a small amount of 


custom ores is treated at this time. Additional equipment added to the mill the past two 


years makes it possible to ship a 50% zinc concentrate to Amarillo, Texas, a copper 


product to El Paso, Texas, and two lead products to the Leadville Smelter. They are 


milling between 700 and 750 tons per day. 


A new tailings disposal plant has been constructed the past year and is operating 


satisfactorily. 


BUILDINGS at the mill include lower tram terminal, office building, assay office, sampling 


plant, transformer houses, ore bins, etc." (CSA-022). 


These improvements in the late-1930s made it possible for the mill to produce a selective lead-copper 


and zinc concentrate instead of the bulk lead-copper-iron concentrate originally produced (HAER-001, p. 


54). Zinc concentrate was shipped to Amarillo, Texas, copper product to El Paso, Texas, and lead product 


to Leadville (CSA-026, -028, -035). 


An avalanche destroyed towers one through five of the aerial tramway in 1938 (HAER-001, p. 42). An 


avalanche diverter was constructed above tower one following this event, to protect the tram against 


future destruction and subsequent interruption in operation (HAER-001, p. 42). 


In 1939, the mill was shut down for weeks because of a labor strike by Silverton Miners Union-CIO, Local 


#26 (INT-004). In response to the passage of the "Wages-Hours" Act, Shenandoah-Dives decreased 


wages in order to offset the new overtime costs (INT-004). After a bitter strike and brawl, the miner's 


union was dissolved and the strike was broken (INT-004). 


Sampling plant bins were added for custom ore shippers in 1940 (CSA-027). The company's 1940 annual 


report described the mill operations at that time: 
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"The rise in cost of mill operation from $.837 in 1936, $.868 in 1937, $.971 in 1938, 


$.989 in 1939, to $1.038 in 1940 has behind it a story of fine metallurgical work by the 


supervisory staff of the mill as striking as the story of the completion of the essential big 
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works at the mine. Prior to late 1937 concentration in the mill was simple one-stage 


'bulk flotation''; zinc went with lead and iron to the lead smelter and, when above 8% of 


the concentrate, imposed severe penalties in added selling costs, $.067 in 1934, $.061 in 


1935 (a total of $14,716 penalty was charged against 39,499 tons of custom ore in years 


1935-37 inclusive). By persistent study selective concentration has been developed: 


42.5% of the bulk concentrate is rejected as too low-grade to justify shipment, the lead


copper-iron concentrate to lead smelter is higher grade, a high grade zinc is sold, sellers 


of custom ore are freed from zinc penalties. The ground-work of the new practice was 


built up progressively prior to 1940, reaching a, high level in time to care for the great 


increase of zinc in that year. The net gain on the year through the development was 


$146,959: so this fine work made possible the company's survival, surmounting high 


cost" (USGS~015). 


In 1943, a new 6-cell Fagergren Flotation Machine was added to the mill (CSA-029, -033). This replaced 


the old "M.S. Flotation Machine," and made it possible to produce a higher value copper product by 


rejecting more of the iron pyrite (CSA-029, -033). This excess iron was then sent to the tailings pond 


(CSA-029). Two Denver 4-cell flotation machines were added in 1944 (CSA-032). 


Despite Shenandoah-Dives' relatively (and initially) "enlightened" approach to tailings disposal, the sand 


wall on Tailings Pond No. 1 was breached in 1947, and spilled a large quantity of waste into the Animas 


River (USGS-021; USGS-054, p. 38). The wall was repaired and operations were only briefly interrupted 


(USGS-021). 


Following World War II, the federal government's investment 'in road construction resulted in a "vastly 


improved" Highway 550 (HAER-001, p. 58). This allowed concentrates to be shipped directly to the 


smelters by truck, bypassing the railroad entirely (HAER-001, p. 58). 


Throughout Shenandoah-Dives' operation of the mill, ore from the Shenandoah-Dives mine was by far 


the greatest source of ore for the mill (CSA-038, -039; HAER-001, p. 43). Though custom ore was 


financially important because of the narrow profit margins of mill operation, the amounts of custom ore 


processed were small when compared with the large percentage of ore coming from Shenandoah-Dives 


operations. Amounts of custom ore milled are listed in Table 5 when available. 


A Standard Metals report from the 1980s described the tailings disposal process during the Shenandoah


Dives operation of the mill: 


"During the Mayflower Mill operating period, from 1930 to 1953, two tailing 


impoundments, identified as Pond No. 1 and Pond No. 2, were constructed employing a 


gravity launder and decant system. Tailings slurry was pumped from the mill into 


wooden launders set on a downhill grade, following the disposal site perimeter. The 


slurry was then discharged from the launders and onto the disposal site perimeter 
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through spigots placed at regular intervals in the launder. Variation in specific gravities 


of slurry particles being deposited first, forming the tailings retention dam or berm. The 


smaller particles and slurry water were then deposited in sequence toward the pond 


interior. Decant towers were constructed at locations farthest from tailings slurry entry 


points, and were used to decant clarified water from the pond interior, allowing 


maintenance of specified berm free board as the impoundment increased in height. By 


1953, tailings disposal practices conducted on impoundments Nos. 1 and 2 had affected 


approximately 50 acres at the Mayflower Mill site" (DRMS-026). 


The mill was shut down on March 14, 1953, due to depressed metal market prices {CBM-1953; CSA-047; 


DRMS-026; MY-1953). Other than a brief reopening in 1958, the mill remained closed from this time 


until it was put back in operation in 1960 {CBM-1953, -1954, -1955, -1958; HAER-001, p. 59). 


From 1930 to 1939, the mill processed 1,824,678 tons of ore and produced concentrates worth 


$9,104,343.63 {USGS-032). From 1940 to 1949, it processed 1,763,265 tons of ore and produced 


concentrates worth approximately $11,362,581 {USGS-032). From 1950, until the mill was shutdown in 


early 1953, it processed 581,425 tons of ore and produced concentrates worth over $5,243,9252 (USGS-


032).3 


Table 5: Mill Operational Data from 1930 to 1953 


Year Ore Concentrates Custom Ratio of Capacity Source 
Processed Produced Ore Reduction (tons dally) 


(tons) (tons)4 Treated (tons ore to 
(tons) tons 


concentrates) 


1930 100,141 5,714 17.Stol 300 (actual) CSA-008; USGS-014 
600 


(capable) 


1931 170,795 8,041 21.24 to 1 500 (actual) CSA-009; USGS-014 


1932 190,890 9,670 19.7 to 1 500 (actual) CSA-011; USGS-014 


1933 198,549 9,020 22.0 to 1 600 CSA-013; USGS-015 


1934 209,703 8,120 25.9 to 1 600 CSA-015; USGS-015 


1935 167,521 5,728 29.2 to 1 600 CSA-016; USGS-015 


1936 180,822 7,332 24.7 to 1 600 CSA-018; USGS-015 


1937 199,958 7,036 28.4 to 1 600- 700 CSA-021; USGS-015 


1938 211,293 7,121 29.7 to 1 700 - 750 CSA-023; USGS-015 


1939 195,006 5,722 34.08 to 1 700- 750 CSA-025; USGS-015 


1940 212,891 8,154 8,910 26.1 to 1 700 - 750 CSA-027; USGS-015 


1941 231,519 6,648 4,639 34.8 to 1 700 CSA-030; USGS-016 


2 Dollar amount does not include the value of concentrates produced in 1953. 
3 All dollar amounts provided in this paragraph are taken from reports prepared in 1952 and have not been 
adjusted for inflation. 
4 Estimated figures were generated by multiplying the days of mill operation by the tons of concentrates produced 
per day figures provided by Shenandoah-Dives operational reports. These numbers were only used where no 
actual figure was provided. Est imated figures are followed by " (est .)." 
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Vear Ore 
Processed 


(tons) 


1942 168,772 
1943 156,763 


1944 142,635 
1945 152,084 


1946 175,121 


1947 172,125 


1948 165,283 


1949 186,072 
1950 202,947 


1951 196,097 
1952 149,804 


1953 32,577 
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Table 5: Mill Operational Data from 1930 to 1953 
Concentrates Custom Ratio of Capacity Source 


Produced Ore Reduction (tons daily) 
(tons)4 Treated (tons ore to 


(tons) tons 
concentrates) 


4,194 2,920 40.2 to 1 700 - 750 CSA-034; USGS-017 


3,676 2,462 42.6 to 1 700 CSA-033; USGS-018 


3,752 38.0 to 1 700 CSA-032; USGS-019 


4,208 (est.) 504 USGS-019, -025, -032 


5,171 3,844 700 CSA-031, -038; USGS-
020, -032 


3,597 (est.) 10,210 USGS-021, -032 


3,317 17,509 49.83 to 1 700 CSA-041; USGS-022 


4061 (est.) 15,259 USGS-0 23, -032 


5,508 4,530 USGS-024, -025, -032 


6,528 (est.) 26,118 USGS-025, -032 


6,423 (est.) 37,500 CSA-048; MY-19S2; 
USGS-032 
MY-1953 


M arcy-Shenandoah Corporation Operations (1957 - 1959) 


Marcy-Shenandoah Corporation was formed in July 1957 by the merger of Shenandoah-Dives and Marcy 


Exploration and Mining Company, Inc. (TITLE-003). Marcy Exploration and Mining Company, Inc. was the 


surviving entity of the merger, and through the merger changed its name to Marcy-Shenandoah 


Corporation ("Marcy-Shenandoah") (TITLE-003). On September 3, 1957, Shenandoah-Dives conveyed 


the mill property to Marcy-Shenandoah via Quitclaim Deed (TITLE-004). 


The mill continued to be idle during the time of Marcy-Shenandoah's ownership. The company worked 


to renovate and refurbish the mill during this time, but there is no evidence that the mill produced any 


ore concentrates (CBM-1957, -1958; CSA-054; MY-1957, -1958, -1959). No CBM reports for the mill were 


located for the years 1956 and 1957. The CBM's 1958 report contained the following description of the 


mill facility, as of October 1958: 


"Considerable time was spent in 1958 in reactivating mill to process crude ore. Some 


ore was run through the sampling plant but no concentrate was made. At present no 


men are employed at mill except a watchman and time keeper" (CSA-054). 


Shenandoah, Ltd . Operations (1959 -1960) 


Standard Uranium Corporation (Standard Uranium) began to negotiate with Marcy-Shenandoah to 


acquire the company's base metal properties in San Juan County, including the Mayflower Mill, in 1958 


(A0l-0165). These negotiations resulted in the two entities forming the Shenandoah, Ltd. limited 


partnership in February 1959, in which Standard Uranium was the general and managing partner (A01-
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0165). The Shenandoah, Ltd. partnership was formed in February 1959, and Standard Uranium paid 


$163,824.74 for a 50% ownership interest in the Marcy-Shenandoah properties (A01~0165). 


Standard Metals Corporation Operations (1960- 1985) 


On December 30, 1959, Standard Uranium proposed to acquire Marcy-Shenandoah's interest in the 


Shenandoah, Ltd. partnership (A0l-0165). This proposal was accepted on January 18, 1960, and 


Standard Uranium paid $515,000 for the 50% interest (A0l-0165). Standard Uranium then changed its 


name to Standard Metals Corporation (Standard Metals) on June 3, 1960 (COSOS-001). 


In the company's 1959 annual report, Standard Metals estimated that there was sufficient ore in the 


Shenandoah-Dives Mine to insure three to four years of operation for the mill (A0l-0165). Based on a 


favorable outlook for metal prices, the company predicted that the mill would be put back into 


operation by July 1, 1960 (A0l-0165). Throughout 1960, ore was stockpiled at the American Tunnel and 


other company mines in preparation to restart the mill (USGS-001). The company began plans to 


increase capacity at the mill from 700 to 1,000 tons per day (USGS-001). 


The mill opened again in 1960 and operated during the year on company and custom ores (CBM-1960). 


Standard Metals described the basic six-step milling process at the facility, which remained basically the 


same from 1960 until at least the 1980s: 


1. Crushing - Mine ores are reduced to uniform size class (1" - 3") employing jaw and cone 


crushing equipment. 


2. Grinding - The grinding step employs a 12x8 rod mill and an 8x6 ball mill for further reduction in 


ore size class. 


3. Gravity Concentration - Upon achieving desired ore size classification in the crushing and 


grinding circuits, the ore is slurried and subjected to gravity concentration for gold and silver 


extraction. Shaking tables, and a hydraulic jig are used to achieve this step. Jig concentrates are 


then subjected to an amalgamation process for further concentration of gold and silver values. 


4. Flotation -After passing through the gravity concentration circuit, the ore slurry is processed by 


differential flotation for extraction of copper, lead and zinc values. A number of chemical 


reagents are introduced to the mill slurry during this phase of the operation to maximize 


recovery of the targeted products. 


5. Thickening - Products removed from the ore slurry during flotation undergo primary moisture 


reduction by gravity thickening. 


6. Filtration - Thickened flotation products are dewatered further by vacuum filtration, and then 


stockpiled for shipment to further refining off-site. (DRMS-026) 


In its 1961 annual report, Standard Metals detailed significant work it accomplished in upgrading the 


mill: 
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"During 1961 the 700 to11 mill was altered and modified to accommodate ore from the 


Sunnyside mine. The roof of the mill adjoi11ing the old flotation circuit was raised to 


permit installatiori of 20 additional .flotation cells on the same floor level as the other 


cells. Ten of these cells have been installed and will be used,for zinc concentrate; the 


remaining cells may be installed for recovery of a manganese concentrate at such time 


as manganese operations become economically feasible. 


The sampling plant was rebuilt to permit the recovery of a, smaller sample. 


A new coarse ore bin has been designed to handle truck-hauled ore from the American 


Tunnel. This bin will be completed as early in 1962 as Weather permits. 


When the bin is completed, the mill will be basically ready to operate; although if time 


permits many other small improvements can be made" {USGS-002). 


In 1962, a new coarse ore bin was built, a new pan feeder installed, the mill tailings disposal system was 


modified and other changes made in order to bring the mill back into operation {USGS-003'}. Operations 


began on August 6, 1962, and 40,852 dry tons were milled by the end of the year {USGS0 003}. On 


December 5, 1962, Standard Metals entered into a two-year smelting contract with the American 


Smelting and Refining Company, whereby all Standard Metals concentrates would go to American 


Smelting and Refining Company smelters in Amarillo and El Paso, Texas {USGS-003). 


The mill ,processed 132,219 dry tons of ore in 1963, 1111210 to11s of it from the Sunnyside Mine {USGS-


004). This ore produced 12,668 tons of concentrates, 4,449 ,tons of lead concentrate and 8,219 tons of 


zinc concentrates; for a total of 12,668 tons. Sunnyside Mine had been developed to the extent that it 


could provide the mill with 600 tons of ore day, five days a week (.USGS-004). Standard Metals continued 


to evaluate ways to increase mill production {USGS-004). Ore mined from the Sunnyside Mine was 


hauled through the American Tunnel and transported by truck to the Mayflower Mill (A04-0001}. 


Figure 8, on the following page, illustrates the geography of the area. It shows the Mayflower Mill in 


relation to several' mines which it received ore from. 


The mill showed great progress in 1964, processing 160,853 tons of concentrates and producing 18,343 


tons of concentrates, a considerable improvement over the prior year (USGS-005). The net smelter 


return increased from $7.39 per ton of ore in 1963 to $12.01 per ton in 1964 {USGS-005). This was 


attributed to "an increase in base metal prices, a more favorable smelter contract, a better grade of ore 


processed, and better mill operating practices" (USGS-005). 
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Standard Metals provided the following summary of its Shenandoah milling operations in 1965: 


"During the past year, extensive engineering and metallurgical eva luations have been 


made. Mechanical improvements were made in various areas of the existing plant. 


Tailing disposal systems were improved in line with cu rrent stream and river pollution 


regulations and practices. Metallurgical improvements were realized during the fourth 


quarter of 1965. 


Present plans are underway for the modernization and enlargement of our milling 


facilities during midyear to accommodate metallurgical efficiencies and increased 


tonnage capabi lities. 


Present metal prices have encouraged mining operators in the San Juan area. Milling 


plans being considered include facilities to crush and sample custom ores. Such facilities 


would further encourage local operators to produce ores for concentration on an 


efficient, economical custom basis the Company's Shenandoah Mill" (USGS-006). 


The CBM's Information Report dated January 4, 1966 stated that Standard Metals "rebuilt the 


ball mill and rod-mill area, and also discarded the old classifier for a cone classifier" (CSA-064). 


Figure 9 is an aerial photograph showing the mill facility at this time. 


Toeroek AssocTates, Inc. 


Figure 9: Aerial Photo of Mill, 1965 (USGS-006) 
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Standard Metals completed another mill expansion in late 1966, which it expected would allow a 20% 


overall increase in mine production in 1967 (USGS-007). This increase was "achieved by manipulation 


and amplification of existing equipment" (USGS-008}. This involved the rearrangement of the crushing 


facilities to allow for finer grinding and screening (USGS-008). 


By 1968, the mill was operating three shifts, at a 700 ton per day capacity (A0l-0170). Ore was trammed 


to the American Tunnel portal at Gladstone, where it was loaded into 30-ton, end-dump trucks to be 


hauled to the mill (A0l-0170). Concentrates were then contract-hauled to Ridgeway, Colorado, where 


they were loaded on railroad cars for shipment to the smelter (A0l-0170). The mill produced gold, silver, 


lead, copper, zinc and cadmium concentrates with a gross value of $4,463,709 in 1968 and $5,546,201 in 


1969 (USGS-010). 


By 1971, approximately six feet of tailings were being stored on top of the tailings pond per year (CSA-


069). The mill operated continuously during this year with the exception of a shutdown from March 15 


until May 25 (CSA-069). The settling ponds, tailings pond and mill facility covered roughly five acres at 


this time, and the mill processed ore at a rate ofl7,500 tons per month (CSA-069). 


In March 1972, an amalgamator for the processing of gold was constructed at the mill (CSA-070). The 


CBM described the operation of the new process: 


"This consisted of a jig setup and a 1500-pound ball mill. The fine ore produced from the 


jig is run through this ball mill and ground with reagents for 4-hours and the mercury is 


added and run for two hours; the amalgam is run into a water solution and the 


impurities is [sic] floated off - the amalgam is then retorted and the sponge gold is 


shipped by truck and rail to the American Smelter & Refinery back east. The recovery is 


approximately 89%. Approximately five (5) acres of surface area is disturbed by this 


operation to date" (CSA-070). 


A 24 by 24 duplex jig was installed in 1973 for higher gold recovery (CSA-072). During this year the mill 


operated at a rate of 17,500 ton per month for 260 days (CSA-072). Ore from the Sunnyside Mine was 


loaded into 40-ton haul trucks and transported nine miles by County Road 110 to the Mayflower Mill 


(DRMS-026). 


Significant work was done on the mill and tailings ponds in 1974. The Bureau of Mines 1974 report on 


the mine described the operations and improvements at the mill that year: 
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"This operation produced at a steady rate for 1974. The operator replaced two sets of 


flotation cells on the zinc circuit. The operator installed all new pipe and supports for 


the tailings and a new tailings pond was constructed on the lower side of the present 


pond. The new pond area covers approximately three acres. All new metal siding has 
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been installed on all of the mill buildings and a general cleanup and repair has beer:i 


conducted throughout the year" (CSA-074). 


Construction was begun on the mill in 1975 to increase capacity from 700 to 1,000 tons per day (CSA-


075). During this year, however, the main tailings pond washed out and discharged over 100,000 short 


tons of tailings and waste into Boulder Gulch and the Animas River (CSA-075; USGS-054). "Considerable 


cleanup" was required, and Standard Metals received a $40,000 fir:ie for the incident (CSA-075; USGS-


054). 


Improvements in 1976 resulted in an increase in capacity from 700 to 1,000 tons per day (CSA-076). 


These improvements included the installation of a primary 8' x 12' rod mill and a large spiral classifier 


(CSA-076). During 1977, the mill operated at 1,000 to 1,200 tons per day (CSA~077; USGS-011). The mill 


expansion resulted in a 24% increase in tonnage milled (USGS-011). New float cells were installed to 


improve recovery (CSA-077). A new tailings pond was constructed, and a cyclone was used to create the 


dyke by separating coarse tailings (CSA-076, -079). 


The mill shut down in 1978 due to the infamous incident on June 4, 1978 when the Sunnyside Mine 


breached Lake Emma, which drained out through the mine causing devastation to the mine workings 


and operations (CSA-081; USGS-054). The Grand Junctior:i Daily Sentinel reported on the incident on June 


11: 


"Damage to the Standard Metals Sunnyside Mine is tremendous. It is estimated that five 


to ten million gallons of water carried tons of tailings and lake-bottom sediments down 


1,700 vertical feet through the upper four levels of the mine to the American Tunnel" 


(DUPL~001). 


While the incident did not directly affect the Mayflower Mill, it remained idle while the mine (the mill's 


main source of ore) was deaned and repaired. The mill restarted again on November 121 1979 (CSA-


081). 


The mill was operated at half capacity through the first half of 1980 (CSA-083). The mill operated 


throughout 1981 and 1982, at a capacity of 900 - 1,000 tons of ore per day (AOl-0141; USGS-012). 


Standard Metals stated that the mill processed approximately 275,000 tons of ore in 1983 and 237,969 


tons in 1984 (AOl-0141). 


Standard Metals filed an Application for Mining and Reclamatior:i Permit with the Colorado Department 


of Natural Resources Mined Land Reclamation Division in April 1984 (DRMS-026). This Application 


described the mill and various reclamation procedures at the facility, and stated that the mill produced 


lead~copper concentrate, zinc concentrate and a gold-silver amalgam (DRMS-026). The company 


estimated that "5% of the processed ore is recovered as merchantable product, the remaining 95%, 


primarily ground'"UP host rock, is combined with mill process wastewater and transported to the mill 
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tailings disposal site or tailings pond" (DRMS-026). At the time of the Application, only Tailings Pond No. 


4 was active (DRMS-026). 


The application also described the impact of mill operations on surface and ground water systems. The 


mill diverted surface waters from Arastra Creek at a maximum rate of 1;000 gpm, which was supplied to 


the mill by a gravity feed piping system (DRMS-026). Process water was then combined with discharged 


waste solids or tailings from the milling operation to form a slurry, which was transported to Tailings 


Pond No. 4 for disposal (DRMS-026). Diversion ditches upstream of active and inactive tailings disposal 


sites captured upland surface and ground water drainage and diverted it around tailings ponds to 


increase the stability of the structure, and mitigate pollution impacts (DRMS-026). 


On March 5, 1984, just one month prior to the Application for Mining and Reclamation Permit and "after 


efforts to negotiate voluntary restructuring of debt obligations proved unsuccessful," Standard Metals 


and its subsidiaries filed voluntary petitions for reorganization under Chapter 11 of the United States 


Bankruptcy Code (USGS-013). The mill was shut down in March 1985 due to these financial difficulties, 


which included an operating loss of $2,622,000 in 1984 (USGS-013, -026). The company's 1986 annual 


report summarized the impact of the bankruptcy on the operation of the mill during this time: 


"The Silverton Properties, which included the Sunnyside Mine and the Mayflower Mill, 


constituted Standard's principal operating asset in 1984. In 1984, the mill processed 


237,969 tons of ore and in 1985, prior to closure of the mine and mill in March, it 


processed 19,360 tons of ore. After closure of the mine and mill, Standard instituted a 


care and maintenance program to protect the property until it exhausted its available 


funds. On July 10, 1985, the Court authorized Standard to borrow funds on a priority 


basis to continue a limited care and maintenance program to preserve and secure the 


assets and to maintain compliance with certain environmental protection requirements 


through December 1, 1985. The July 10, 1985 Order authorized Standard to pay the 


salaries of certain employees to maintain accounting activities and to supervise the care 


and maintenance of the mine and mill, but otherwise limited Standard's authority to 


continue to operate its business" (USGS-013). 


In October 1985, the bankruptcy court approved the sale of the Silverton Properties to Echo Bay Inc., a 


U. S. subsidiary of Echo Bay Mines Ltd., a Canadian corporation based in Edmonton, Alberta (USGS-013). 


In November 1985, Standard Metals closed the sale of its Silverton mining and milling operations and 


related assets to Echo Bay Inc. for $20 million (SEC-001; TITLE-015; USGS-013, -026). 


Standard Metals retained a 30% net profits interest in the future operation of the properties, and was 


paid a $750,000 advance on the net profits interest on June 1, 1986 (USGS-013, -027). The company also 


received an additional advance from Echo Bay of $500,000 on June 23, 1987 (USGS-013). 
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Table 6: MIii Operational Data from 1962 to 1985 


Year Ore Concentrates Capacity Source 
Processed Produced (tons daily) 


(tons) (tons) 


1962 40,852 400 - 600 CSA-058; USGS-003 


1963 132,219 12,668 600 CSA-061; USGS-004 


1964 160,853 18,343 600 CSA-062; USGS-005 


1965 170,187 21,528 USGS-006 


1966 183,604 21,018 USGS-007 


1967 201,433 22,960 USGS-009 
1968 - 1971 No data available 
1972 186,680 CSA-071 


1973 191,349 CSA-073 
1974 - 1975 No data available 


1976 244,860 700 - 1,000 CSA-076 


1977 265,217 1,000 - 1,200 CSA-077; USGS-011 
1978 122,702 1,200 CSA-078, -080 
1979 - 1982 No data available 


1983 275,000 900 A0l-0141 


1984 237,969 USGS-013 


1985 19,360 USGS-013 


Sunnyside Gold Corporation Operations (1985 - 1996) 


Echo Bay Inc. assigned all of its rights, title and interests to the mill and mill property to Sunnyside Gold 


Corporation ("SGC" ) on November 19, 1985 (DRMS-007; TITLE-015, -016). SGC was the indirect, wholly


owned subsidiary of Echo Bay Inc. (DRMS-007). Refurbishing of the mill began in late November 1985 


and the mill reached commercia l production levels on August 1, 1986, when it reopened as the 


"Mayflower Mill" (HAER-001, p. 77; USGS-027). 


SGC made several improvements to the mill, reconfiguring the amalgamation gold-recovery circuit, 


which improved the amalgamation yie ld (HAER-001, p. 67-68). SGC also constructed a new lime storage 


building behind the main mill building (HAER-001, p. 68) . SGC's annual report to the Colorado Mined 


Land Reclamation Board for t he period of April 1987 to March 1988 provided the following description 


of activity at the mill: 


"Scrap iron consisting of old barrels, spent machine parts, and structura l steel was sold 


to a recycler and removed from the site. A new drainage ditch and drop box were 


constructed for collecting and transporting floor drainage to the 'duck' pond, located 


near the guard shack. A Flyght submersible pump was installed in the pond to maintain 


the standing water level at a minimum. Accumulated sediments in the pond were 


excavated and returned to the mill several times during the year. 
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A new reagent storage building was completed to the north of the mill, providing 


covered storage for reagents during the summer months. During winter, only lime is 


stored in the building due to avalanche danger. 


A new 2000 gallon above ground diesel fuel tank was installed to the south of the mill, 


replacing the smaller tank near the old tram terminal. No additional disturbance or 


reclamation is planned for the Mayflower Mill area in 1988" (DRMS-011). 


SGC managed to turn a dismal $700,000 loss in the first quarter of 1987 into earnings of $500,000 in the 


second quarter (DRMS-005). A change in state labor law and increased effieiencies at the mill allowed 


the mill to operate 24 hours a day, seven days a week, with employees working 12-hour shifts (DRMS-


005). Production at this time was 670 tons per day (DRMS-005). 


In June 1991, SGC announced it was closing the mill (HAER-001, p. 69). Production at the mill ended in 


August 1991, and the mill was permanently closed by 1992 (DRMS-023; HAER-001, p. 77). The closure 


was the result of declining zinc prices and the lack of gold reserves remaining at the Sunnyside Mine 


(HAER-001, p. 69; SDMS 1020975). 


Sunnyside Gold Corporation's mining permit required that the Mayflower Mill be torn down and the site 


reclaimed (INT-004). The mill had great historical significance, however, because it was one of the last 


remaining and most well-preserved examples of a twentieth-century flotation mill in the country, in 


additional to being of great importance to the history of Silverton, San Juan County and the State of 


Colorado (INT-003, -004). 


San Juan County Historical Society Ownership (1996 - Present) 


After lengthy and careful negotiations, SGC conveyed the mill to the San Juan County Historical Society 


("SJCHS") via quit claim deed on May 29, 1996, so that SJCHS might preserve and maintain the facility 


(INT-004; TITLE-023). Prior to this conveyance, SJCHS entered into an Agreement and Covenant Not to 


Sue with the EPA, so that it could purchase the mill and preserve its historical value, while avoiding 


CERCLA liability (SDMS 1021571). This agreement stated that SJCHS's goals for the mill property were 


the following (all from SDMS 1021571): 


• Preserve and maintain the significant historical structures and milling equipment and place the 


Mill on the National Register of Historic Places. 


• Develop the Property as an educational, interpretive living history site including past 


operations, mining & milling technology, reclamation technology, social history, and associated 


trades and activities. 
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Create a comprehensive historic theme which links the Property to other related entities and 


programs such as the SIiverton National Historic Landmark district, the Society's Museum, 


Alpine Loop, etc. 


Preserve the areas on the Property already reclaimed to protect future environmental quality in 


those areas and for educational and interpretive purposes in this regard. 


• Foster economic development by creating jobs and increasing tourism through the above 


activities and through other appropriate auxiliary business activities on the Property that would 


support the Society's programs and goals. 


The mill had a commercial value of $1.5 million at the time of donation (SDMS 1062227). SGC's donation 


to SJCHS included a $120,000 grant to help SJCHS convert the mill into a historic tourist site (SDMS 


1062227), SJCHS opened the Mayflower Gold Mill Tour on May 15, 1997 (INT-004). 


Due to the expense of maintaining the mill, It was important to quickly prepare the mill to open to the 


general public to tour so it could being generating income (SDMS 1021566, 1021?67). "Zeke" Zanonl, a 


member of the SJCHS Board, and chairman of the Mill Committee in 1996, provided·the following details 


about this process: 


,;The cleaning of the mill from an environmental standpoint has already been 


undertaken by Sunnyside Gold Corp. All hazardous materials like mill chemicals & 


reagents as well· as standing oils and grease have been removed, with a general cleanup 


of remaining metal concentrates left in the mill after the shutdown. On November 17th
, 


1995, Tom Gillis of the Colorado Division of Minerals and Geology conducted an 


inspection of the mill with Sunnyside Gold management and representatives of the 


Historical Society present. A favorable written report of this inspection was submitted to 


the Mined Land Reclamation Board with a few minor safety hazards mentioned" (SDMS 


1021567). 


"The cleanup from the Historical Society's position will be to eliminate dust and grime so 


the public will not soil themselves or clothing while on tour and make the mill more 


presentable in appearance" (SDMS 1021567). 


As seen in Figure 10, the mill buildings are mostly still intact and preserved. 
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Figure 10: Aerial view of Mayflower Mill looking east-inortheast, 2005 (HAER-003) 


4.3 MAYFLOWER MILL REGULATORY HISTORY 


This section presents the Mayflower mill's regulatory history with a chronological narrative, followed by 


a timeline of key regulatory events in the Site's history. Documentation of the Site's regulatory history 


began in 1977 when the Sunnyside Mine Complex, which included the Mayflower Mill, was issued a 


mining and reclamation permit in the st ate of Colorado. Consequently, state regulatory events are only 


detailed from 1977 onward. The following Colorado state permit:s are directly related to the Mayflower 


Mill and its tailings impoundments: 


• M-1977-378 - Mining and Reclamation Permit for the Suninyside Mine Complex and Mayflower 


Mill issued on October 1, 1977. The permit authorizes the disturbance of land for mining 


operations contingent on reclamation plans approved by the Colorado Division of Reclamation, 


Mining and Safety (ORMS), and the Mined Land Reclamatiion Board (MLRB) (DRMS-003). 


• 


Page I 48 


CO-0000426 - NPDES Permit for the Mayflower Mill issued by the Colorado Department of 


Health Water Quality Control Division [known today as th1e Colorado Department of Public 


Health and Environment, Water Quality Control Division, !hereinafter referred generally as 
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'CDPHE'] in A1:1gust 1982. The permit authorizes the discharge of pollutants from the Mayflower 


Mill tailings to the Animas River in accordance with numeric effluent limits and ,other conditions, 


and is referenced as Outfall 02 and Outfall03 (SDMS 1060976; DRMS-025). 


• COR .. 040054 - Mayflower Mill Stormwater Permit issued by the CDPHE on October 31, 1992. 


The permit authorizes discharges composed entirely of stormwater from the Site to the Animas 


River (SDMS 1060976; DRMS-015, p. 79-80). 


4.3.1 CHRONOLOGICAL REGULATORY HISTORY 


The Mayflower MIii was originally constructed in 1929. The mill pr:ocessed ores for multiple .miraes in the 


Animas Mining District that were owned or operated by the Shenandoah-Dives Mining Company. Major 


products produced at the mill between 1930 and 1953 were lead and zinc concentrates. Of the 700 tons 


of ore processed per day; approximately five .percent was recovered as merchantable product. The 


remaining 95 percent, which was primarily ground-up host rock, was diverted to the mill waste or a 


tailings circuit during the final stage of the flotation process. Mill tailings were stripped of desirable 


mineral content and then combined with mill wastewater to form slurry that was ,p1:1mped into the 


ta iii rigs disposal ponds (DRMS~0:26, p. 25). A detailed map of the Mayflower Mill features is provided as 


Figure 11. 


During. the Mayflower Mill operating period of 1930 to 1953, two tailing impoundments, known as 


Tailings Pond No. 1 and Tailings Pond No. 2, were constructed employing a gravity launder and decarit 


system. Tailings slurry was pumped from the mill into wooden lat1nders set on a downhill grade, The 


slurry was then discharged from the launders and onto the disposal, site perimeter through spigots 


places at regular intervals in the launder. Variation in specific gravities of slurry particles was used iri 


engineering pond construction, with the heaviest particles being deposited first, forming the tailings 


retention dam or berm. The smaller particles and slurry water were then deposited in sequence toward 


the pond iriterior. Decant towers were constr:ucted at locations farthest from the tailings slurry entry 


points, and were used to decant clarified water from the pond interior, allowing maintenance of 


specified berm free board as the impoundment increased in height. By 1953, tailings depositional 


pr:actices conducted on impoundments No. 1 and No. 2 had affected approximately 50 acres at the 


Mayflower Mill Site. In 1959, Standard Metals Corporation (Standard Metals) re-opened the Sunnyside 


Mine, activated the Mayflower Mill, and installed new crushing and grinding circuits, which increased 


mill capacity fr:om 700 tons per day to 1,000tons per day (DRMS-0261 p. 25-26). 
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The original tailings disposal system employed at the Mayflower Mill was utilized by Standard Metals on 


Tailings Pond No·. 2 until 1974, and on Tailings Pond No. 1 until 1975. In 1976 an entirely new tailings 


disposal site and transport system were constructed and the old ponds were abandoried. During the 


construction of the new tailings disposal, a smaller interim impoundment, known as Tailing ·Pond No .. 3, 


was used during production. By August 1976, Tailings Ponds No. 4 was completed, and deposition of 


tailings ponds commenced at that time [Tailings Pond No. 4 remained the only active tailings 


depositional site]. Deposition of tailings were modified to a downstream techr:iique, in which the cyclone 


separator moved along a designated centerline and the tailings slurry particles were segregated into 


coarse and fine fractions based on specific gravity. The coarse particles were deposited downstream of 


centerline, forming the tailings retention dam or embankment, and the tailings fines and slurry water 


were deposited in sequence to the pond!s interior or upstream of centerline (as seen in Figure 12). This 


system was seen as an improvement and eliminated tailings slurry spills, which frequently occurred from 


the launder during transport (DRMS-026, p. 27-28). 


A toe drain was also installed into Tailings Porid No. 4 to sustain overall stability of the tailings pond 


structure, maintaining phreatic levels in the berm at a minimum. The toe drain was constructed with in


place river gravels, overlain by a pervious filter cloth to keep the gravels from plugging. F. M. Fox and 


Associates was the engineering firm that designed the specifications (DRMS-025). 
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Figure 12: Mayflower Mill Tailings Deposition Method, circa 1982 (DRMS-026, p. 29) 
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On October 1, 1977, Standard Metals submitted to the Mined Land Reclamation Board (MLRB) a permit 


application for regular mining operations. On January 25, 1978, Standard Metals' permit application for 


regular mining and milling operations at the Sunnyside Mine and Mayflower Mill was approved by the 


MLRB. Under the mining permit for regular operations approved by the MLRB, 140 acres was listed as 


the total acreage affected by the current operation. The mining permit also included the American 


Tunnel Portal Area and the Terry Tunnel area (DRMS-003). 


Water released from the pond through the decant system was discharged at two locations, Outfalls 002 


and 003 (depicted in Figure 11), which were assigned effluent limitations and monitoring by the CDPHE. 


A general drawing of the water delivery and filtration system is depicted in Figure 13 (DRMS-026, p. 28). 


tifif:iY,tµ~ ~s 
- .t .e.t>~m 4 ~r,,;no;,, . 


,a- t;,;~ a Ai,r1AVMS1 
J. li~li41Yl!TAC .,.-iA-~.s-,v.wj 
- t"~,- - - - - .. 


s.,_.,~, ~,~,. 
,/"Q04~/,V£ 


l--JIJIJOi LtJ,K) ...--. N-u ,o~ess 
~~~ .:'.·~-Y6'.!J 


0-4'.i'.~iNilM";'I 
,_.._...,....,,~P~r 


~IX!O' G.~ 


~("#Hr 
"1W4''9 


TR/l.~N6$ 
Cu;,sE· 


~~'1.IW ,0.~tf_&I> 


7.79~ 
MN4'.$ ANO WRY~ 
a ,P'1 ;A;t;_i) 


SilU,«"f t JW.er -Id ~ 
-,s 11,r O.. Pi!"AWIT"IIO ( 
cp·--~l! 


Figure 13: General Schematic of Mayflower Mill's Ore Milling Process and Waste Delivery System 
(DRMS-026, p. 30) 


The CDPHE was concerned that tailings waste water from the impoundments were seeping into ground 


water and the adjacent Animas River. The CDPHE requested that Standard Metals perform tests on the 


Site to confirm or disprove such occurrences. Studies conducted by Standard Metals in 1982 revealed 


that the seepage from Tailings Pond No. 4 had occurred along the embankment by three factors: high 
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phreatic levels in the berm; migration of pond water through the roadbed at the northeast abutment of 


the tailings pond with the roadbed; and infiltration of the Animas River into the toe drain duririg periods 


of high run~off. Standard Metals attempted to mitigate seepage from the embankment with a series of 


plar:is for seepage controls (DRMS-025, -026). 


The CDPHE continued correspondence concerning the seepage of Tailing Pond No. 4. Water quality 


monitoring was installed arourid the perimeter to determine seepage and phreatic levels; modification 


of tailings deposition methods were performed; and a bentonite seal was installed at the northwest 


tailings embankment. In July 1982, seepage from the toe drairi averaged 100 gallons per minute (gpm), 


and after Standard Metals installations, the flow from the toe drain was reduced to 10 to 20 gpm 


(DRMS-029, -030). The CDPHE commented on the stability of the tailings impoundment berm after these 


measures: 


"The corrective measures instituted by Standard Metals will control some of this 


seepage, but probably not eliminate it. Because of the alh:1vlum uriderlying the pond, it 


would be reasonable to assume that some ground water flow exists between the pond 


and the river, this situation may also exist with the blanket drain. The only way to 


potentially eliminate seepage would be to line the pond or construct a grout-type cutoff 


curtain and corresponding pump-back system. However, both such measures may be 


impractical at this site" (DRMS~031}. 


Standard Metals was sent a Notice of Violation and Cease and Desist Order (NOV-CDO) on October 23, 


1985 for inadequately disposing of mine ahd mill refuse; mill tailings and drainage control structures at 


the Site were inadequate and/or unmaintained; and the operator inadequately disposed of mine water 


treatment sludge, a potentially acid formirig and toxic producing material at the Terry Tunnel and along 


the banks of the Animas River. The MLRB assessed a civil penalty of $37,200, or $12,200 contingent 


upon compliance with the stipulations to the technical revision to Mining Permit# M-1977-378 (DRMS-


006, -010). 


In late 1985, Sunnyside Gold Corporation (SGC) became the owner arid operator of the Site. Further 


concerns about the tailings at the Site did not dissolve with new ownership. Inspection reports from the 


CDPHE revealed that seepage from the toe drain continued and that sludge disposal at the Site was a 


concern (DRMS-033). SGC received a second NOV-CDO on August 24, 1988 from the MLRB. SGC was to 


provide short-term temporary waste r;ock acid-production mitigation measures, as well as long-term 


final reclamation waste rock mitigation plans in its mining permit - specifically pertainir:ig to the 


American Tunnel and reclamation of Tailings Pond No. 4 (DRMS-012). The CDPHE allowed SGC to 


remove slurried pond sludge at the American Tunnel and transport itto Tailings Pond No. 4, contingent 


on further monitoring (DRMS~034). 


After cessation of operations by SGC in 1991, all the tailings pond embankments were re-contoured to a 


predominant 2 ½ to 1 percent slope for stability and erosion control. Identified potential sources for 
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stormwater exposure to pollutants were the tailings ponds associated with the ore processing mill. 


Erosional characteristics of the embankments by stormwater were another potential identified source. 


The slopes and tops of the ponds, with the exception of a portion of the top of Tailings Pond No. 4, were 


covered with native overburden, soil amendments added and re-vegetated with the seed mixture in the 


MLRB permit by 1998. Up-slope stormwater runoff ditches were constructed to divert runoff water 


aw_ay from and around the ponds as well (CDPHE-023). 


The following list are reagents formerly used at the Mayflower Mill and are currently a concern for 


stormwater pollution: sodium cyanide; zinc sulfate; sodium sulfate; liquid promotor (unknown 


composition); sodium ethyl xanthate; potassium amyl xanthate; dowfroth frother; polypropylene glycol 


methyl ether; lime; copper sulfate; tergitol (nonionic surfactant); calcium hypochlorite; cationic 


coagulant; anionic flocculent; sodium hydroxide; sodium gluconate; lead nitrate. Other potential 


pollutants in the tailings ponds that could come in contact with stormwater runoff are residual metals, 


such as aluminum, cadmium, copper, lead, zinc, iron and manganese (CDPHE-023). 


The American Tunnel was a growing concern for the state of Colorado after the cessation of the 


Sunnyside Mine complex in 1991. SGC and the CDPHE began discussions of mitigating water discharge 


and pollution from the American Tunnel. On May 6, 1996, SGC and the CDPHE entered into a Consent 


Decree ordering further reclamation on the Mayflower Mill tailings area, along with placing bulkhead in 


the American Tunnel. The reclamation plan would terminate SGC's discharge permits from the American 


Tunnel and Terry Tunnel, but would maintain the outfalls at Tailings Pond No. 4. Tailings Pond No. 4 


would remain as an interim tailings impoundment for the American Tunnel and Terry Tunnel until full 


reclamation was complete. Discussions leading up to a full reclamation of the Site included donating the 


Site to the San Juan County Historical Society. In 1996, an additional five year plan was implemented to 


reclaim the entire Mayflower Mill and the Sunnyside Mine Complex for the purpose donating the 


property to the San Juan County Historical Society (DRMS-016, -017, -018). 


By 2003, Tailings Ponds No. 1, No. 2, and No. 3 were released from the permit due to successful 


completion of reclamation (see table below). Tailings Pond No. 4 remained active to receive sludge from 


the water treatment plant at American Tunnel. Final reclamation of the water treatment plant at 


American Tunnel commenced 2006, and final reclamation of Pond No. 4 commenced 2007 (DRMS-038; 


CDPHE-012). 


In July 2011, an inspection report from the ORMS reported that the top of Tailings Pond No. 4 had been 


graded to direct all surface drainage to the west where it is routed around the southwest perimeter by 


the west diversion ditch. The west diversion ditch also diverts upland drainage as well as ground water 


from up gradient areas intercepted by a ground water intercept wall. The affected lands appeared stable 


no evidence of settling slumping or excessive erosion was observed. Iron staining was observed within 


the west diversion ditch for Tailing Pond No. 4, originating at a drain outlet for the ground water 


intercept. The source of the metals drainage is believed to be up slope of Tailing Pond No. 4 and possibly 


of natural occurrence. Pictures from the July 2011 ORMS inspection report are on the following pages: 
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Figure 14: July 2011 ORMS Mayflower Mill Site Inspection Tailings Pond No. 4 (DRMS-039) 
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Sunnyside Mine 
M-1977-378 


-Photo taken from the top of Pond 4 showing portions of 
the west diversion ditch ind 1pproilmate location of a 
ground water Intercept wall, The ground water Intercept 
wall 1, Intended to divert ground water 11ound Tllllng, 
Pond 4. Drains for the ground water Intercept wall allow 
Impounded ground water to drain to the lined ditch and 
are conveyed around the south end of Pond 4. 


Figure 15: July 2011 ORMS Mayflower Mill Site Inspection Tailings Pond No. 4 - Intercept Wall (DRMS-


039) 


The following table summarizes key events in the Site's regulatory history, and supplements the 


regulatory narrative: 


Date 
1977 
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Table 7: M ayflower M ill Site Regulatory Tlmeline 


Event 


On October 1, 1977, Standard Metals submitted to the Mined Land Reclamation 
Office (known today as the Division of Reclamation, Mining and Safety "ORMS") a 
permit application for regular mining operations. On January 25, 1978, Standard 
Metals' permit application for regular mining and milling operations at the 
Sunnyside Mine and Mayflower Mill was approved by the Mined Land 
Reclamation Board (MLRB). 


The MLRB approved Standard Metals mining permit(# M-1977-378) for 140 acres 
of disturbed land for the purposes of mining and milling operations. 


Source 
DRMS-003 
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Date 
Aug.1982 


Feb.2, 1983 


Feb. 18, 1983 


Oct. 20, 1983 


Oct. 23, 1985 


Nov. 8, 1985 


Jun. 19, 1986 


May 25, 1988 


Aug.24, 1988 


Oct. 1, 1991 


Oct. 31, 1992 


Aug. 11, 1995 
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Table 7: Mayflower Mill Site Regulatory Timeline 


-- --
Event Source 


CDPHE issued NPDES Discharge Permit# C0-0000426 for the Mayflower Mill DRMS-025 


facility. 
Standard Metals submitted Seepage Control Plan for Tailings Pond No. 4 as DRMS-027 


required by Discharge Permit# C0-0000426. 
Questions posed by the CDPHE concerning Standard Metals' Seepage Control Plan DRMS-030 


for Tailings Pond No. 4. 
Concerns and suggestions regarding Standard Metals Seepage Control Plan for DRMS-031 


Tailings Pond No. 4 indicates that the pond should either be lined or have a pump-
back system to stop further seepage. 
Standard Metals was sent a Notice of Violation and Cease and Desist Order (NOV- DRMS-010; 


COO) on October 23, 1985 for the following reasons: the operator had DRMS-006 
inadequately disposed of mine and mill refuse; the mill tailings and drainage 
control structures at the Site were inadequate and/or unmaintained; the operator 
inadequately disposed of mine water treatment sludge, a potentially acid forming 
and toxic producing material at the Terry Tunnel and along the banks of the 
Animas River. Standard Metals was in violation of C.R.S. 34-32-116(1) (d), (e), (h), 
and (i). 


The MLRB assessed a civil penalty of $37,200, or $12,200 contingent upon 
compliance with the stipulations to the technical revision to Mining Permit# M-
1977-378. 
Standard Metals responded to the NOV·CDO with a Notice of Compliance. All DRMS-009 


production related to mining and mill operation was terminated from October 23, 
1985. The civil penalty was to be paid within 30 days of November 8, 1985. 
Technical revisions to the reclamation plan were drafted and monitoring and 
sampling procedures were put in place for the Sunnyside Mine and Mayflower 
Mill. 
CDPHE expressed concern for the toe drain seepage and sludge disposal near DRMS-033 
Animas River. 
SGC continued to submit annual reports pursuant to Mining Permit# M-1977-378: DRMS-011 


Tailings Pond No. 4 - Operating and receiving normal maintenance. 


Tailings Pond No. 3 - No longer in use for tailings, but is used for emergency 
overflow. 


Tailings Pond No. 1 and No. 2 - in process of reclamation and being filled. 
Deposition of tailings on Ponds No. 1 and No. 2 stopped in mid-1970s. 


The MLRB issued a NOV-COO on August 24, 1988. The MLRB ordered that SGC DRMS-012 


provide short-term temporary waste rock acid-production mitigation measures, as 
well as long-term final reclamation waste rock mitigation plans. 


Notice of Temporary Cessation of Mining Operation for the Sunnyside Mine and DRMS·023 
Mayflower Mill because of declining ore body grades and declining metal prices. 


CDPHE issued the Mayflower Mill Stormwater Permit(# COR-040054) to SGC, DRMS-015, 


which authorized discharges composed entirely of stormwater from the Site to p. 79-80 


the Animas River. 
Tailings areas were under reclamation except for the Tailings Pond No. 4 area, DRMS-015, 


which was to undergo partial reclamation. The mill buildings were planned for p. 12-15 
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Table 7: Mayflower Mill Site Regulatory Timellne 


-------- ---------


Date Event 


donation to the San Juan County Historical Society for tourist related activities. 


Tailings Pond No. 4 - Area still to be reclaimed due to its use for deposition of 
water treatment residue from the Terry Tunnel and American Tunnel water 
treatment plants, mine and mill waste material and debris from reclamation of 
other sites. 


Tailings Pond No. 3 - The capping and planting of the top is complete other than 
monitoring and maintenance. Establishing vegetation proved more difficult and 
required more maintenance. 


Tailings Pond No. 1 and No. 2 - The stabilization and planting is complete other 
than monitoring and maintenance. 


May 6, 1996 Consent Decree signed on May 6, 1996 between the CDPHE and SGC that 
specified Sunnyside Gold Corporation's final termination procedures for water 
discharge permits: NPDES Permit# C0-0027529 (American Tunnel Portal) and 
NPDES Permit# C0-0036056 (Terry Tunnel). 


The Division of Minerals and Geology (DMG) recommended, and the MLRB 
approved, a technical revision to SCG's Reclamation Plan on November 18, 1993, 
regarding the installation of underground bulkheads for the American Tunnel. 


Aug. 13, 1996 SGC requested an additional five years of temporary cessation for the Mayflower 
Mill. Final reclamation of Tailings Pond No. 4 could not occur until permit release 
was achieved under the May 1996 Consent Decree. 


Oct. 22, 1996 Inspections for Stormwater Permit # COR-040054 were in compliance, and the 
area was in the final stages of reclamation. Drainage was modified to compliment 
the final reclaimed configuration. The Site property was being converted to other 
uses by transfer ownership. 


May 15, 1998 The major potential sources for stormwater exposure to pollutants were the 
tailings ponds associated with the ore processing mill. Erosional characteristics of 
the embankments by stormwater were another potential source. 


Apr. 1998 - During 1998, SGC added three projects to the Consent Decree B list (optional 
Mar. 1999 project list) during the 1998 report year: Upland Hydrological Control project; 


Tailings Pond No. 4 Upland Groundwater Diversion Project; and Tailings Pond No. 
4 Surface Drainage Modification Project. 


Tailings Pond No. 4 - A Technical Revision (TR-21) to the reclamation plan was 
submitted and approved. TR-21 modified the drainage along the toe of the pond 
by adding a liner and provided an outlet culvert. TR-21 also included a project to 
extend the groundwater diversion up-gradient from the pond. Further usage for 
containment of material removed from the American Tunnel water treatment 
settling ponds and mine waste occurred (per the May 1996 Consent Decree). 


Tailings Pond No. 3 - Activity consisted of stormwater sediment catchment 
maintenance, and vegetation monitoring. 


Tailings Ponds No. 1 and No. 2 - TR-21 contained a project to improve the 
construction of a lined diversion ditch to prevent infiltration of diverted water. 


~ 


Source 


DRMS-016; 
DRMS-017 


DRMS-018 


CDPHE-019 


CDPHE-023 


DRMS-020; 
CDPHE-024; 
CDPHE-025; 
CDPHE-026; 
CDPHE-027 
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Date 


Oct. 14, 1999 


Oct. 2, 2001 


Jan. 2003-
Dec. 2003 


Apr. 2010-
Mar. 2011 


Apr. 2011 -
Mar. 2012 
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Table 7: Mayflower Mill Site Regulatory Tlmeline 


Event Source 


Vegetation and stormwater monitoring and maintenance occurred. 


SGC notified the CDPHE that the Upland Hydrological Control Project was DRMS-035 


completed, and requested a final inspection to satisfy the May 1996 Consent 
Decree "B List" of projects relating to the Mayflower Mill. 


DMG inspected SGC's construction of approximately 1,100 feet of upland DRMS-035 
groundwater intercept ditch, located along the northeast end of Tailings Pond No. 
4. The project tied into the previously constructed surface and groundwater 
diversion structures across all upland areas for Tailings Pond No. 4. 


The DMG observed that SGC had completed the Upland Groundwater Diversion 
Project for Tailings Pond No. 4 in accordance with the May 1996 Consent Decree. 
During 2003, the required final Site reclamation projects were completed. CDPHE-012; 


Completion of projects in November 2003 involved changes that required an DRMS-028; 
update to Stormwater Permit# COR-040054: DRMS-037 


The decant outfall and inlet from Tailings Pond No. 4 was permanently sealed with 
concrete. Tailings Pond No. 4 was contoured and the tailings material capped. This 
reclaimed area now contributed to stormwater runoff to the existing diversion 
ditch. Tailings Pond No. 4 was still subject to NPDES (#CO-0000426), Stormwater 
Permit (#COR-040054) and MLRB Permit(# M-1977-378). 


Tailings Pond No. 1, No. 2, and No. 3 and the area east of Mayflower Mill were 
released from the Mined Land Reclamation Permit, as well the Stormwater 
Permit. 
Monitoring of the Mayflower Mill complex continued. Monitoring results continue DRMS-021 


to exhibit increased zinc and manganese concentrations between upstream and 
downstream monitoring points, although the differential for zinc appears to have 
been reduced as a result of the completed diversions and reclamation projects. 
Monitoring of the Mayflower Mill complex continued. Monitoring results continue DRMS-022 


to exhibit increased zinc and manganese concentrations between upstream and 
downstream monitoring points, although the differential for zinc appears to have 
been reduced as a result of the completed diversions and reclamation projects. 
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5.1 


POJENllALLY RESPONSIBLE PARTIES·(PRPs·) 


INTRODUCTION 


-
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Table 8: summary Table of Potentially Responsible Parties (PRPS) 
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5.2 CURRENT OWNERS ANO OPERATORS 


The following Current Owners of site property were ident ified: 


5.2.1 CORPORATE CURRENT OWNERS AND OPERATORS 
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5.2.2 INDIVIDUAL CURRENT OWNERS AND OPERATORS 
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5.3 PAST OWNERS AND OPERATORS 


The following Past Owners and/or Operators were identified within site: 


5.3.1 CORPORATE PAST OWNERS AND OPERATORS 
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Table 9: Private Individual Past Owners and Operators 
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?age j 84 
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5.5 TRANSPORTERS 


5.6 ASSOCIATED PAR1'ES 


Page I 94 Enforcement Confidential 
Attorney Work Product 


Toeroek Associates, Inc. 


I 
1! 


I 


I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 







I 
I 
I 
I 
I 
I 
I 


I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 


6.0 CONCLUSION AND RECOMMENDATIONS 
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Appendix A: Summary of Sources 


Appendix A is a summary of the research performed under Amendment B to Task Order-035, which 
includes a list of sources contacted and resources utilized. During Toeroek's research for this task order, 
it conducted searches of various public and subscription online databases; federal, state and municipal 
government reports and files; library and museum collections; and Secretary of States' databases. 
Below is a list of the sources consulted in preparation of this report: 


Colorado Department of Public Health and Environment I Water Quality Control Division 
4300 Cherry Creek Drive South 
Denver, Colorado 80246-1530 
http://www.state.co.us 


February2013 
On February 4, 2013, Toeroek met D.iana Huber, Search Specialist, at the CDPHE to collect and review 
information on the Mayflower Mill. Specifically, Toeroek examined state permit information and 
inspection reports on the Mayflower Mill. Materials reviewed included hydrological and hazardous 
waste reports, water and soil samples, photographs, and maps. 


February 2013 
On February 8, 2013, Toeroek also requested information regarding Mayflower Mill Wi\lter discharge 
permits from the Water Quality Control Division (WQCD) at the CDPHE. The WQCD provided Toeroek 
with correspondence files, inspection reports, and maps of the Site, along with permit information 
regarding the Mayflower Mill's stor:mwater and discharge permits. 


Colorado Division of Reclamation, Mining and Safety 
1313 Sherman, Room 215 
Denver, Colorado 
http:ljmining.state.co.us/ 


January 2013 
On January 29, 2013, the ORMS provided Toeroek with the complete mining and reclamation permit file 
for the Sunnyside Mine and Mayflower Mill Complex. The DVD provided contains over 1,000 documents 
relating to hydrological reports, correspondence, inspection reports, permit amendments, court records, 
and maps. All documents were discovered using multiple 'key word searches and data sorting. 


Colorado School of Mines I Arthur Lakes Library 
1400 Illinois Street 
Golden, CO 80401 
(303) 273-3911 
http://library.mines.edu/ 


February 2013 
Toeroek researched the holdings and digital archives of the Colorado School of Mines' Arthur Lakes 
Library. Information from the collections relevant to the Mayflower Mill was previously obtained by 
Toeroek. 
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Colorado State Archives 


1313 Sherman, Room 1B20 
Denver, CO 80203 
(303) 866-2358 
http://www.colorado.gov/d pa/ doit/ archives/ 


January 2013 
Toeroek visited the Colorado State Archives on January 29, 2013. Toeroek reviewed Bureau of Mines 
reports for operational information regarding the Mayflower Mill; as well as reviewed corporate records 
for the Shenandoah-Dives Mining Company and Standard Metals Corporation. Toeroek was able to 
obtain the Site's complete annual production record from 1928 to 1981. 


Denver Public Library I Western History and Genealogy Collection 


Denver Public Library - Central Library 
10 West Fourteenth Avenue Parkway 
Denver, CO 80204 
(720) 865-1821 
http://history.denverlibrary.org/ 


January 2013 
Toeroek visited t~e Denver Public Library to conduct research of its holdings for historical information 
on the Mayflower Mill, including the Western History and Genealogy Collection. 


Erin J. Johnson Attorney at Law LLC 


9 S. Glasgow Avenue 
P.O. Box 189 
Rico, Colorado 


Toeroek contacted Ms. Erin Johnson, Attorney, to research chain-of-title from patent to present for the 
three patented Mayflower Mill Site claims; "S" Mill Site, E.C.W. Mill Site, and H.M. Mill Site. Ms. 
Johnson also assisted Toeroek with identifying current' owners for the parcels of land comprising the 
Mayflower Mill Site tailings impoundment area. 


History Colorado Center I Stephen H. Hart Library and Research Center 


1200 Broadway 
Denver, CO 80203 
(303) 866-2305 
http://www.historycolorado.org/researchers/stephen-h-hart-library-and-research-center 


January 2013 
Toeroek visited the Stephen H. Hart Library and Research Center at the History Colorado Center to 
research the library's collections and archives for information on the history of the Mayflower Mill. 
Toeroek also reviewed the library's collection of historic newspapers on microfilm. 
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San Juan County Assessor's Office 
County Courthouse 
1557 Greene St. 
P.O. Box596 
Silverton, CO 81433 
(970) 387-5632 
http:ljwww.sanjuancountycolorado.us/assessor.html 


January, February and March 2013 
Toeroek worked with the San Juan County Assessor's office to obtain GIS data for the site property and 
to verify current and past owners of site parcels. 


San Juan County Clerk and Recorder's Office 
County Courthouse 
1557 Greene St. 
P.O. Box466 
Silverton, CO 81433 
(970) 387-5671 


January, February and March 2013 
Title documents were obtained from the San Juan County Clerk and Recorder's office. 


USGS Library 
Denver Federal Center 
Denver, Colorado 
http://library.usgs.gov/denlib.html 


February and March 2013 
Toeroek visited the USGS Library to collect operational information on the Mayflower Mill and corporate 
information for identified PRPS, utilizing the library's collection of Bureau of Mines Mineral Yearbooks, 
Engineering and Mining Journals, USGS publications and corporate annual reports. 


Online Research 
Toeroek conducted extensive online research for this project. The following resources were used: 


• Colorado Historic Newspapers Collection at http://www.coloradohistoricnewspapers.org/ 
• Colorado Secretary of State website at 


http://www.sos.state.co.us/biz/BusinessEntityCriteriaExt.do 


• General Internet Searches atwww.google.com,http://books.google.com/. and 
https:ljsites.google.com/site/onlinenewspapersite/ 


• EPA Region 8 website http://www.epa.gov/aboutepa/region8.htm1 


• Collection of the Fort Lewis College Center for Southwest Studies at 
http://swcenter.fortlewis.edu/finding aids.shtml 


• Library of Congress Prints and Photographs Online Catalog at http://www.loc.gov/pictures/ 
• Nexis News and Corporate database at http://w3.nexis.com/new/ 
• Northwest Digital Archives at http://nwda.orbiscascade.org/search/ 
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• PACER Public Access to Court Electronic Records on line database at http://www.pacer.gov/ 
• San Juan County Assessor's Office website at 


http://www.sanjuancountycolorado.us/assessor.html 


• San Juan County Historical Society website at http://www.silvertonhistoricsociety.org/ 
• University of Colorado University Libraries Archives at 


http://ucblibraries.colorado.edu/archives/guides/manuscript2008.pdf 
• University of Wisconsin Digital Collections, Ecology and Natural Resources Collection at 


http://uwdc.library.wisc.edu/collections/EcoNatRes 
• United States Bureau of Land Management GLO Records database at 


http://www.glorecords.blm.gov/search/default.aspx 


• United States Securities and Exchange Commission EDGAR database at 
http://www.sec.gov/edgar.shtml 


• USGS Earth Explorer Map and Photo database at http://earthexplorer.usgs.gov/ 
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AO 
AO 


BLM 
BLM-001 


CBM 
CBM-1953 


CBM-1954 


CBM-1955 


CBM-1956 


CBM-1957 


CBM-1958 


CBM-1959 


CBM-1960 


CDPHE 


CDPHE-012 


CDPHE-019 


CDPHE-020 


CDPHE-023 


CDPHE-024 


CDPHE-025 


CDPHE-026 
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Document Description 


Reference Documents for Prizm, Inc. 2009 PRP Search Report 
A separate i ndex for t he AO series documents has been included with these documents. 
This index was prepared by Prizm, Inc. in June 2009. 


Bureau of Land Management 
Standard Metals Acquisition Environmental Assessment. U.S. Department of the Interior, 
Bureau of Land Management . 2010. 


Colorado Bureau of Mines 
Scott, Jr., WalterE. 1954. Annual Report/or the Year 1953, Bureau of Mines, Museum 
Building, 14'h Avenue and Sherman Street, Denver 2, Colorado: Bradford-Robinson Ptg. 
Co. 


Scott, Jr., WalterE. 1955. Annual Report for the Year 1954, Bureau of Mines, Museum 
Building, 14th Avenue and Sherman Street, Denver 2, Colorado: Bradford -Robinson Ptg. 
Co. 
Scott, Jr., Walter E. 1956. Annual Report for the Year 1955, Bureau of Mines, Museum 
Building, 14th Avenue and Sherman Street, Denver 2, Colorado: Bradford -Robinson Ptg. 
Co. 


Scott, Jr., Walter E. 1957. Annual Repartforthe Year 1956, Bureau of Mines, Museum 
Building, 14'h Avenue and Sherman Street, Denver 2, Colorado: Golden Bel l Press. 
Scott, Jr., WalterE. 1958. Annuo/Reportforthe Year 1957, Bureau of Mines, Museum 
Building, 14th Avenue and Sherman Street, Denver 2, Colorado. Denver: The Golden Bel I 
Press. 


Scott,Jr., WalterE. 1959. Annual Report for the Year 1958, Bureau of Mines, Museum 
Building, 14th Avenue and Sherman Street, Denver 2, Colorado. Denver: Allied Printing. 


Franz, Jr., G. A. 1960. AnnualReportforthe Year 1959, Bureau of Mines, State Services 
Building, 1525 Sherman Street, Denver 3, Colorado. Denver: Publishers Press. 


Franz, Jr., G. A. 1961. Annual Report for the Year 1960, Bureau of Mines, State Services 
Building, 1525 Sherman Street, Denver 3, Colorado. Denver: Publishers Press. 


Colorado Department of Public Health and Environment 
CDP HE, Stormwate r Annual Report, Water Qua lity Control Division, Sunnyside Gold 
Corporation, Mayflower Mi ll, Inspection Report May 29, 2003. 


CDPHE, Stormwater Annual Report, Wate r Qua lityControl Division, Sunnyside Gold 
Corporation, Mayflower Mi l l, Inspection Report June 6, 1996. 


CDP HE, Stormwate r Annual Re port, Water Qua I ity Control Division, Sunnyside Gold 
Corporat ion, Mayflower Mill, Inspection ReportJune 7, 1995. 


CDPHE, Stormwater Management Plan, Permit Certification No. COR-040054 for San Juan 
County Histo rical Society, Mayflower Mill, June 26, 2001 
Sunnyside Gold Corporation, Re: StormwaterPermit Certificat ion No. COR-040054 
Mayflower Mi ll t o Wate r Quality Cont rol Division, September 3, 1998. 


Sunnyside Gold Corporation, Mine Remediation Plan Tai l ings Pond No. 4 Upland 
Groundwater Division, ci rca 1995. 
Sunnyside Gold Corporation, Mine Remed iation Plan Tai l ings Pond No. 4Surface 
Drainage Modification, ci rca 1995. 
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Bates No. 


CDPHE-027 
cosos 


COSOS-001 


COSOS-002 


COSOS-003 


COSOS-004 


COSOS-005 


COSOS-006 


COSOS-007 


COSOS-008 


COSOS-009 


COSOS-010 


COSOS-011 


CSA 
CSA-001 


CSA-002 


CSA-003 


CSA-004 


CSA-005 


CSA-006 


CSA-007 


CSA-008 
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Document Description 


Sunnyside Gold Corporation, Mayflower Facility - Upland Hydrological Control, circa 
1995. 


Colorado Secretary of State 
Entity Detail and Corporate Filings for Standard Meta ls Corporation. Co lorado Secretary 


of State website. Available at httg:LLwww.sos.state.co.us{ 
Entity Summary and Corporate Fi Ii ngs for Sunnyside Gold Corporation. Colorado 
Secretary of State website. Available at httg:LLwww.sos.state.co.us( 


Entity Summary and Corporate Filings for Dillon Ranches, L.L.L.P. Colorado Secretary of 


State website. Availab le at httg:LLwww.sos.state.co.usL. 
Entity Summary and Corporate Filings for The Side hill Mugwump Protection Society, Inc. 
Colorado Secretary of State website. Available at httg:LLwww .sos.state.co.us( 


Entity Summary and Corporate Filings for little Dog Enterprises, LLC. Colorado Secretary 


of State website. Available at httg:LLwww.sos.state.co.us{ 
Entity Summary and Corporate Filings for The San Juan County Historical Society. 
Colorado Secretary of State website. Available at httg:LLwww .sos.state.co.usL. 


Entity Summary and Corporate Filings for Cooney Properties 10, LLC. Colorado Secretary 


of State website. Available at httg:LLwww.sos.state.co.usl 
Entity Summary and Corporate Filings for Washington Mining Company. Colorado 
Secretary of State. Available at httg:LLwww.sos.state.co.usL. 


Entity Summary and Corporate Filings for Utah Power& light, Inc. Colorado Secretary of 


State. Available at httg:LLwww.sos.state.co.usL-
Entity Summary and Corporate Filings for White Pine Gold Corporation. Colorado 
Secretary of State. Available at httg:LLwww.sos.state.co.usL. 
Entity Summary and Corporate Filings for Silverton Majestic, LLC. Colorado Secretary of 


State. Available at httg:LLwww.sos.state.co.usL-
State of Colorado Archives 


State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Group. July 
9, 1928. 
State of Colorado Bureau of Mines. Inspector's Report for Mayflower-Shenandoah-Dives 


Group. December 20, 1928. 
State of Colorado Bureau of Mines. Inspector's Report for Mayflower-Shenandoah-Dives 
Mines. December 6, 1929. 
State of Colorado Bureau of Mines. Inspector's Report for the Mayflower Mines Group. 
February 24, 1930. 
State of Colorado Bureau of Mines. Inspector's Report for Mayflower-Shenandoah-Dives. 
May 28, 1929. 
State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mine . 
August 15, 1930. 
State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mine. May 
26, 1931. 
State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives for 


Year 1930. February 20, 1931. 


Enforcement Confidential 
AttorneyWork Product 


ToeroekAssociates, Inc. 


I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 







I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 


Bates No. 


CSA-009 


CSA-010 


CSA-011 


CSA-012 


CSA-013 


CSA-014 


CSA-015 


CSA-016 


CSA-017 


CSA-018 


CSA-019 


CSA-020 


CSA-021 


CSA-022 


CSA-023 


CSA-024 


CSA-025 


CSA-026 


CSA-027 


CSA-028 


CSA-029 
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Appendix B: Reference Document Index 


Document Description 


State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives 
Mining Company for Year 1931. January 28, 1932. 
State of Colorado Bureau of Mines. Inspector's Re port for Shenandoah-Dives Mine. June 
23, 1932. 


State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives 
Mine for the Year 1932. January 24, 1933. 
State of Colorado Bureau of Mines. Inspector's Reportfo rShenandoah-Dives Mine. 
November 14, 1933. 


State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives 
Mine for the Year 1933. January 27, 1934. 
State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mine. 
August 28-29, 1934. 


State of Colorado Bureau of Mines. Report t o Bureau of Mines for Shenandoah-Dives 
MiningCompanyfor the Year1934. January 24, 1935. 
State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives. 
January 31, 1935. 
State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mine. May 


5, 1936. 
State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives. 
January 27, 1937. 


State of Colorado Bureau of Mines. Inspector's ReportforShenandoah-Dives Mine. 
February 23, 1937. 
State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mine. 
January 5, 1938. 
State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives for 
the Year 1937. February 15, 1938. 
State of Colorado Bureau of Mines. Inspector's ReportforShenandoah-Dives Mine. 
January 6, 1939. 


State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives for 
the Year 1938. February 4, 1939. 


State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mine. April 
18, 1940. 
State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives for 
the Year 1939. February 4, 1939. January 31, 1940. 


State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mine. 
February 14, 1941. 
State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives. 
February 21, 1941. 
State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mine. 
September 18, 1942. 
State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mi ne and 


Mill. March 27, 1943. 
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Bates No. 


CSA-030 


CSA-031 


CSA-032 


CSA-033 


CSA-034 


CSA-035 


CSA-036 


CSA-037 


CSA-038 


CSA-039 


CSA-040 


CSA-041 


CSA-042 


CSA-043 


CSA-044 


CSA-045 


CSA-046 


CSA-047 


CSA-048 


CSA-049 


CSA-050 
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Document Description 


State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives for 
the Year 1941. March 14, 1942. 
State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives for 
the Year 1946. February 25, 1947. 
State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives fo r 
the Year 1944. January 29, 1945. 
State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives for 
the Year 1943. February 18, 1944. 
State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives 
Mining Co. for the Year 1942. March 1, 1943. 
State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mine and 
Mill. May 31, 1944. 
State of Co lorado Bureau of Mines. Inspector's ReportforShenandoah-Dives Mine and 
Mill. April 18, 1945. 
State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mine and 
Mill. April 11, 1946. 
State of Colorado Bureau of Mines. Inspector's ReportforShenandoah-Dives Mine and 
Mill.June 2, 1947. 
State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mine and 
Mill.June 19, 1948. 
State of Colorado Bureau of Mines. Inspector's Report for Shenandoah-Dives Mill. 
October30, 1949. 
State of Colorado Bureau of Mines. Report to Bureau of Mines for Shenandoah-Dives 
Mine and Mill for the Year 1948. February 23, 1949. 


State of Colorado Bureau of Mines. Inspector's Re port for Shenandoah-Dives Mi 11 . 
February 8, 1950. 
State of Colorado Bureau of Mines. Operator's Annual Report for the Year 1951 for the 
Shenandoah-Dives, Silver lake and Iowa mines. February 20, 1952. 


State of Colorado Bureau of Mines. Information Report for the Shenandoah Dives Mine . 
December12, 1952. 
State of Colorado Bureau of Mines. Inspector's Report for the Shenandoah Dives Mine 
(Mayflower). February 13, 1951. 
State of Colorado Bureau of Mines. Operator's Annual Report for the Year1952 for the 
Shenandoah-Dives Mine and (Si lverlake). February 3, 1953. 
State of Colorado Bureau of Mines. Operator's Annua l Report for the Year1953 for the 
Shenandoah-Dives &Si lverlake. February 12, 1954. 
State of Colorado Bureau of Mines. Operator's Annual Reportforthe Year1952 for the 
Shenandoah-Dives Mill. February 3, 1953. 
State of Colorado Bureau of Mines. Operator's Annual Reportforthe Year1953 for the 
Shenandoah-Dives & Silver Lake. February 12, 1954. 
State of Colorado Bureau of Mines. Information Report for the Shenandoah Dives 
(Mayflower Mine). January 16, 1954. 
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CSA-051 


CSA-052 


CSA-053 


CSA-054 


CSA-055 


CSA-056 


CSA-057 


CSA-058 


CSA-059 


CSA-060 


CSA-061 


CSA-062 


CSA-063 


CSA-064 


CSA-065 


CSA-066 


CSA-067 


CSA-068 


CSA-069 


CSA-070 


CSA-071 
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Document Description 


State of Colorado Bureau of Mines. Information Report for the Shenandoah Dives Mining 
Co. May 10, 1954. 
State of Colorado Bureau of Mines. Operator's Annua l Report for the Year 1954 for the 
Shenandoah-Dives Mining Co. February 10, 1955. 
State of Colorado Bureau of Mines. Operator'sAnnual Reportforthe Year1954 for the 
Shenandoah-Dives (Mayflower) . November9, 1955. 
State of Colorado Bureau of Mines. Information Report for the Marcy Shenandoah Mill. 
Octoberl4, 1958. 
State of Colo rado Bureau of Mines. Operator'sAnnua l Reportforthe Year1960 for the 
Standard Mill. February 8, 1961. 
State of Colorado Bureau of Mines. Operator's Annua l Report for the Year 1961 for the 
Shenandoah Mill. March 2, 1962. 


State of Colorado Bureau of Mines. Information Report for the Shenandoah Mill . 
December 4, 1961. 
State of Colorado Bureau of Mines. Information Re port for the Shenandoah Mill. 
September 13, 1962. 
State of Colorado Bureau of Mines. Operator's Annual Reportforthe Year1962 for the 
Shenandoah Mill.January 22, 1963. 
State of Colorado Bureau of Mines. Information Report for the Standard Mill. January 21, 
1963. 


State of Colorado Bureau of Mines. Operator' sAnnual Report forthe Year 1963 for the 
Standard Mill.January 30, 1964. 
State of Colorado Bureau of Mines. Information Report for the Standard Mill . November 
9, 1964. 


State of Colorado Bureau of Mines. Information Reportforthe Standard Mill. February 
16, 1965. 
State of Colorado Bureau of Mines. Information Report for the Standard Mi II. January 4, 
1965. 
State of Colorado Bureau of Mines. Information Report for the Standard Mill. November 
10, 1967. 


State of Colorado Bureau of Mines. Information Report for the Standard Mill. October 17, 
1968. 
State of Colorado Bureau of Mines. Information Report for the Standard Mill . November 
14, 1969. 


State of Colorado Bureau of Mines. Information Report for the Standard Mill. November 
14, 1970. 
State of Colorado Bureau of Mines. Information ReportforStandard Mill. November 24, 
1971. 


State of Colorado Bureau of Mines. Information Report for Standard Mill. November 21, 
1972. 
State of Colorado Bureau of Mines. Information ReportforStandard Mill . March 26, 
1973. 
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Bates No. 


CSA-072 


CSA-073 


CSA-074 


CSA-075 


CSA-076 


CSA-077 


CSA-078 


CSA-079 


CSA-080 
CSA-081 


CSA-082 


CSA-083 


DPL 
DPL-001 


DPL-002 


DPL-003 


ORMS 
DRMS-003 


DRMS-005 


DRMS-006 
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Document Description 


State of Colorado Bureau of Mines. Information Report for Standard Mill. October 25, 
1973. 
State of Colorado Division of Mines. Operator's Annual Report for Standard Mill for the 
Year 1973. February 20, 1974. 


State of Colorado Division of Mines. Information Report for Standard Mill. November 29, 
1974. 
State of Colorado Division of Mines. Information Report for Standard Mill. December 15, 
1975. 
State of Colorado Division of Mines. Information Report for Standard Mill. October 8, 
1976. 
State of Colorado Division of Mines. Information Report for Standard Metals Mill. June 7, 
1977. 
State of Colorado Division of Mines. Operator's Annual Report for Standard Mill for the 
Year 1978. February 26, 1979. 
State of Colorado Division of Mines. Operator's Annual Report for Standard Mill for the 
Year 1979. March 18, 1980. 
State of Colorado Division of Mines. Information Report for Standard Mill. April 25, 1978. 
State of Colorado Division of Mines. Information Report for Standard Mill. November 16, 
1979. 


State of Colorado Division of Mines. Operator's Annual Report for Standard Mill forthe 
Year 1980. March 24, 1981. 
State of Colorado Division of Mines. Information Report for Standard Mill. June 6, 1980. 


Denver Public library 
Photo of "Shenandoah-Dives Mayflower Mill and Canyon Railroad and Animas Canyon," 
dated between 1934-1939. Available at 
httg:L[digital.denverlibra!:Y,org[cdm[singleitem[collection/pl5330coll22[id[14739[rec[2 


Photo of "Entering the mill," dated between 1934-1941. Available at 
httg:L[digital.denverlibra!:Y.org[cdm[singleitem[collection[g15330coll22[id[14729[rec[7 
Photo of " Mill of the Shenandoah-Dives Syndicate at Silverton, Colo," dated 1929. 
Available at 
httg:[Ldigital.denverlibra!:Y.org[cdm[singleitem[collection[g15330coll22[id[38158[rec[1 
8. 


Colorado Division of Reclamation, Mining and Safety 
Standard Metals Corporation, letter to Colorado Mined land Reclamation, RE: Standard 
Metals Corporation, Reclamation Plan Progress Report for Jun el, 1977 - September 20, 
1978. Octobers, 1978. 
Standard Metals Corporation, Reclamation Plan -Silverton Operation, submitted to 
ORMS on Ju ly 10, 1985. 
Mined Land Reclamation Division, letter to Standard Metals, RE: Sunnyside Mine and 
Mayflower Mill -File No. M-77-378, Notice of Violation and Cease and DesistOrder No. 
M 85-073. October25, 1985. 
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Bates No. 


DRMS-007 


DRMS-009 


DRMS-010 


DRMS-011 


DRMS-012 


DRMS-015 


DRMS-016 


DRMS-017 


DRMS-018 


DRMS-020 


DRMS-021 


DRMS-022 


DRMS-023 


DRMS-025 


DRMS-026 


DRMS-027 


DRMS-028 
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Document Description 


Welborn, Dufford, Brown & Tooley, Attorneys at Law, Letter to DNR, Mined Land 
Reclamation Division, Re: Sunnyside Mine-Transfer of Ownership. November 20, 1985. 
Standard Metals Corporation, Letter to Mine Land Reclamation Division, RE: Notice of 
Compliance for Sunnyside Mine and Mayflower Mill File No. M-77-378, Notice of 
Violation and Cease and Desist Order No. M 85-073. November 8, 1985. 


Mined Land Reclamation Board, Findings of Fact for the Notice of Violation and Cease 
and Desist Order for Standard Metals Corporation, October 23, 1985 
Sunnyside Gold Corporation, Re: MLRB Annual Report for the Sunnyside Mine and Mill 
April 1987 to March 1988 to the Co lorado Department of Natural Resources, May 25, 
1988. 


Mined Land Reclamation Division, Re. Sunnyside Gold Corporation's "Sunnyside Mine," 
from Larry Perino, Sunnyside Gold Corporation to Mined Land Reclamation Division, 
August 24, 1988. 


Sunnyside Gold Corporation Reclamation Plan for Mining Permit# M-1977-378 to the 
Mined Land Reclamation Division, submitted August 11, 1995. 
District Court for the City and County of Denver, Colorado, [DRAFT] Consent Decree and 
Order, Sunnyside Gold Corporation v. Co lorado Water Qua lity Control Division of the 
Colorado Department of Public Health and Environment, January 19, 1996. 
District Court for the City and County of Denver, Colorado, Joint Motion for Entry of 
Consent Decree and Order, Sunnyside Gold Corporation v. Colorado Water Quality 
Control Division of the Colorado Department of Public Health and Environment, May 6, 
1996. 
Sunnyside Gold Corporation, Re :TemporaryCessation Status to Division of Minerals and 
Geology, August 13, 1996. 
Sunnyside Gold Corporation, MLRAnnual Report from April 1998 to March 1999, 
submitted to Division of Minerals and Geology on June 10, 1999. 
Sunnyside Gold Corporation, MLRAnnual Report from April 2010 to March 2011, 
submitted to Division of Minerals and Geology on June 3, 1999. 


Sunnyside Gold Corporation, MLRAnnual Report from April 2011 to March 2012, 
submitted to Division of Minerals and Geology on June 5, 1999. 


San Juan County Mining Venture, Re: Sunnyside Mine NoticeofTemporaryCessation of 
Mining Operations to the Mined Land Reclamation Division, submitted October 1, 1991. 
Standard Metals Corporation, Re: Seepage Control Plan forTailings Pond No. 4 to Water 
Quality Control Division, submitted February 2, 1983. 


Standard Metals Corporation, Application for Mining and Reclamation Permit, Full 
Reclamation Plan for Silverton Operations, submitted to the Mined Land Reclamation 
Division on April 23, 1984. 
Standard Metals Corporation, Re: Seepage Control Plan forTailings Pond No. 4 to Water 
Quality Control Division, submitted February 2, 1983. 
Colorado Department of Public Health, Re: Compliance Inspection of an Industrial 
Wastewater Treatment Facility Mayflower Mill to Larry Perino, Sunnyside Gold 
Corporation, October 28, 2003. 
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DRMS-029 


DRMS-030 


DRMS-031 


DRMS-033 


DRMS-034 


DRMS-035 


DRMS-037 


DRMS-038 


DRMS-039 


DUPL 
DUPL-001 


EMJ 
EMJ-001 


EMJ-002 


EMJ-003 


EMJ-004 


EMJ-005 


HAER 
HAER-001 


HAER-002 


HAER-003 


Page 8of 16 


Appendix B: Reference Document Index 
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Colorado Department of Public Health, Re: Standard Metals Corporation Mayflower Mill 


Seepage Control Plan, February 18, 1983. 
Standard Metals Corporation, Re: Tailings Pond No. 4 Seepage Control Plans to Water 
Quality Control Division, July 20, 1983. 


Mined Land Reclamation Division, Re: Standard Metals Seepage Control Program to Mark 
Loye, October, 20, 1983. 
Mined Land Reclamation Division, Re: Notice of Inspection and Inspection Report to 
Sunnyside Gold Corporation, Possible Problems, June 19, 1986. 


Mined Land Reclamation Division, Re: Sunnyside Gold Corporation's "Sunnyside Mine 
and Mayflower Mill," Permit and American Tunnel Sludge Disposal to Larry Perino, 


Sunnyside Gold Corporation, January 6, 1989. 
Colorado Department of Public Health and Environment, Re : Request for Final 


Inspection, Tailings Pond No. 4Surface Drainage Modification Project for Consent Decree 
Order to Bruce Humphries, Sunnyside Gold Corporation, November 15, 1999. 
Sunnyside Gold Corporation, Re: Post Mining Land Use Modification TR-26Submittal to 
Division of Minerals and Geology, April 28, 2003. 


ORMS, General Inspection of the Sunnyside Mine and Mayflower, inspection date July 


22, 2011, dated January 19, 2012. 


ORMS, General Inspection of the Sunnyside Mine and Mayflower, inspection date July 
22, 2011, dated January 19, 2012. 


Durango Public Library 
Marshall, John and Zeke Zaroni. Mining the Hord Rock in the Silverton SonJuons, 2nd Ed. 
1998, Library of Congress: 96-94414, 190-200. Silverton: Simpler Way Book Company. 


Engineering and Mining Journal 
Chase, Charles A. "A Geological Gamble in Colorado Meets with Success." Engineering 
and Mining Journal. August 10, 1929. 


"Shenandoah-Dives Meets Changed Conditions." Engineering and Mining Journal. March 
1932. 


"Shenandoah-Dives Again Makes the Grade." Engineering and Mining Journal. March 
1933. 


Henderson, Charles W. "Colorado: Storehouse of Varied Mineral Wealth." Engineering 
and Mining Journal. August 1935. 
Colorado Mining News. Engineering and Mining Journal. April 1959. 


Historical American Engineering Record 
Historical American Engineering Record . HAER C0-91 Shenandoah-Dives Mill. August 
2005. 
Historical American Engineering Record . Index to Photographs for HAER C0-91 
Shenandoah-Dives Mill. August 2005. Avai lable at 
httg:[Llcweb2.loc.govLgngLhabshaerLcoLco0900Lco0922LdataLco0922cag.gdf. 
Historical American Engineering Record. Photographs for HAER C0-91 Shenandoah-Dives 
Mill . Photograph C0-91-7. August 2005. Available at 


httg:LLwww.loc.gov Lgictu resLitemL co0922. ghotos. 365599gL. 
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HISOS 
HISOS-001 


INT 


INT-001 


INT-002 


INT-003 


INT-004 


INT-005 


INT-006 


INT-007 


INT-008 


INT-009 


INT-010 


INT-011 


INT-012 


INT-013 


INT-014 


INT-015 


INT-016 


INT-017 
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Hawaii Secretary of State 
Business Information for PacificSilverCorporation. Hawaii Secretary of State. Available at 


htt12:LLhawaii.govLdccaLbreg. 


General Internet Research 


Consent Decree. United States of America and the State of Colorado v. Standard Metals 
Corporation, Inc. Civil Action No. 08-cv-02741-MSK-KMT. United States District Court for 
the District of Colorado. February 2, 2009. Available at 


httQ :LL docs. i usti a .comL casesLfed era IL district-
courtsLcoloradoLcodceL1:2008cv02741L11071SLSL. 


"About the Historical Society." San Juan County Historical Society website. Available at 
htt12:LLwww.silvertonhistori csociet~.orgLindex filesL12ageOOOl.htm . 
htt12:LLwww.n12s.govLnhlLdesignationsLsam12lesLcoLma~flower.Qdf 


Rich, Beverly. "The Mayflower Mill: Reclamation and Re-use." Cultural Resource 
Management, Vol. 21, No. 07. 1998. Available at htt12:LLcrm.cr.n12s.govLarchiveL21-7l21-
7-11.odf. 


httQ:LLwww. watch news12a12ers .comL12rinter friendl~19221920 
Search Resultsfor"Tim A Edgar." White Pages website.Available at 
www. wh ite12ages.com 
Search Results for"Timothy Edgar." Reference USA website. Available at 
www.referenceusa.com. 


Search Results for "Pamela Killebrew." White Pages website. Available at 
www.whiteQages.com. 
Search Results for "Michael Meuer." ReferenceUSA website. Available at 
www.referenceusa.com. 
Search Results for"Cherie Naffziger." Reference USA website. Available at 
www.referenceusa.com. 
Government Printing Office. "Federal Reserve System: Change in Bank Control Notices; 


Acquisition of Shares of Bank of Bank Holding Companies." Available at www.gQo.gov 


Search Results for "Larry Zastrow." White Pages website. Available at 
www. wh ite12ages.com. 


Wright, Samantha. "Red Mountain Mining Claims Revert to Public Domain."The Watch 
Newspaper. Available at 
httQ:LLwww. watchnews12a Qers.comLview Lf u II stoctL19221920Larticle -Red-Mounta in -
mining-cl aims-reve rt-tO-QU bl ic-doma in . 
"Mayflower Gold Mill." San Juan County Historical Society website. Available at 
htt12:LLwww.silvertonhistoricsociet~.orgLindex files/page0013.htm. 


Search Results for "James Maccornack." White Pages website. Available at 
www.whiteQages.com. 
Search Results for "Barbara Dobos." ReferenceUSA website. Available at 
www.referenceusa.com. 


Search Results for "Lyle Stone." ReferenceUSA website. Available at 
www.referenceusa.com. 
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INT-018 


INT-019 


INT-020 
INT-021 


INT-022 


INT-023 


INT-024 


INT-025 


INT-026 


INT-027 


INT-028 


MESOS 


MESOS-001 


MY 


MY-1928 


MY-1929 


MY-1930 


MY- 1931 


MY- 1932 


MY-1934 


MY- 1935 


MY-1936 
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Search Results for"Brian Fullmer." White Pages website. Available at 
www.whiteQages.com. 
Search Results for "Cheryl McMillan." ReferenceUSAwebsite. Available at 
www.referenceusa.com. 
Search Resultsfor"Leo Moir." White Pages website. Available at www.whiteQages.com. 
Search Results fo r "Judith Moir." White Pages website. Available at 
www.whiteQages.com. 
Search Results for"Michael Moir." White Pages website. Available at 
www.whiteQages.com. 
Search Results for"Ronda Leath." White Pages website. Available at 
www.whiteQages.com. 
"Company History." ASARCO website. Available at httQ://www.asarco.com/about-
us/comQany-histort/. 
"BLM Colorado Field Offices." Colorado Bureau of Land Management website. Available 
at www.blm.gov/co/st/en/fo.html. 
"Contact Us." San Miguel Power Association, Inc. corporate website . Available at 
http_://www .smp_a.com/contact.dm. 
"County Administrator." San Juan County Colorado website . Available at 
www .sanj uancountvcolorado. U'g_admi n istrator. html. 


Search Results for "Winston Gresov." White Pages website. Available at 
www.whiteQages.com. 


Maine Secretary of State 


Information Summary for Washington Mining Company. Maine Secretary of State. 
Available at http_s://icrs.informe.org/nei-sos-icrs/lCRS?MainPage=x. 


Minerals Yearbook 


U.S. Bureau of Mines, Mineral Resources of the United Stotes - 1928, U.S. Government 
Printing Office, Washington (1928) . 
U.S. Bureau of Mines, Mineral Resources of the United States-1929, U.S. Government 
Printing Office, Washington ( 1929). 


U.S. Bureau of Mines, Mineral Resources of the UnitedStates - 1930, U.S. Government 
Printing Office, Washington (1930). 
U.S. Bureau of Mines, Mineral Resources of the UnitedStates - 1931, U.S. Government 
Printing Office, Washington (1931). 


U.S. Bureau of Mines, Minerals Yearbook for Year 1932-33, U.S. Government Printing 
Office, Washington (1933). 
U.S. Bureau of Mines, Minerals Yearbook for Year 1934, U.S. Government Printing Office, 
Washington (1934). 
U.S. Bureau of Mines, Minerals Yearbook for Year 1935, U.S. Government Printing Office, 
Washington (1935). 
U.S. Bureau of Mines, Minerals Yearbook for Yeor 1936, U.S. Government Printing Office, 
Washington (1936). 
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MY-1937 


MY-1938 


MY-1939 


MY-1940 


MY-1941 


MY-1942 


MY-1943 


MY-1944 


MY-1945 


MY-1946 


MY-1947 


MY-1948 


MY-1949 


MY-1950 


MY-1951 


MY-1952 


MY-1953 


MY-1955 


MY-1956 


MY-1957 


MY-1958 
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U.S. Bureau of Mines, Minerals YearbookforYear1937, U.S. Government Printing Office, 
Washington (1937) . 
U.S. Bureau of Mines, Minerals YearbookforYear 1938, U.S. Government Printing Office, 
Washington (1938) . 


U.S. Bureau of Mines, Minerals Yearbook for Year 1939, U.S. Government Printing Office, 
Washington (1939). 
U.S. Bureau of Mines, Minerals Yearbook for Year 1940, U.S. Government Printing Office, 
Washington (1940). 


U.S. Bureau of Mines, Minerals Yearbook for Year 1941, U.S. Government Printing Office, 
Washington (1943). 
U.S. Bureau of Mines, Minerals Yearbook for Year 1942, U.S. Government Printing Office, 
Washington (1943). 
U.S. Bureau of Mines, Minerals Yearbook far Year 1943, U.S. Government Printing Office, 
Washington (1945). 
U.S. Bureau of Mines, Minerals YearbookforYear1944, U.S. Government Printing Office, 
Washington (1945). 


U.S. Bureau of Mines, Minerals Yearbook for Year 1945, U.S. Government Printing Office, 
Washington (1947). 
U.S. Bureau of Mines, Minerals Yearbook/or Year 1946, U.S. Government Printing Office, 
Washington (1948). 


U.S. Bureau of Mines, Minerals Yearbook for Year 1947, U.S. Government Printing Office, 
Washington (1949). 
U.S. Bureau of Mines, Minerals YearbookforYear 1948, U.S. Government Printing Office, 
Washington (1950). 
U.S. Bureau of Mines, Minerals YearbookforYear 1949, U.S. Government Printing Office, 
Washington (1951). 
U.S. Bureau of Mines, Minerals YearbookforYear 1950, U.S. Government Printing Office, 
Washington (1953). 


U.S. Bureau of Mines, Minerals Yearbook for Year 1951, U.S. Government Printing Office, 
Washington (1954). 


U.S. Bureau of Mines, Minerals Yearbook for Year 1952, Area Reports- Volume Ill, U.S. 
Government Printing Office, Washington (1955). 
U.S. Bureau of Mines, Minerals Yearbook for Year 1953, Area Reports- Volume Ill, U.S. 
Government Printing Office, Washington (1956). 


U.S. Bureau of Mines, Minerals Yearbook for Year 1955, Area Reports - Volume Ill, U.S. 
GovernmentPrintingOffice, Washington (1958). 
U.S. Bureau of Mines, Minerals Yearbook for Year 1956, Area Reports- Volume Ill, U.S. 
Government Printing Office, Washington ( 1958). 
U.S. Bureau of Mines, Minerals Yearbook for Year 1957, Area Reports- Volume Ill, U.S. 
Government Printing Office, Washington (1959) . 
U.S. Bureau of Mines, Minerals Yearbook for Year 1958, Area Reports - Volume Ill, U.S. 
Government Printing Office, Washington (1959). 
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MY-1959 


MY-1960 


MY-1961 


MY-1962 


MY-1963 


MY-1964 


MY-1971 


NEX 
NEX-001 


NEX-002 


NEX-003 


NEX-004 


NEX-005 


NEX-006 


NEX-007 


NEX-008 


NEX-009 


NEX-010 


NEX-011 


NEX-012 
NEX-013 


PACER 
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U.S. Bureau of Mines, Minerals Yearbook for Year 1959, Area Reports- Volume Ill, U.S. 
Government Printing Office, Washington (1960). 
U.S. Bureau of Mines, Minerals Yearbook for Year 1960, Area Reports- Volume Ill, U.S. 
Government Printing Office, Washington (1961). 


U.S. Bureau of Mines, Minerals Yearbook for Year 1961, Area Reports- Volume Ill, U.S. 
Government Printing Office, Washington {1962). 
U.S. Bureau of Mines, Minerals Yearbook/or Year 1962, Area Reports- Volume Ill, U.S. 
Government Printing Office, Washington (1963). 


U.S. Bureau of Mines, Minerals Yearbook/or Year 1963, Area Reports: Domestic- Volume 
Ill, U.S. Government Printing Office, Washington (1964). 
U.S. Bureau of Mines, Minerals Yearbook for Year 1964, Area Reports: Domestic- Volume 
Ill, U.S. Government Printing Office, Washington (1968). 


U.S. Bureau of Mines, Minerals Yearbook for Year 1971, Area Reports: Domestic- Volume 
II, U.S. Government Printing Office, Washington ( 1973). 


NEXIS Database 
"Struggling Echo Bay Mines looks for financial reprieve." The Edmonton Journal. March 
16, 2002. Available at htt12:LLwww.nexis.com[. 
"Mergers occur when dynamic is right: 'When it all comes together, you get a deal." 
National Post. March 29, 2002. Available at htt1rLLwww.nexis.com[. 
"Kinross Becomes the New Senior North American Gold Producer." PR Newswire. January 
31, 2003. Availableat htt12:LLwww.nexis.com[. 
"52W High: New 52-Wk High for STMC@ $0.080 up 166.67%." Comtex News Network, 
Inc. November 17, 2003. Available at httQ:LLwww.nexis.comL. 


"OTC Name and Symbol Change Eff. 11/22/2005." Market News Publishing. November 
21, 2005. Available at htt12:LLwww.nexis.com[. 
"ASARCO tender successfully completed by Grupo Mexico." AFX European Focus. 
November15, 2009. Available at httQ:LLwww.nexis.com{ 


"ASARCO pays $50 Million Maturity of Public Bonds; Seeks to Adjust CreditTerms in 
Discussions with Banks." Business Wire. December 3, 2001. Available at 
htt12:LLwww.nex1s.com{ 
"ASARCO moves headquarters to Tucson." The Arizona Daily Star. Apri I 13, 2005. 
Available at htt12:LLwww.nexis.com[. 
Hoover's Company Records-In depth Records: ASARCO LLC. March 27, 2012. Available at 
htt12:LLwww.nexis.comL, 
Hoover's Company Records-In depth Records: Grupo Mexico, S.A.B. de C.V. March 27, 
2012. Available at htt12:LLwww.nexis.com[. 
"Alta Gold announces agreement with Washington Mining Co." Business Wire. December 
8, 1988. Available at httQ:LLwww.nexis.comL, 
"Gold company fi les Chapterll." The Associated Press State& Local Wire. April 16, 1999. 
"Alta Gold Case Dismissed." Public Company Bankruptcy Filing Information. January 2, 
2001. Avai lable at htt12:LLwww .nexis.com[. 
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PACER-001 


SDMS 
1020975 


1021566 


1021567 


1021571 


1060976 


1062227 


1136211 
1185215 


SEC 
SEC-001 


SEC-002 


SEC-003 
SEC-004 


SEC-005 


SEC-006 


SEC-007 
SEC-008 


SEC-009 


SEC-010 


SEC-011 


SEC-012 
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Voluntary Petition for Case 05-21207, United States Bankruptcy Court, Southern District 
of Texas, Corpus Christi Div. Filed Aug. 9, 2005. 


EPA Superfund Document Management System 
Letterfrom William B. Goodhard of Sunnyside Gold Corporation toJ. David Holm of 
CDPHE. April 4, 1995. 
Mayflower Mi/I Historic Site -Business Plan Outline. San Juan County Historical Society. 
Revised January 1996. 


Letter from San Juan County Historical Society, Mill Committee to Janice Sheftel re: 


Mayflower Mill, basic plans for the cleanup and mill tour. March 6, 1996. 
Agreement and Covenant Notto Sue. In the Matterof:Sanluan County Historical 
Society. United States Environmental Protection Agency, Region VIII. Docket No. CERCLA 
Vlll-96. 


Consent Decree and Order. Sunnyside Gold Corporation v. Colorado Water Quality 
Control Division of the Colorado Department of Public Health and Environment. Case No. 
94 CV 5459. District Court of the City and County of Denver, State of Colorado. Received 
May 1996. 


"Mayflower Mill transfer approved." Press Release from San Juan County Historical 
Society. Dated June 11, 1996. 


Chapter VII Metal Loading Process. Draft dated September 19, 2000. 
Consent Decree. United States of America and the State of Colorado v. Standard Metals 
Corporation, Inc. Civil Action No. 08-cv-02741-MSK-KMT. United States District Court for 
the District of Colorado. February 2, 2009. 


United States Securities and Exchange Commission 
SEC Form 10-K for Echo Bay Mines Ltd. forthe fiscal year ended December 31, 1989. 


Order Instituting Administrative Proceedings Pursuant to Section 12(j) of the Securities 
Exchange Act of 1934, Making Findings, and Revoking Registration of Securities. SEC 
Administrative Proceeding in the MatterofStandard Metals Corporation, File No. 3-
13562. httQ :LLwww .sec.gov LlitigationLad minL2009L 34-60369. gdf 


SEC Form 15 for Standard Metals Corporation, dated March 9, 2009. 
SEC Form 10-K for Echo Bay Mines Ltd . for the fiscal year ended December 31, 2002. 


Letter from Winston G. Gresov, Vice-President and Acting CEO of Standard Metals to SEC 
Division of Corporation Finance re : Request to withdraw/delete Form 15-12B filing, dated 
June 2, 2009. 
"Kinross and Echo Bay Announce Expiry of Echo Bay's Warrants." Press Release dated 


October21, 2003. 


SEC Form 6-K for Kinross Gold Corporation for the month of February 2013. 


SEC Form 10-K/A for Echo Bay Mines Ltd. for the fiscal year ended December 31, 2000. 


deleted 


Plan of Arrangement in the Matter of the Arrangement among4082389 Canada, Inc., 
TVX Gold Inc., and Echo Bay Mines Ltd . 


SEC Form 10-K for Alta Gold Co. for the fiscal year ended December 31, 1995. 


SEC Form 8-K for Alta Gold Co. dated March 7, 2000. 
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SEC-013 
SJCA 


SJCA-001 


SJCA-002 
SJCA-003 


SJCA-004 
SJCA-005 


SJCA-006 
SJCA-007 


SJCA-008 
SJCA-009 
SJCA-010 


SJCA-011 
SJCA-012 


SJCA-013 
SJCA-014 


SJCA-015 


SJCA-016 
SJCA-017 


SJCA-018 
SJCA-019 


SJCA-020 
SJCA-021 


SJCA-022 
SJCA-023 
SJCA-024 


SJCA-025 
SJCA-026 


SJCA-027 
SJCA-028 


SJCA-029 


USGS 
USGS-001 


USGS-002 
USGS-003 


USGS-004 
USGS-005 


USGS-006 


USGS-007 
USGS-008 


USGS-009 
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SEC Form 10-K for PacifiCorp for the fisca l year ended December 31, 2012. 
San Juan County Assessor's Office 


Property Card for Parcel No. 48290090010003. 


Property Card for Parcel No. 48290100010005. 
Property Ca rd for Parcel No. 48290090010321. 


Property Ca rd for Parce l No. 48290000010070. 


Property Card for Parcel No. 48290090010101. 
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TITLE-028 
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205958 48290100010006 


205948 48290090010003 


11596 48290090010031 


7608 48290090010031 


15112 48290090010035 


8801 48290090010003 


8801 48290090010008 


8801 48290090010008 


14012 48290100010009 
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Standard Metals Corporation 


Stone, MacCornack and Dobos 


Sunnyside Gold Corporation 


Standard Metals Corporation 


Sunnyside Gold Corporation 


Sunnyside Gold Corporation 


Standard Metals Corporation 


Sunnyside Gold Corporation 


ASARCO Inc. 


ASARCO Inc. 


ASARCO Inc. 


Standard Metals Corporation 


Standard Metals Corporation 


No transfer information listed 
San Juan County Historical Society 


Sunnyside Gold Corporation 


San Juan County Historical Society 


Cooney Properties 10 LLC 


San Juan County Historical Society 


Brian Fullmer [foreclosure) 


Sunnyside Gold Corporation 


Sunnyside Gold Corporation 


Sunnyside Gold Corporation 


Cheryl McMillan and Silverton Majestic LLC (aka Silverton Majesty) 


Standard Metals Corporation 


Sunnyside Gold Corporation 


Robinette-Leath, Rhonda 


Standard Metals Corporation 


Standard Metals Corporation 


Sunnyside Gold Corporation 


Sunnyside Gold Corporation 


ASARCO Inc. 


Standard Metals Corporation 


Colo State Bank and Trust as custodian fbo Phil W. May Self-Directed IRA 


San Juan Coun ty Historical Society 


Leo and Judith Moir 


Sunnyside Gold Corporation 


Standard Metals Corporation 


Standard Metals Corporation 


Sunnyside Gold Corporation 


-
Stone, MacCornack and Dobos 


Stone, MacCornack and Dobos 
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Vesting Date 


11/1/1985 


12/23/1998 


7/5/2001 


11/1/1985 


10/20/1999 


5/29/1996 


11/1/1985 


7/5/2001 


1/30/2004 


3/4/2004 


3/4/2004 


11/1/1985 


11/1/1985 


12/13/2007 


5/29/1996 


8/17/2007 


10/27/2007 


6/1/2007 


6/19/2012 


11/1/1985 


11/1/1985 


11/1/1985 


5/26/2004 


11/1/1985 


7/5/2001 


10/28/2005 


11/1/1985 
11/1/1985 
7/5/2001 


7/5/2001 


1/30/2004 
11/1/1985 


11/22/2004 
12/2/2004 


10/28/1993 


11/27/2000 


11/1/1985 


11/1/1985 
11/27/2000 
. 


12/23/1998 


12/23/1998 


Current Owner Reception 
Vesting 


SJCA Source 
Conveyance 


Sunnyside Gold Corporation 130068 TITLE-015 SJCA-001 


San Juan County Historical Society 139730 TITLE-027 SJCA-025 


Perino, Larry R. 141266 TITLE-033 SJCA-014 


Sunnyside Gold Corporation 130068 TITLE-015 SJCA-001 


San Miguel Power Association 140208 TITLE-029 SJCA-001 


San Juan County 138250 TITLE-023 SJCA-003 


Sunnyside Gold Corporation 130068 TITLE-015 SJCA-020 


Perino, Larry R. 141266 TITLE-033 SJCA-014 


Dan Dugi Defined Benefit Trust Plan 143245 TITLE-034 SJCA-016 


Zastrow, Larry 143299 TITLE-038 SJCA-021 


Zastrow, Larry 143299 TITLE-038 SJCA-022 


Sunnyside Gold Corporation 130068 TITLE-015 SJCA-001 


Sunnyside Gold Corporation 130068 TITLE-015 SJCA-001 


Utah Power & Light Co. n/a SJCA-004 


Dillon Ranches LLLP 146179 TITLE-064 SJCA-005 


San Juan County Historical Society 130068 TITLE-015 SJCA-006 


Michael K Meuer 145910 TITLE-061 SJCA-007 


Sidehill Mugwump Protection Society n/a n/a SJCA-008 
Little Dog Enterprises, LLC 145736 TITLE-059 SJCA-009 


San Juan County Historical Society 148518 TITLE-068 SJCA-010 


San Juan County Historical Society 130068 TITLE-015 SJCA-011 


San Juan County Historical Society 130068 TITLE-015 SJCA-012 


San Juan County Historical Society 130068 TITLE-015 SJCA-013 


Watts Rev Declaration of Trust 143447 TITLE-041 SJCA-028 


Sunnyside Gold Corporation 130068 TITLE-015 SJCA-020 


Perino, Larry R. 141266 TITLE-033 SJCA-014 


Naffziger, Ryan and Cherie 144558 TITLE-045 SJCA-018 


Sunnyside Gold Corporation 130068 TITLE-015 SJCA-020 


Sunnyside Gold Corporation 130068 TITLE-015 SJCA-001 


Perino, Larry R. 141266 TITLE-033 SJCA-014 


Perino, Larry R. 141266 TITLE-033 SJCA-014 
Dan Dugi Defined Benefit Trust Plan 143246 TITLE-035 SJCA-017 


Sunnyside Gold Corporation 130068 TITLE-015 SJCA-001 


William E. Ogle 143865 TITLE-043 SJCA-026 


William E. Ogle 143874 TITLE-044 SJCA-026 


Edgar, Tim A. and Pam Killebrew 136481 TITLE-019 SJCA-019 


San Juan County Historical Society 140893 TITLE-032 5JCA-027 


Sunnyside Gold Corporation 130068 TITLE-015 SJCA-020 


Sunnyside Gold Corporation 130068 TITLE-015 SJCA-020 


San Juan County Historical Society 140893 TITLE-032 SJCA-015 


Exempt Parcel . . . 
San Juan County Historical Society 139730 TITLE-027 SJCA-025 


San Juan County Historical Society 139730 TITLE-027 SJCA-025 
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INVENTORY OF MILLS AND TAILINGS IN THE UPPER ANIMAS RIVER
WATERSHED:


LOCATIONS, PHOTOGRAPHS, AND INFLUENCE


J. Thomas Nash
U.S. Geological Survey


INTRODUCTION


Mill tailings are a potentially important source of acid and metals in watersheds
because these materials are finely ground, are commonly permeable, minerals in them are
reactive, and typically are placed in or near wetlands and (Plumlee, 1999). Because basic
information on the status and location of mills and their tailings is sparse in published
literature and nearly absent in electronic databases, an effort was made to locate them in
the Animas River watershed.  The information in this report is neither complete nor
quantitative, but should be useful to persons concerned with the influence of historic
mining on the Animas River watershed.


Some definitions are needed.  A mill is a structure where ore is processed to
concentrate minerals and metals of  economic value.  Included in the processing are
numerous stages and appropriate equipment for grinding the ore and separating minerals
or metals by physical or chemical methods. Physical methods generally are based on a
physical property such as density or magnetic susceptibility, and in the study area
typically included jig tables to recover heavy minerals like gold or galena.  Chemical
methods require that the ore minerals be dissolved, and this generally involves the use of
cyanide. There also are chemical-physical processes that do not dissolve the minerals but
utilize chemicals to do the work, including amalgamation (mercury is used to collect gold
on its surface) and floatation (soapy reagents are used to pick up minerals according to
special surface properties).


Tailings are here defined as the refuse after mill processing of ground ore
(Thrush, 1968).  The term ‘tailings’ is used by geologists and engineers in many other
ways to connote the leavings or low-value materials from mining, but here is the key
distinction is the ground condition: these materials are typically fine sand size, but can be
coarser than beach sand in some early stamp mills, and can include finer material of clay
size that some call ‘slimes’.   The porosity of tailings is highly variable, depending on the
ore mineralogy, processing, and placement of tailings.  Some are highly permeably like
clean beach sand, but others can be nearly impermeable because of clays, and not
uncommonly the porosity is variable from layer to layer.  Because most mills process the
ground rock with water, the tailings leaving a mill are a viscous fluid like wet concrete in
a cement mixer and can be poured, pumped through a pipe, or run through a sluice. It is
much cheaper to process wet tailings downward, thus tailings are almost always
topographically below the mill structure and in some places are carried in pipes or sluices
for thousands of feet to an impound or ‘pond.’  The pond allows the tailings to settle and
the water to be collected and commonly recycled. Impounded tailings are generally
damp, compact, and quite cohesive.   The cohesiveness of old tailings is a significant
issue because they tend to appear to be strong, but in practice are susceptible to wind and
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stream erosion or even catastrophic failure by liquifaction (when the ‘solids’ become a
viscous liquid and flow like pancake batter).


Tailings tend to be placed on mill patents (private property with use justified for
this purpose and larger in size than a mine patent), but in places tailings may be placed on
public lands adjacent to the mill patent.  The land status of mills and patents in the study
area is not well known to the author, and the likelihood of their being on private property
has restricted the kinds of observations and sampling that could be done.  Most of the
sites described here were observed from a distance on public thoroughfares.  This
restriction limited my ability to identify and characterize mill tailings, which can be
difficult to recognize through willows and other riparian vegetation. Locations given in
Table 1 are not highly precise as they were measured by standard GPS, extrapolated to
the estimated site that could not be visited, and for some localities measured from
1:24,000 scale topographic maps. Chemistry and reactivity of  these tailings is discussed
elsewhere (Nash, 1999).


Smelters can be sources of contamination, especially from thick and noxious
fumes (Nash and others, 1996), but the slag at three smelter sites in this area probably is
not a significant problem.  Leach tests on slag from this area suggest that very little is
soluble (Nash, 1999).  However, these and other slags contain several percent lead,
copper, zinc, and other base metals which can be mobilized by gastric juices if the slag is
ingested.  Thus, the slag at the three sites appears to pose little threat to water, but should
not be handled or eaten by humans or wildlife.


BRIEF INTRODUCTION TO MILLING IN THE AREA


Changes in mining and milling technology over the years have had important
influences on the materials left behind in the mines or placed on dumps and tailings piles.
In this region at least four stages of technology can be described:


1). Early stage (1875-1890) small-volume mining of high grade ores:  because the
associated milling and transportation infrastructure at this time was poorly developed, the
ores often were hand sorted to create extremely rich material for direct shipping to
smelters. Local smelters were built by several entrepreneurs to treat specific kinds of
local ores from the Red Mountain district pipe mines or the more typical vein deposits,
but the high lead content defied the crude technology of the time and all failed with little
production.  Hand sorted ores were carried by mules, or wagons, on crude roads and,
after 1882, by trains to efficient smelters in Durango, Denver, and Pueblo.  Many of the
mills in this era utilized water power.  This stage of mining has left a relatively low
impact on the environment today because most of the milling and smelting was done
elsewhere and not much mineralized waste rock was brought out onto dumps.  The mills
that operated in this early stage, as in Little Giant Basin and Arrastra Creek, were small
stamp mills that were not very efficient at removing much other than gold, and the
tailings were discarded in any convenient manner, often directly into streams. Very little
remains near these mill sites today. In about 1890 methods were changing, but the price
of silver was dropping and this hurt efforts to create better infrastructure.


2). Middle stage (1890 to about 1918), medium-volume mining with larger stamp
mills:  the mines that survived the silver crash of the mid-1890’s or reopened later tended
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to be larger and deeper, and often utilized trams to carry ore to protected millsites below
treeline. The chief incentive was to locate mills at sites distant from avalanches to
minimize risk of injury and damages.  Mills were enlarged to 150 and even 350 tons per
day capacity (Ransome, 1901; Henderson, 1926); the larger mill throughput obviously
created more tailings and there often was little space for the tailings. Electric power was
available at some sites, but many mines utilized steam to power their equipment. The
mills of this era tended to be down in the main valleys, and most were close to the
railroad that ran up the Upper Animas River.  Most of the tailings from this period can
not be found near the mills and it must be presumed that either they were piped into the
creeks, or that the impounds were inadequate to survive floods such as the ones that
occurred in 1911 and 1928 (Follansbee and Sawyer, 1948).


3). Late-middle stage (1918 to 1935), flotation mills introduced: infrastructure did
not change much, but new technology called ‘selective floatation’ permitted mills to
concentrate sphalerite for profit (earlier zinc drew a penalty), and also other sulfide
minerals such as galena and chalcopyrite in separate fractions for higher value when
shipped to smelters for refining.  This new technology permitted the mining of ‘low
grade’ ores of the type in the Sunnyside mine (Burbank and Luedke, 1968; 1969), and the
rate of mining increased accordingly.  Use of electricity was now the norm for
increasingly large-scale mining.  The change in style was first made at the Sunnyside
mine and the associated new mill built at Eureka in 1917.  In this stage mine tunnels
reached many miles in length (some crossing under natural drainage divides), numerous
tramways carried ores to centralized mills, and large mine dumps and mill tailings piles
were created.


4). Modern regulated stage (1935-1990),  controls on tailings:  tailings technology
changed in 1935 when regulations required that mill tailings be confined to tailings ponds
rather than allowed to go into surface streams. An Executive order imposed this
regulation to improve the quality of water in streams. The Shenandoah-Dives
(Mayflower) mill was a leader in the development of methods to collect tailings, and to
separate and recirculate mill water from tailings ponds back to the mills. This is
explained well on displays at the tourist stop southeast of the Mayflower mill, created by
the Sunnyside Mining Corp. in about 1995.  A smaller number of mills operated in this
period, the largest by far was the Mayflower mill that processed ore from mines run by
the company (first the Shenandoah-Dives complex to the east, then the Sunnyside mine
complex to the west), as well as from numerous smaller mining operations on a ‘custom’
basis.  The tailings from some of the mills at this stage created very large, multi-million
ton impounds such as at the Mayflower mill and at the Idarado mill in the Red Mountain
District.  These have been physically stable, with no evidence of significant failure in the
Silverton area, but there have been concerns over chemical processes operating in the
tailings to leach and mobilize metals into groundwater, which have been addressed by
reclamation work in the 1990’s.  I lack information on the age of many of these impounds
and the behavior of the tailings after placement because all are on private property and
little is recorded in the literature.


INVENTORY OF MILLS AND TAILINGS


An inventory of mills, or mill sites, and associated tailings because the published
literature and electronic databases have incomplete records.  Electronic databases, such as
those maintained by the USGS and by the former US Bureau of Mines (MAS/MILS)
contain reports on less than ten percent of the mills and even less information on tailings.
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Tailings are considered to be the important environmental feature because the materials
most typically were placed in or close to streams and wetlands.  Locating mills in the
field often is a first step toward identifying their tailings, or lack thereof.  Some of the
mills were described in reports (Ransome, 1901; Henderson, 1926; King and Allsman,
1950), most of which I could confirm in the field.  A few mills could be identified on
topographic maps, and then checked in the field. Some tailings impounds are large
enough to be shown on topographic or geologic maps, a great help, but not always
reliable because many maps use the same label for mine dumps and placer mine spoil.
Information for 51 mill and 23 tailing sites, and 3 smelter sites is given in table 1, and the
locations are shown on Figure 2.  The number of mills may seem high for such a small
area, but really is a minimum estimated because I surely have missed some sites that were
burned beyond recognition or which were rebuilt. The number of tailings sites that I list is
an even lower estimate of the number originally present because many of the older mills
have no visible preserved tailings to report. The volume of tailings that were placed
directly into streams or eroded during storm events is difficult to quantify but is one of
the most important implications of this study.


PHOTO TOUR OF MILLS AND TAILINGS


Color photos, in digital format, are included to help understand the mills and
tailings and the wide disparity in their size and present condition.  Most of the structures
have collapsed over the years, and many are burned or rotted beyond restoration. Some
may question the identification of structures as mills, and I would agree that some could
be another variety of mining-related building.  However, for more than 90 percent of
mills, the multiple-level design (to facilitate gravity feed of materials) is diagnostic. The
75 photos are explained briefly and the user can ‘click’ on buttons to view the picture
using Adobe Acrobat Reader, which is widely distributed as free software.


DISCUSSION OF TAILINGS AND THEIR SIGNIFICANCE


Tailings are a significant legacy of mining.  The volume of fine sands produced
during milling is proportional to the amount of ore produced, and typically much more
abundant than the ore sent away to be refined: from a ton of ore mined, tails commonly
are more than 80 percent, to as much as 99 percent, or more than 1,600 pounds per ton.


The total amount of tailings created in the watershed in 125 years of mining is on
the order of 16-18 million tons if one extrapolates from the figures for 1873 to 1964
(Burbank and Luedke, 1964).  Of this about 12 million tons is reasonably accounted for,
mostly in the Mayflower mill impounds (the Sunnyside Mining Co. display near the
Mayflower mill states that this mill produced 10 million tons of tailings, most of which
appear to be in place).  We can make some estimates for time periods:


a). early years: production from 1873-1890 was roughly 150,000 to 190,000 short
tons (Henderson, 1926); possibly 10 percent of this is in place near those old mills.


b). middle years: production from 1890-1918 was about 2.5 million short tons;
possibly 10 to 20% of these tailings are in place.


c).  late-middle years: production from 1918 to 1935 was about 1.5 million short
tons; possibly 20 % of these tailings are in place;
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d). Modern regulated era: production after the 1935 order was about 10 to 12
million tons; most of these tailings are in place.


These estimates are not precise but are sufficient to suggest that about 3 to 5
million tons of tailings are not accounted for—washed down the minor and major
streams.  This is qualitatively supported by studies of stream alluvium, and especially
sandbar and overbank deposits that visibly display layers of tailings.  Detailed studies of
alluvium stratigraphy (Vincent and others, 1999) and stream-sediment geochemistry
(Church and others, 1997) provide more facts.  The scope of this problem is large and
quantification is difficult.


This study documents what many specialists know, but is inadequately reported in the
literature:


v Tailings typically are placed within 200 yards of streams, and often are in floodplains.


v Some impounds were breached during severe storms, but the evidence is mostly
downstream in overbank deposits.  In contrast, in other areas such as Nevada, one can
see partial remains of breached impounds and track the fluvial tailings down arroyos
for 2 to 10 miles.


v The majority of mills were in the Upper Animas River watershed, and these probably
produced 80 percent of the tailings by tonnage.  Mills in the Mineral Creek
watershed had the smallest amount of tailings, possibly about 5 percent of the total.
Cement Creek watershed had several large mills, and possibly 10-15 percent of total
tailings tonnage.


v The tailings that have been lost to stream drainages are effectively part of  the
geochemical baseline for the area, similar to clasts of mineralized rocks.  The tailings
on sandbars, overbank deposits, or mixed in with bed sediments, are very difficult to
remove because restoration activities would damage habitat and these activities are
very expensive.
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Table 1:  Location and description of mills and tailings in Upper Animas River watershed, Colorado


Site-ID Map Name Ndd Wdd MILL TAILS COMMENTS


SMELTERS
NAG170  1 Eclipse smelter 37.9178 107.5592 Y S ECLIPSE SMELTER C. 1880, SMALL VOL OF SLAG NEXT TO ANIMAS R
NAG171  2 Greene(?) smelter 37.8200 107.6628 Y S SMELTER CEMENT CRK MOUTH; MOD VOL SLAG C. 1890
NAG299  3 Walshe/S. Silverton 37.8078 107.6750 Y? S SILVERTON SMELTER, 1 MI WEST; FAIRLY LARGE


MILLS
NAM103  1 Gold Prince 37.9300 107.5689 Y N BIG MILL, TRAMMED ORE FROM GOLD PRINCE; NO TAILS EVIDENT, 30 JIG TABLES
NAM104  2 Bagley 37.9325 107.5783 Y SM WOOD MILL, BAGLEY, SMALL TAILS to east
NAM105  3 Mastodon 37.9100 107.5992 Y SM SM STAMP MILL, STONE FOUNDATION, TAILS IN CREEK
NAM107  4 Hanson 37.9117 107.5944 Y SM SM STAMP MILL, SM TAILS, restored, excellent condition
NAM109  5 Columbus 37.9322 107.5708 Y NX SM STAMP MILL EARLY ANIMAS FKS
NAM111  6 Eureka Gulch (Sunnyside) 37.8831 107.5919 Y NX MD MILL EUREKA GULCH, SUNNYSIDE EARLY; NO TAILS FOUND
NAM112  7 Pride of the West Mill 37.8394 107.5917 Y MD PRIDE OF WEST MILL, HOWRDSVILLE; MED TAILS CONTAINED
NAM113  8 Mayflower mill 37.8283 107.6292 Y LG MAYFLOWER BIG MILL HUGE TAILS IMPOUND INTACT
NAM114  9 Silver Lake mill 37.8278 107.6272 Y NX BIG CEMENT FOUNDATION,EAST OF MAYFLOWER MILL; NO TAILS
NAM115  10 Lackawanna mill 37.8144 107.6522 Y SM LACKAWANNA MILL AND TAILS BELOW
NAM116  11 Mogul-Gold king 37.8908 107.6525 Y NX GLADSTONE BIG CEMENT MILL; NO TAILS
NAM117  12 Lead Carbonate New 37.8917 107.6500 Y N LEAD CARBONATE MILL PER TOPO; TAILS GONE?
NAM121  13 Vermillion 37.9339 107.5978 Y SX CONCRETE REMAINS BELOW DUMP, TAILS S OF ROAD
NAM164  14 Treasure Mtn 37.9142 107.5694 Y NX TREASURE MTN MINE AND MILL; COULD FIND NO TAILS IN PICAYUNE GULCH
NAM229  15 Hamlet mill 37.8519 107.5747 Y NX CONCRETE AND WOOD,  1 MI N OF HOWDSVL; NO TAILS
NAM230  6 Kitti-Mac mill new 37.8606 107.5706 Y MD KITTI-MAC TRAM MILL; TAILS TO SW NAT 101
NAM234  17 Kitti-Mac mill old 37.8622 107.5533 Y NX EARLIER KIT-MAC MILL IN MINNIE GULCH; NO TAILS
NAM252  18 Old Hundred 37.8222 107.5861 Y NX OLD HUNDRED MILL; TAILS SMALL AS OBSERVABLE
NAM257  19 Highland Mary 37.7878 107.5778 Y MD HIGHLAND MARY MILL, STONE FOUNDATION ONLY
NAM268  20 Buffalo Boy(?) 37.8181 107.5819 Y NX CONCRETE STRUCTURE ACROSS RD FROM TRAM BUILDING
NAM269  21 Buffalo Boy 37.8197 107.5825 Y NX STONE FOUNDATION, BEAMSN STEEL, W OF BUFFALO BOY MINE/TRAM
NAM279  22 Iowa Mill 37.8125 107.6169 Y NX CRUDE FOUNDATION, METAL PARTS; TAILS START 100 M TO WEST
NAM291  23 Little Giant, old 37.8042 107.5986 Y SM CRUDE FOUNDATION, GRIND WHEELS, TAILS; OLD STAMP MILL
NAM292  24 Little Giant 37.8086 107.6022 Y SM LITTLE GIANT STAMP MILL, EXC. PRESERV., STAMPS GONE, SM VOL TAILS BELOW
NAM299  25 Minnie Gulch 37.8133 107.5361 Y NX 10 STAMP MILL IN GREAT SHAPE; NO TAILS--GONE IN MINNIE CREEK? 
NAM302  26 Northstar 37.8069 107.6797 Y NX NORTHSTAR MILL, SOME TAILS POSSIBLY ALONG MINERAL CREEK
NAM330  27 Red and Bonita 37.8978 107.6447 Y NX RED AND BONITA MILL, VERY FEW TAILS on fericrete terrace
NAM354  28 Burns/Narrows mill 37.9106 107.5561 Y N SMALL STONE FOUNDATION, UPPER ANIMAS, ZERO TAILS
NAM356  29 Silver Wing 37.9033 107.5553 Y N SILVER WING MILL, ZERO TAILS
NAM363  30 Aspen mill? 37.8244 107.6328 Y N MINIMUM REMAINS, FOUNDATION, SMALL MILL ONE LEVEL? NO TAILS
NAM377  32 Sound Democrat? 37.9125 107.5954 Y? NX FOUNDATION AND BOARDS NORTH OF M107, JIG TABLE
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NAM388  34 Howardsville Mill 37.8372 107.5444 Y NX OLDER MILL, NEW RED ROOF, TRAM TO SE; SMALL TAILS
NAM389  35 S Howardsville 37.8339 107.6006 Y NX MINIMUM FOUNDATION, TWO? LEVELS, SOME TAILS
NAM399  36 Bandora 37.7869 107.8006 Y NX BANDORA MILL, SM CONCRETE FOUNDATION, NO STEEL, NO TAILS
NAM409  37 Lead Carbonate old 37.8908 107.9664 Y? SX OLD LEAD CARBONATE MILL, AT MINE, SMALL TAILS NEARBY
NAM414  38 Yukon mill 37.8494 107.6764 Y? N BLUE METAL BUILDING, ON SITE OF OLD MILL?
NAM424  39 Silver Ledge 37.8758 107.7264 Y? N MINIMUM REMAINS NEXT TO ORE BIN, CHATTANOOGA
NAM509  40 Brooklyn 37.8603 107.7139 Y SM SMALL HANDMADE MILL, 70'S? BROOKLYN
NAM524  41 Ruby Trust 37.8447 107.7519 Y SM OLD STAMP MILL WITH JIGG TABLES
NAM529  42 Gold King old 37.8969 107.6447 Y SM STONE FOUNDATION, TRAM TO EAST,  HIGH SULFIDE TAILS ON SLOPE
NAM552  43 Big Colorado 37.8769 107.6464 Y SX MILL BOARDS AND STEEL JUNK BELOW ADIT
NAM600  44 Burro Bridge 37.8511 107.7264 ? SX BURNED BEAMS FOR STAMP, SOME TAILS AND ORE
NAM602  45 Lodore 37.8017 107.6725 Y MX LODORE MILL; SMALL TAILS REMAIN
NAM609  46 Ice Lake 37.8117 107.7822 Y SX WOODEN BEAM STANDING, 20 STAMPS, QUITE GOOD CONDITION
NAM618  47 Big Giant mill? 37.8294 107.6161 Y SX CONCRETE FOUNDATION, STEEL STUFF, AT END OF TRAM TO BIG GIANT MINE
NAM619  48 May not be a mill 37.8269 107.6278 Y SX WOOD FLOOR AND BEAMS, AUGER FOR TAILS, SOME TAILS
NAM624  49 Eureka old 37.8803 107.5678 Y MX OLD EUREKA MILL, STONE AND WOOD, 50 STAMP?
NAM625  50 Eureka new 37.8808 107.7178 Y LX NEW EUREKA MILL, CONCRETE, BURNED, 8-10 LEVELS
NAM641  51 Silver Lake old 37.7916 107.6212 Y M LARGE MILL AND TAILS SW OF SILVER LAKE
NAM960  52 Crooke mill 37.8280 107.6350 Y S? SITE AS SHOWN BY RANSOME (1901), COVERED BY MAYFLOWER TAILS?


TAILINGS
NAT101 Kitti-Mack new 37.8536 107.5708 Y MD OCHER TAILS FROM KITTI-MAC MILL 200 M TO NE
NAT102 Fluvial tails 37.8728 107.5661 Y LGX HUGE TAILS IN ANIMAS FROM EUREKA MILL TO NW
NAT113 Mayflower tails 37.8272 107.6484 Y LG THREE IMPOUNDS, RECLAIMED, 10 MILLION TONS
NAT127 Hanson? Demo? 37.9175 107.5900 Y SM SMALL TAILS IN PLACER GULCH, FROM ?? MILL
NAT234 Kitti-Mac mill old 37.8622 107.5533 Y NX SMALL POCKET OF TAILS IN MILL
NAT258 Highland Mary 37.7886 107.5789 Y MD HIGHLAND MARY OCHER TAILS; STABLE IMPOUND IS A SURPRISE
NAT270 Old Hundred 37.8244 107.5864 Y NX OCHER TAILS FROM OLD HUNDRED MILL; NOT MUCH VOULME HERE
NAT278 Iowa mill, fluvial 37.8156 107.6181 Y? NX OCHER TAILS IN ARRASTRA CRK BELOW MAYFLOW MINE
NAT287 Little Giant, old 37.8061 107.5992 Y SM CRUDE HEAP LEACH ON TAILS FROM NAM291 STAMP MILL
NAT290 Little Giant, old 37.8050 107.5992 Y SM COURSE TAN TAILS IN CREEK BELOW NAM291 STAMP MILL; HI CC-QTZ-GN-CP
NAT292 Little Giant 37.8086 107.6031 Y SM SMALL TAILS FROM LITTLE GIANT MILL M292
NAT378 Vermillion 37.9325 107.5961 Y SM YEL-OCHER TAILS,CSE, CRUDE IMPOUND
NAT389 Howardsville S 37.8339 107.6006 Y NX RUSTY TAILS AT MILL NAM389, MOST IN ANIMAS?
NAT509 Brooklyn 37.8581 107.7111 Y SM POND AT BROOKLYN MINE; TAILS STABLE
NAT524 Ruby Trust 37.8442 107.7519 Y SX TAILS AT MILL, SLURRY DOWN HILLSIDE? 
NAT528 Red and Bonita 37.8978 107.6450 Y SM TAN TAILS FROM R&B MILL M330
NAT529 Gold King old 37.8969 107.6450 Y SM GRAY HI PYRITE TAILS
NAT600 Burro Bridge 37.8511 107.7264 ? SX BURRO MILL TAILS IN FOUNDATION, MOST GONE
NAT602 Lodore 37.8022 107.6728 Y MX LODORE MILL TAILS BY MINERAL CREEK
NAT609 Ice Lake 37.8119 107.7817 Y SX ICE LAKE STAMP MILL TAILS, VARIABLE TAN TO OCHER
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NAT622 Lackawanna 37.8147 107.6525 Y M LACKAWANNA MILL OCHER TAILS
NAT628 Fluvial tails 37.9208 107.5597 ? ? FLUVIAL TAILS, ONE MI S OF ANIMAS FORKS
NAT706 Bagley 37.9328 107.5789 Y MX BAGLEY MILL TAILS, RUSTY OCHER, SMALL IMPOUND, OTHERS LOST?


Abbreviations: Mill: Y, yes, mill probable; N, no, can not find; ? Questionable;
 Tailings Size: LG, large; M, medium, S, small; X, tailings lost.
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SUNNYSIDE GOLD CORPORATION


AN ECHO BAY COMPANY


P.O. Box 177 .Sitverton, CO 81433
Phone (303) 387-5533 .Telecopy (303) 387-5310


April 6, 1988


Ms. Camille Farrell
Colorado Department of Natural Resources
Mined Land Reclamation Division
1313 Sherman Street
Denver, Colorado 80203-2273


RE: Summary of 1987 Reclamation Work Leading to MLRD
"Most Improved Site Award".


Dear CamUle:


To finally follow up on the awards ceremony, enclosed you
will find a brief summary of the reclamation activities
undertaken at the Sunnyside Gold Mine and Mill during 1987,
as originally requested. The company, and myself
personally, appreciate the efforts of the division to
recognize our reclamation work. Certainly we believe there
has been considerable on site improvement.


The goal of disseminating information on the efforts of
other operators may have already shown fruit. We are
currently looking hard at Tom Hendrick's work in passive
mine drainage treatment for possible application at the
Terry Tunnel.


Again, SGC wishes to thank you and the division for
favorably considering our reclamation efforts in 1987. If
any additional information can be provided for your review
of Amendment No. 3 please do not hesitate to call.


Sincerely,


Frank W. Bergstrom
Environmental Manager


Enc.


FWB/lb







SUNNYSIDE GOLD CORPORATION


Reclamation Activities Leading to the
1988 MLRD "Most Improved Site Award"


March 24, 1988


Upon acquiring the Sunnyside gold Mine in late 1985,


Sunnyside Gold Corporation (SGC) began a program of


rehabilitation and capital improvement which has currently


resulted in a modern mechanized mine and revitalized mill. In


this process, abandoned equipment, scrap iron, spent barrels,


rail, ties, and other refuse and recyclable materials have been


removed from the property.


Rehabilitation has occurred at all three of the SGC


facilities, the American Tunnel at 10,500 fmsl, the Terry Tunnel


at 11,500 fmsl, and the Mayflower Mill at 9,600 fmsl.


Precipitation at these sites ranges from 18 to 35 inches.


Specific American Tunnel improvements include, removal of scrap


iron, broken ore cars and locomotives, drainage improvements, and


construction of a new waste water treatment plant. The old dry


hydrated lime feed system for the treatment of acid mine drainage


has been replaced with a milk of quick lime and liquid flocculant


feed system with an effluent pH control loop. Associated with


this, a settling pond clean-out program has been initiated.


Activities conducted at the Terry Tunnel include refuse and


scrap iron removal associated with upgrading the tunnel for


rubber t-ire access. The mine bench has been transformed into a


summer staging area for supplies and equipment to the upper mine


levels.







Page 2
Sunnyside Gold Corporation
Reclamation Activities - 1988 MLRD "Most Improved Site Award"
March 24, 1988


Improvements to the Mayflower Mill have resulted in removal


of unused equipment, drums, scrap iron, drainage improvements,


and system upgrades. One example is the addition of a second


tailings line which reduces the likelihood of tailings spills in


the event of line or pump failure.


Taken together these improvements has resulted in a more


modern, efficient operation with greatly reduced environmental


liabilities. SGC looks forward to continued improvements to the


mine and the environment.

























Sunnyside Gold Corporation
5075 S. Syracuse Street, Suite 800


Denver, Colorado 80237


August 24, 2015


Commissioner Scott Fetchenhier
Commissioner Ernest Kuhhnan
Commissioner Peter McKay
Mayor Chris Tookey
Trustee Tiffany deKay
Trustee Larry Gallegos
Trustee Malcolm MacDougal
Trustee Pete Maisel
Trustee Karla Safranski
Trustee David Zaaoni


Re: Smmyside Gold Corporation' s Environmental Work


Dear Commissioners, Mayor and Trustees:


I understand that, in a recent meeting in Silverton, Commissioner Fetchenhier noted the
amount of environmentally beneficial work that Srumyside Gold Corporation
(Sunny side) has undertaken since the closing of the Smmyside Mine in 1991, and
suggested that a list of such activities should be compiled. While not exhaustive, I
hope that the information set forth in this letter will be of some utility.


Sunnyside has met all of its regulatory environmental requirements since the mine's
closure. In many cases, Sunnyside completed more remedial actions than legally
required and much of the work was on property not owned or disturbed by Sunnyside.
Sunnyside has spent well in excess of Fifteen Million Dollars on mitigation,
remediation and reclamation in the area. The projects that Smmyside has successfully
completed include:


• American Tunnel Mine Waste and Tails Removal - Excavated and relocated
approximately 80 thousand tons of mostly historic mine waste and historic tails
to Mayftower Tails Impoundment No. 4, regraded area and seeded.


• Eureka Tailings — Removed approximately 112 thousand cubic yards of
historic failings from the banks of the South Fork and Animas rivers and placed
in Mayflower Tails Impoundment No. 4. Rebuilt and reinforced river banks and
seeded area.


• Gold Prince Mine Waste and Tailings - Installed two closure bulkheads,
relocated historic tails and ash piles into lined containment withm consolidated


Memo Att. 6, page 1











August 24,2015
Letter re: SGC Environmental Actions


Page 2 of 5


waste pile relocated away from stream flows, covered the removal areas with
overburden and seeded. Since this was a Historic Site, reclamation was
modified to preserve some historic aspects as requested and approved by San
Juan County. To provide for future preservation of the historic aspects, the
property was deeded to San Juan County.


Longfellow - Koehler Project - Opened caved adit. Relocated 32 thousand
cubic yards of mine waste and additional pond sediments to Mayflower Tails
Impoundment No. 4, consolidated other wastes to reduce footprint, added
neutralizing materials to the area, covered with overburden and seeded.
Constructed surface water diversion to divert upland flow around the site.


Alkaline Injection - Approximately 652 tons ofhydrated lime was injected into
the Sunnyside mine pool to mcrease alkalmity.


Boulder Creek Tailings - Relocated 5,700 cubic yards of tailings from the
Boulder Creek and Animas River flood plain to containment within Mayflower
Tails Impoundment No. 4 and seeded the area.


Ransom Adit Drainage - Opened caved adit, designed and mstalled a
bulkhead to eliminate drainage, graded the portal area and seeded.


Pride of the West Tailings - Excavated 84 thousand cubic yards of historic
failings and relocated 45 thousand cubic yard to an on-site tailings
impoundment and the remainder to Mayflower Tails Impoundment No. 4.
Conducted geotechnical study, installed toe drain and contoured to stabilize


slope. Capped impoundment with overburden, fertilized, and seeded. Partially
rebuilt and planted wetland.


IVIayflower Hydraulic Controls - Designed and installed three interception
structures to capture and transport stormwater and groundwater around the
Mayflower Tails Impoundment No. 1 and May flower Mill area thereby
preventmg contact and infiltration with failings and waste rock material.


Lead Carbonate Tailings Impoundment Removal - Project involved
relocating 27 thousand cubic yards of failings to Mayflower Tailmgs Pond No.
1, regrading, neutralizing and reseeding the area.


Historic Mayflower Tails Impoundment No. 1 - Moved toe back from
Boulder Creek to minimize potential for erosion and migration. Flattened side
slopes to increase stability and increase potential for revegetation establishment,
regraded top to promote dramage, capped with subsoil and reseeded.


Historic Mtayfllower Tails Impoundment No. 2 - Moved toe back from
Boulder Creek and highway to minimize potential for erosion and migration.
Flattened side slopes to increase stability and increase potential for revegetation
establishment, regraded top to promote drainage, capped with subsoil and
seeded.


Mayflower Tails Impoundment No. 3 - Regraded top to promote drainage,
capped with subsoil and reseeded.
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• Mayflower Tails Impoundment No. 4 - Regraded top to promote drainage,
capped with subsoil and reseeded. Improvements were made to diversions to
intercept and divert groundwater and surface water around failings material. A
section of concrete diversion wall was placed to divert groundwater to surface and
around failings material.


• Sunnyside Basin - 240 thousand cubic yards of clean fill placed to cover
potentially acid generating material used to fill subsidence area and create
positive drainage, contoured and seeded area. The potentially acid generatmg
material was all of the historic mine dumps in the immediate vicinity of the
subsidence area and was estimated to be over 100 thousand cubic yards.


• IVIayflower Mill Area - General site cleanup, contouring and seeding. Mill was
donated intact to the San Juan Historical society along with $120,000 cash and


other valuable property (Blair Mountain Placer) to provide base funding for
maintenance and conversion to a Historic Tour. The Mill is now on the
National Register of Historical Sites and is being operated as a Historical Tour
by the San Juan Historical Society.


• American Tunnel Portal - Removed surface facilities, constructed diversion
ditch, stabilized bank of Cement Creek, recontoured area and seeded.


• Engineering Office Site - Relocated existing tailings material to Mayflower
Tails Impoundment No. 4, capped area with subsoil and seeded. Land and
buildings donated the San Juan Historical Society.


• Miscellaneous - All historic areas owned by Sunnyside that required
Stormwater Permits (Midway Mill, Gold Prince Mill, Eureka Stockpile area and
White Star in Eureka Gulch) were mitigated and inspected by the State for
permit release.


• Mogul Adit and Koehler Tunnel Bulkheads - Sunnyside funded the
placement of bulkheads by the owners in the Mogul Adit and the KoeMer
Tunnel.


• Passive Treatment Wall - A passive treatment wall was constructed to treat
groundwater leaving a wetland near the SW comer of Mayflower Tailings Pond
No. 4.


With oversight and approval of all relevant Agencies, between 1992 and 2002
Sunnyside also installed a series of nine engineered concrete bulkheads in the
Sunnyside Mine and the Terry and American Tunnels to isolate mine workings from
other workings in the area and to prevent water flow from the Sunnyside mine
workings to the Animas Basin. An engineering study was conducted to determine
suitability of the location of each bulkhead. The study took into account, among other
things, overall configuration of mine workings to be isolated, faults and fractures, rock
strength and depth from surface. The bulkheads were designed by John F. Abel Jr.
E.M., M.SC., E.Sc., Emeritus Professor of Mining Engineering, Colorado School of


Mines and a renowned expert in the field of rock mechanics and hydraulic bulkheads.
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The bulkheads are massive, engineered concrete structures designed and constructed to
withstand anticipated ground conditions, hydraulic pressures, seismic events and water
chemistry. The State-approved bulkheading was always expected to return the local
water table towards its natural level.


In 2003, Sunnyside was released fi'om liabilities pursuant to a voluntary Consent
Decree with the Colorado Department of Public Health and Environment. Nonetheless,
Sunnyside has a contmuing commitment to the improvement of water quality and
habitats m the Animas River. Suimyside suppoi-ts, and has contributed to, the
collaborative effort to improve water quality in the Animas. As a small player in the
Animas River Stakeholders Group, Sunnyside has endeavored to punch above its
weight to support the collaborative effort. We have always sought to be a catalyst, and
have, among other things:


• Offered Ten Million Dollars towards projects to improve water quality in the
Animas River.


• Contributed $25,000 towards the Animas River Stakeholders Group's efforts to
evaluate water management alternatives.


• Funded the 2012 Technical Memorandum: Mass Loading Analysis and the
2012 Report: Evaluation of Certain Selected Conventional Treatment
Alternatives - Cement Creek.


• Together with Trout Unlimited, the International Network for Acid Prevention,
New Mexico Coal, and many others, championed a crowd sourcing initiative
that is pursuing innovative technologies to address the problem of metals
loading.


• Proposed the April 21, 2014 Game Plan, which was instrumental in the
development of the Animas River Stakeholders Group's Timelinefor Reducing
Metal Loading in Upper Animas River Basin, which Timeline provides a
roadmap for the collaborative effort.


• In early 2015, provided draft investigative Work Plans focusing on gathering
certain knowledge to assist in understanding the problem of metal loading in


the Upper Animas Basin.


• Commenced work pursuant to the Work Plans, which work is currently
underway.


o The 2015 field season Work Plan effort led off with spring water quality
sampling in mid-May.


o Sunnyside then participated in EPA's water sampling campaign in early
June.


o Sunnyside's helicopter geophysics program was conducted July 31 -
August 3, 2015.
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o Drilling commenced on August 5, 2105 and will likely run through the
end of the month.


o Fall water sampling will be undertaken in mid-September, 2015


In addition to the foregoing, Sunnyside has also voluntarily facilitated and conducted
work at abandoned mine sites in the high San Juans to protect the safety of the public.
These activities include:


• Colorado Division of Reclamation Mining and Safety Collaboration -
Smmyside has collaborated with the Colorado Division of Reclamation Mining
and Safety since the 1990s granting access through and onto Sunnyside lands in
order to facilitate closure of historic mine openings.


• Colorado Division of Reclamation Mining and Safety Funding - Sunnyside
has directly funded some Colorado Division of Reclamation Mining and Safety
closures in order to expedite those specific projects that would otherwise not be
timely completed due to the Division's annual budget limitations.


• Closures Undertaken by Sunnyside - Sunnyside has unilaterally undertaken
numerous closures of historic mine adits and stopes including:


o Mayflower Mine in An'astra Gulch
o White Star Mine in Em'eka Gulch
o Belle Creole portal in Sunnyside Basin
o Gold Prince stope in Placer Gulch


o Numerous other unnamed openings in Sunnyside Basin


I hope that the information set forth in this letter is useful to you. The Silverton area
has a long and distinguished history of both mining and successful collaborative efforts
to address environmental matters. Sunnyside feels privileged to have played a role in
both, and looks forward to the path ahead.


Please do not hesitate to contact me with any questions that you may have.


Sincerely,


^e^-t ^ ^.
^A


Lany Perino
Reclamation Manager
Cc: Greg V. Etter
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CALDERAS OF THE SAN JUAN VOLCANIC FIELD, SOUTHWESTERN 
COLORADO 


By THOMAS A. STEVEN and PETER W. LIPMAN 


ABSTRACT 


Calderas in the San Juan volcanic field in southwestern Colorado 
formed largely in late Oligocene time (30-26 m.y. ago) in response to 
recurrent large-volume ash-flow eruptions. The ash-flow deposits over
lie a coalescing assemblage of early Oligocene (35-30 m.y.) andesitic 
stratovolcanoes that formed the southwest part of a widespread 
composite volcanic field in the southern Rocky Mountains. A nearly one
to-one relationship exists between large-scale pyroclastic eruptions and 
calderas: 18 major ash-flow sheets have been identified; 15 calderas are 
known, 2 are postulated on indirect evidence, and another one may 
possibly be identified in the northeast part of the volcanic field. In 
general, the different caldera cycles confirm the successive stages of 
development described by Smith and Bailey in 1968, except that few 
calderas demonstrate all stages of activity. On the other hand, almost 
every stage is exceptionally well developed in one or more of the calderas. 


The development of the calderas is believed to chronicle the emplace
ment of successive segments of an underlying shallow batholith that is 
indicated by a major gravity low having sharp marginal gradients. Early 
calderas in the eastern part of the field formed in areas of clustered 
andesitic volcanoes and are not clearly associated with the main gravity 
low. These early calderas are believed to have formed above local high
level magma chambers that developed in the roots of the volcano clusters 
before the m~in body of the batholith rose to shallow depths. Post
collapse volcanics are largely of andesitic composition, indicating that 
only limited volumes of silicic differentiates formed at the tops of these 
chambers and that these differentiates were depleted by the ash-flow 
eruptions. 


The western San Juan caldera complex also formed in an area of 
clustered earlier andesitic volcanoes, but are above the western part of the 
batholith indicated by gravity data. Large volumes of silicic differentiates 
formed within the batholith and were spread widely by ash-flow 
eruptions. Five calderas formed within a period of about 2 m.y. (in the 
interval from 29 to 27 m.y. ago), and contrasting lithologies of the ash
flow sheets related to the calderas require sequential development of 
cupolas and magmatic differentiation within them. Postsubsidence lavas 
that were erupted after emplacement of the most voluminous of these 
ash-flow sheets were largely of mafic quartz latite to andesite composi
tions, indicating temporary depletion of silicic differentiates in the 
source magma chamber. In the same area, a sixth caldera formed 4-5 m. y. 
later in response to eruption of a petrologically distinct ash-flow tuff 
believed to have had an origin different from the earlier ash-flow tuffs. 


Development of the central San Juan caldera complex began about 28 
m.y. ago, during the period of ash-flow eruptions and caldera collapses 
in the western San Juan Mountains, and was largely complete by the end 
of the Oligocene, 26 m.y. ago. During this 2-m.y. span, recurrent pyro
clastic eruptions caused deposition of eight major ash-flow sheets and 
formation of at least seven calderas. The calderas are above the main 
eastern segment of the gravity low and are believed to mark the 


culminating upward movement of magma in this part of the batholith. 
Contrasting lithologies of sequential ash-flow sheets, which were derived 
from clustered and, in some places, nested caldera sources, require rapid 
development of successive cupolas above the batholith of and local 
differentiation within them. Most of the postsubsidence lavas that were 
erupted late in the different caldera cycles are coarsely porphyritic quartz 
latites compositionally related to the associated ash-flow tuffs; 
apparently even the most voluminous ash-flow eruptions did not deplete 
the silicic differentiates at the top of this part of the batholith. Con
current eruption of andesitic rocks from scattered volcanoes not closely 
associated with the calderas is evidence of the presence of more mafic un
differentiated magma at depth, however. 


The life span of the batholithic magma chamber, as indicated by ash
flow eruptions and caldera subsidence, appears to have been brief. 
Voluminous andesitic material was erupted from widely scattered centers 
throughout early Oligocene time (35-30m.y. ago). Toward the end of this 
period, the first local magma chambers 10-30 km across had risen to 
shallow depths beneath some of the major volcano clusters, and had 
differentiated sufficiently to supply large volumes of silicic .ash. Within 
the next 4 m.y. (30-26 m.y.), the main batholith rose to shallow depths in 
segments indicated by the main caldera complexes; vast quantities of ash 
were erupted and numerous calderas collapsed into the partly evacuated 
magma chambers. However, within another 4 m.y. (by 22 m.y. ago), the 
batholith had congealed sufficiently to allow a younger, petrologically 
distinctive magma to penetrate to comparably shallow depths and retain 
its compositional identity. 


INTRODUCTION 


The San Juan Mountains, southwestern Colorado (fig. 
1 ), consist mainly of volcanic rocks that form the largest 
remnant of a major composite volcanic field that covered 
most of the southern Rocky Mountains in middle Tertiary 
time (Steven and Epis, 1968; Steven, 1975). This remnant is 
an eroded volcanic plateau (Steven, 1968), in which 
coalescing early andesitic volcanoes were widely overlain 
by the silicic tuffs of 18 major and several minor ash-flow 
sheets and by related lavas and breccias (Lipman and 
others, 1970). The sources of all the larger ash-flow sheets 
were near-surface magma chambers that were rapidly 
evacuated during voluminous pyroclastic eruptions, 
thereby causing collapse of overlying calderas. This paper 
reviews the history of the ash-flow field and its related 
calderas and summarizes the general relations that seem 
common to most individual cycles of pyroclastic eruption 
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and caldera subsidence in the San Juan field. 
The sequence of events we have determined for each of 


the calderas conforms well to the succession of stages in the 
development of a typical resurgent caldera described by 
Smith and Bailey (1968), although few of the San Juan 
calderas demonstrate all stages of activity. On the other 
hand, almost every stage is exceptionally well developed in 
one or more of the San Juan calderas. 


GENERAL GEOLOGY 


The general evolution of the San Juan volcanic field has 
been described by Lipman, Steven, and Mehnert (1970) 
and will be outlined only briefly here. Volcanic activity 
began in latest Eocene or earliest Oligocene time, probably 
between 40 and 35 m.y. ago. 1 The early rocks are largely 
intermediate in composition (andesite, rhyodacite, and 
mafic quartz latite) and were erupted from many scattered 
stratovolcanoes. These volcanoes were especially active in 
the interval from 35 to 30 m.y. ago, and the products 
derived from them coalesced into a composite volcanic 
field covering more than 25,000 km2. 


About 30 m.y. ago the character of volcanic activity 
changed markedly to predominantly pyroclastic 
eruptions, and large-volume quartz latitic and rhyolitic 
ash flows spread widely from many centers. Most of the 
larger sheets show evidence of compound cooling, and 
evidently were formed by many individual ash flows that 
followed one another in rapid succession. The earliest ash 
flows came largely from the northeastern and southern 
parts of the SanJuan field, and were erupted ~rom clusters 
of the early stratovolcanoes; caldera collapse resulting 
from the ash-flow eruptions largely destroyed the upper 
parts of these volcanoes. Postsubsidence eruptions around 
these early calderas were largely of intermediate
composition lavas and breccias that commonly are 
virtually indistinguishable from the early intermediate 
rocks of the composite volcanic field. 


Beginning about 29 m.y. ago, ash-flow eruptions broke 
out in the western part of the San Juan volcanic field 
where five calderas formed in less than 2 m.y. The first two 
of these calderas are largely covered and are imperfectly 
understood, but the last three evolved in a manner 
generally similar to the early calderas farther east. They 
developed in an area of clustered andesitic central 
volcanoes whose vent areas were largely destroyed by 
caldera subsidence. Postsubsidence eruptions here were 
also mainly of intermediate-composition lavas and 
breccias that closely resemble those of the early volcanoes. 


About 28 m.y. ago, while ash flows were still erupting 
and calderas forming in the western San Juan Mountains, 


1 Except where otherwise noted, all specific age designations are from Lipman, Steven, and 
Mehnert (1970) or Steven, Mehnert, and Obradovich (1967). 


major pyroclastic eruptions began in the central part of 
the San Juan volcanic field. A sequence of eight major ash
flow sheets formed, and caldera subsidences have been 
identified or inferred at all the ash-flow source areas. Post
subsidence eruptions around most of the central San Juan 
calderas were of viscous quartz-latitic and rhyolitic lavas 
closely related in composition to the ash-flow tuffs. 
Although some more mafic volcanoes were active during 
this same interval, they were not closely associated in space 
with the developing calderas. Ash-flow activity terminated 
in the central San Juan Mountains about 26.5 m.y. ago. 


In early Miocene time, about 25 m.y. ago, the character 
of the erupted material changed from the andesitic and 
derivative rocks that formed the early San Juan volcanoes 
and succeeding ash-flow tuffs to fundamentally basaltic 
materials with some associated high-silica alkali-rich 
rhyolites. This change approximately coincided with 
inception of basin-and-range faulting in the adjacent San 
Luis Valley segment of the Rio Grande trough (Lipman 
and Mehnert, 1975). Fundamentally basaltic eruptions in 
the San Juan field continued intermittently until about 5 
m.y. ago. The only large-volume rhyolitic ash-flow tuff 
deposited during the period of fundamentally basaltic 
activity is the Sunshine Peak Tuff, about 22.5 m.y. old 
(Mehnert and others, 1973a), which formed from ash flows 
that accumulated in and around the concurrently 
developing Lake City caldera in the western part of the San 
Juan volcanic field. 


In all, 15 calderas are now known in the San Juan 
volcanic field, and indirect evidence suggests that at least 
two and perhaps three more exist. 


A large negative Bouguer gravity anomaly underlies the 
area containing most of the calderas (fig. 1 ), and is believed 
to reflect a major underlying batholith (Plouff and 
Pakiser, 1972). Sharp gradients at the margins of the 
anomaly indicate that the top of the batholith is relatively 
shallow. The change from eruption of intermediate
composition rocks by widely scattered early strato
volcanoes to eruption of the more silicic ash flows 
probably took place as this batholith rose and 
differentiated beneath the central part of the field. When 
the roofs of the more differentiated and gas-charged 
cupolas of the batholith failed, great volumes of ash were 
erupted rapidly, and unsupported segments collapsed to 
form the calderas. The sequential development of the 
calderas is believed to reflect the progressive emplacement 
of the different high-level plutons of a composite 
batholith. 


The calderas in the San Juan volcanic field became 
comprehensible to us only after the complex stratigraphy 
of the related ash-flow units and associated rocks was 
determined by regional mapping of the Durango 1 °x2° 
quadrangle (Steven, Lipman, Hail, and others, 1974) and 
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adjacent parts of the Montrose 1 °x2° quadrangle. This 
regional work has led to major revisions in stratigraphic 
nomenclature established by earlier studies of local areas 
(Steven, Lipman, and Olson, 1974; Lipman and others, 
1973). The volcanic stratigraphy of the ash-flow units as 
understood in 1975 is given in table 1. For a more complete 
summary of the total volcanic stratigraphy, the reader 
should consult the above references and particularly the 
explanation of the Durango quadrangle map. 


EARLY EASTERN CALDERAS 


The oldest calderas in the eastern part of the San Juan 
field-the Bonanza caldera and the nested Platoro and 
Summitville calderas-are widely separated and the 
related ash-flow sheets do not overlap. Thus, the relative 
ages of eruption and caldera development at the two 
centers are uncertain (table 1 ). All these cycles are younger 
than the dated rocks in the early intermediate-composition 
volcanoes (34.7-31.1 ni.y.) and are older than the Fish 
Canyon Tuff (27.8 m.y.). The only age relations among 
these rocks that can be told directly by superposition are 
those between the several members of the Treasure 
Mountain Tuff that are derived from the Platoro and 
Summitville calderas. K-Ar ages of the Treasure Moun
tain Tuff related to the Platoro and Summitville calderas 
appear older than those obtained from tuffs related to any 
of the calderas in the western San Juan Mountains, but 
present data do not permit interpretation of age relations 
between the Bonanza caldera and any of the other older 
calderas. 


Both the Bonanza caldera and the Platoro and Summit
ville calderas formed within clusters of earlier andesitic 
stratovolcanoes, and they are on or just outside of the 
margin of the shallow batholith that gravity data suggest 
underlies the San Juan volcanic field (fig. 1) (Plouff and 


Pakiser, 1972). The Bonanza caldera is located near the 
northeast end of a narrow gravity low that extends east
northeast from the main anomaly; this caldera probably is 
localized above a satellitie pluton. The Platoro and 
Summitville calderas are outside the sharp gradient along 
the southeast side of the main gravity low, and thus are 
probably not above the near-surface part of the main 
batholith. Quite possibly these early calderas developed 
above local high-level magma chambers that formed in the 
roots of earlier volcanoes before the main batholith had 
risen to its present near-surface position. 


PLATORO AND SUMMITVILLE CALDERAS 


The Platoro and Summitville calderas in the south
eastern part of the volcanic field (fig. 1) constitute a 
composite collapse structure about 20 km in diameter that 
formed as a result of recurring eruptions of ash flows of the 
Treasure Mountain- Tuff (Lipman and Steven, 1970; 
Lipman, 1975a, b). The Platoro caldera and the nested 
younger Summitville caldera (fig. 2) formed within a 
cluster of six or seven intermediate-composition strato
volcanoes of the Conejos Formation. These central 
volcanoes had been extensively eroded and the inter
vening basins filled with the resultant detritus, producing 
a widespread low-relief surface. Ash-flow activity began 
30-29 m.y. ago when at least 500 km3 of phenocryst-rich 
quartz-latitic ash that now constitutes the LaJara Canyon 
Member of the Treasure Mountain Tuff was erupted from 
sources in the Summitville-Platoro region and spread 30-
40 km in all directions (fig. 3). Caldera collapse began 
before these eruptions were complete, and the late ash 
flows forming the La Jara Canyon Member ponded within 
the collapsing caldera to a thickness of more than 800 m. 
Similar concurrent eruption and collapse characterized 
other large calderas in the San Juan Mountains, when the 


TABLE 1.-Ash-flow stratigraphy in the San juan volcanic field 


Ash-flow unit 


Sunshine Peak Tuff ......... ..... ........................ . 
Snowshoe Mountain Tuff ....... ..... ................ . 
Cochetopa Park Tuff.. .................................. . 
Nelson Mountain Tuff ................................. . 
Rat Creek Tuff ................. .... ......................... . 
Wason Park Tuff .......................................... . 
Mammoth Mountain Tuff.. .......... .... ........... . . 
Carpenter Ridge Tuff ............ .......... ............. . 
Crystal Lake Tuff ..... .... ................................ . 
Fish Canyon Tuff .................. .... ..... .............. . 
Masonic Park Tuff (upper member) ............ . 
Sapinero Mesa Tuff .......... ........ .................... . 


Dillon Mesa Tuff .......................................... . 
Blue Mesa Tuff ............................................. . 
Ute Ridge Tuff ............................................. . 
Treasure Mountain Tuff: 


Ra Jadero Member ............... .................. . 
Ojito Creek Member ................... ... ........ . 
La Jara Canyon Member ....................... . 


Bonanza Tuff ................................................ . 


Estimated 
volume 
(km') 


100-500 
>500 
<100 
>500 
<100 


100-500 
100-500 


>500 
25-100 


> 3,000 
>500 


> 1,000 


25-100 
100-500 


>500 


100-500 
40-70 


>500 


Dominant composition 


Silicic rhyolite ........................................... . 
Quartz latite ....................... ........................ . 
Zoned rhyolite to quartz latite ... .... ........... . 
.... do ........................................................... . 
·Rhyolite ..................................................... . 
. ... do .... .. ............ .................................. .. ..... . 
Zoned rhyolite to quartz latite .................. . 
Rhyolite, locally zoned to quartz latite .... . 
Rhyolite ..................................................... . 
Quartz latite ............................................... . 
. ... do ............ .. ............................................. . 
Rhyolite ..................................................... . 


Age (m.y.) 


22.5 
26.5(?) 


> 26.4 < 26.7 
> 26.4 < 26.7 
>26.4 < 26.7 
>26.4 <26.7 
26.7 


>26.7 <27.8 
>26.7 <27.8 


27.8 
28.2 


>27.8<28.4 


.... do ............................................................ >27.8<28.4 


.... do ............................................................ > 27.8 28.4 
Quartz latite................................................ 28.4 


.... do......... ... ................................................ >29.1 < 29.8 


.... do ............................................................ > 29.1 < 29.8 


... . do.. .. ......... ... ............................................ 29.8 


.. .. do ............................................................ > 27.8 


Related caldera 


Lake City. 
Creede. 
Cochetopa Park. 
San Luis. 
Early stage San Luis. 
Unknown. 


Do. 
Bachelor. 
Silverton. 
La Garita. 
Mount Hope. 
Uncompahgre and 


San Juan. 
Uncompahgre(?) . 
Lost Lake(?) . 
Ute Creek. 


Summitville 
Do . 


Platoro . 
Bonanza . 
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Precaldera andesitic rocks 
(Conejos Formation) 


Precaldera andesitic rocks 
(Conejos Formation) 
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FIGURE 2.-Generalized geology of the Platoro and Summitville calderas. COntrol moderate to good where boundaries of calderas are shown 
by solid symbols; conjectural where shown by open symbols. 


roofs of the magma chambers lost support before 
eruptions were completed. 


The thick La jara Canyon tuffs within the Platoro 
caldera are topographically and structurally high as a 
result of resurgent uplift shortly after collapse. Early 
resurgence is demonstrated by the presence in the core of 
the caldera of monolithologic talus breccias that were 
derived from the La jara Canyon Member and that inter
tongue with lavas that filled the structural moat adjacent 


to the resurgent block. The resurgent core forms a nearly 
unbroken block that dips homoclinally to the southwest, 
in contrast with the fractured domical uplifts that 
characterize many other known resurgent calderas. 


After resurgence was virtually complete, the marginal 
moat of the Platoro caldera was filled by as much as I km 
of dark andesitic lavas and interbedded volcaniclastic 
sedimentary rocks of the lower member of the Summit
ville Andesite. These andesitic lavas, in essence, represent 
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FIGURE 3.-Distribution of La Jara Canyon Member (diagonal lines) 
of Treasure Mountain Tuff in relation to Platoro caldera (p) and 
San Juan volcanic field (shaded). Base for figures 3, 4, 6-8, 10, II, 
15, 17-20, and 23-25 from U.S. Geological Survey, Colorado State 
map, 1:500,00, 1968. 


a continuation of the same type of volcanic activity that 
characterized the development of the Conejos Formation, 
with which they are readily confused in the field. 


A younger collapse structure, the Summitville caldera, 
occupies the northern part of the Platoro caldera (fig. 2). 
This caldera apparently formed when ash-flows 
constituting the upper sheets of the Treasure Mountain 
Tuff, including the Ojito Creek and Ra Jadero Members, 
were erupted after the Platoro caldera moat was nearly 
filled by lavas of the lower member of the Summitville 
Andesite. The Ojito Creek and Ra Jadero tuffs (fig. 4) are 
nearly coextensive with those in the La Jara Canyon 
Member and their constituent ash must have been erupted 
from the same general area. Although the volumes of these 
upper two members are much less than that of the Lajara 
Canyon Member (table 1), they are large enough to suggest 
associated caldera collapse (Smith, 1960, fig. 3). In 
.addition, the Summitville caldera is indicated by ( 1) a 
large-displacement (800+ m) arcuate fault marking the 
main ring-fracture fault on the southeast side of the 
caldera (fig. 2), (2) fragmentary exposures of the topo
graphic wall, especially on the northeast side, and (3) the 
concentration of the products of late igneous activity and 
mineralization around the margins of the caldera. The 
caldera probably was not resurgent, but was filled by thick 
lavas of the upper member of the Summitville Andesite, 
and many key geologic relations are largely buried. In 
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FIGURE 4.-Distribution of Ojito Creek and Ra Jadero Members 
(diagonal lines) of Treasure Mountain Tuff in relation to Summit
ville caldera (S) and San Juan volcanic field (shaded). 


addition, extensive late intrusion and hydrothermal 
alteration further obscured relations. 


Porphyritic rhyodacitic to rhyolitic lavas and 
genetically related dikes and granitic stocks were emplaced 
repeatedly around the margins of the Platoro and Summit
ville calderas during the interval between 29 and 20 m. y. 
ago, with dated events at 29.1, >26.7<27.8, 25.8, 22.8, and 
20.2 m.y.; these shallow intrusions and associated rocks 
locally were hydrothermally altered and mineralized: 


BONANZA CALDERA 


A caldera in the vicinity of the old mining camp of 
Bonanza in the northeast part of the San Juan volcanic 
field has been postulated by Karig (1965), Mayhew (1969), 
Bruns (1971), Knepper and Marrs (1971, p. 261), and 
others. 


The oldest rocks in the Bonanza area are andesitic to 
latitic flows and breccias of the Rawley Andesite and 
Hayden Peak Latite (Burbank, 1932; Mayhew, 1969) that 
form an interfingering assembJage. We interpret these 
rocks to be the near-source facies of one or more local 
volcanoes equivalent in age to the Conejos Formation 
near the Platoro area. These rocks are overlain by the 
Bonanza Tuff, a densely welded quartz-latitic ash-flow 
tuff that once formed a widespread sheet over much of the 
northeastern part of the San Juan volcanic field. Near 
Bonanza, remnants of this sheet must have been deeply 
faulted into the older andesitic pile, probably as a result of 
caldera subsidence. Younger andesitic flows and breccias 
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cover at least some of the Bonanza Tuff that occurs within 
the subsided block (Knepper and Marrs, 1971, pl. 1). 


Few generalizations can be made about the Bonanza 
caldera from available published data. However, we 
consider it significant that, as in the Platoro caldera 
complex, subsidence took place within an area of older 
intermediate-composition volcanoes and that post
subsidence lavas are predominantly andesitic 1n 
composition. 


WESTERN SAN JUAN CALDERA COMPLEX 


Six calderas in the western San Juan Mountains are 
located above the main western lobe of the gravity low that 
has been interpreted to represent a shallow batholith. The 
first five of these calderas, the Ute Creek, Lost Lake, San 
Juan, Uncompahgre, and Silverton, formed within the 
brief span of about 2 m.y., and the five related ash-flow 
deposits superficially resemble each other enough to have 
once been included within a single formation (the now
abandoned Gilpin Peak Tuff of Luedke and Burbank, 
1963). 


Of these five calderas, only the Ute Creek caldera is not 
clearly within the gravity low, but instead is located at the 
sharp gradient along the south side of the gravity low (fig. 
1 ). This structure may have formed above a local magma 
chamber that either was too deep or, after ash-flow 
eruptions, did not retain enough relatively light silicic 
differentiate at its top to be detected by gravity measure
ments. The other four early calderas are well within the 
area of the gravity low, and, of these, three are closely 
clustered and have overlapping cycles of developme~t. 
These cycles are believed to represent high-level 
magmatism and volcanic eruption related to the main 
upward movement of magma in this western part of the 
batholith. 


The last subsidence structure, the Lake City caldera, 
formed about 5 m.y. after the earlier calderas subsided, and 
the associated ash-flow tuff contrasts markedly in 
composition and appearance with the earlier ash-flow 
tuffs. During the 5-m.y. interval, the main batholith is 
believed to have congealed sufficiently for a petro
logically distinct batch of magma to penetrate to shallow 
depths and still retain its compositional identity. 


UTE CREEK CALDERA 


The southern margin of the caldera that formed during 
eruption of the Ute Ridge Tuff is exposed for about 3 km 
along the canyon of Ute Creek (figs. 5 and 6). Elsewhere, 
the eastern and northern topographic wall of the caldera 
can be located closely at only two places, one near the 
mouth of Ute Creek and the other along the south side of 
Pole Creek Mountain, near the eastern end of the 
mountain. The downdropped block within these limits 
may have subsided as a trapdoor that has no ring-fracture 
zone along its west side. 


Along Ute Creek, intracaldera Ute Ridge Tuff, more 
than 300 m thick, is juxtaposed against Precambrian 
melasyenite and quartzite and an older unnamed crystal
poor ash-flow tuff of Tertiary age, whereas an outflow 
layer of the Ute Ridge Tuff is only about 130m thick and 
extends out over an irregular surface cut on the older rocks. 
The probable, caldera-boundary fault between the thick 
section of Ute Ridge Tuff and the adjacent rocks is 
occupied by a quartz monzonite intrusive (fig. 5); another 
similar intrusive cuts the thick section of Ute Ridge Tuff 
north of lower Ute Creek. 


In the vicinity of Ute Creek, a younger ash-flow sheet, 
the Blue Mesa Tuff, unconformably overlies the Ute Ridge 
Tuff, quartz monzonite intrusives, and Precambrian 
rocks. A chilled vitrophyre at the base of the Blue Mesa is 
in contact with all these older rocks, and north of Ute 
Creek a thin lens of andesite occurs locally along the 
unconformity. Development of the structural discordance 
between the thick section of Ute Ridge Tuff and the 
juxtaposed older rocks thus closely accords in time with 
eruption of the Ute Ridge Tuff, and seems most easily 
accounted for by caldera subsidence related to that 
eruption. Subsidence concurrent with eruption is 
indicated by the thick section of Ute Ridge Tuff within the 
downdropped block, in contrast with the relatively thin 
outflow sheet. Although we saw no evidence for post
subsidence resurgence, two quartz monzonite intrusive 
bodies along and near the southern margin apparently 
were emplaced late in the Ute Creek caldera cycle. 


The topographic caldera wall along the east side of the 
downdropped block is closely controlled near the mouth 
of Ute Creek, where the top of a buried hill of older 
andesitic volcanic breccias (San Juan Formation) is 
exposed a few hundred metres east of the thick section of 
Ute Ridge Tuff that lies within the caldera. Several kilo
metres northwest, across the Rio Grande, another buried 
hill of andesitic breccias of the San Juan Formation is 
exposed along the south side of Pole Creek Mountain. The 
Ute Ridge and Blue Mesa Tuffs wedge out against this 
hill, which may represent a remnant of the northeast 
caldera wall. 


Thick Ute Ridge Tuff is excellently exposed along the 
Rio Grande inside the west-facing semicircular arc 
described by the intrusive-filled fault along Ute Creek and 
the two buried hills of andesite breccia. The rude layers 
representing the many successive ash flows in the Ute 
Ridge Tuff dip about 5° east as part of a much later 
regional tilting that affected the whole western San Juan 
area, but otherwise are undeformed westward from the 
arcuate wall for 12-15 km. The tops of at least two buried 
hills of Precambrian crystalline rocks extending well up 
into the Ute Ridge Tuff are exposed along the Rio Grande 
3-9.5 km west of the arcuate wall. 


These incompletely exposed relations suggest that the 
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FIGURE 5.-Geologic map of Ute Creek (U) and Lost Lake (L)calderas . p£r, Precambrian rocks; o. precaldera volcanic rocks; u, Ute Ridge 
Tuff; b, Blue Mesa Tuff; y, postcaldera volcanic rocks; black, intrusive rocks. Open rectangles indicate approximate boundaries of postulated 
buried calderas. 


source of the Ute Ridge Tuff was in a hilly area cut on 
older Precambrian rocks and Tertiary andesitic rocks, and 
that the pyroclastic eruptions caused concurrent 
subsidence of a trapdoor block that was faulted along the 
south, east, and north but probably only down warped on 
the west. The fragmentary structural and topographic 
wall exposed in places along Ute Creek and Pole Creek 
Mountain reflects the abrupt boundaries of subsidence in 
these directions, whereas the downwarped(?) western 
margin is obscured by the relatively flat lying upper part ot 
the Ute Ridge Tuff exposed along the Rio Grande. 


LOST LAKE CALDERA (BURIED) 


A distinctive arcuate drainage pattern along the upper 
Rio Grande (fig. 5) reflects a buried caldera related to 


eruption. of the ash composing the Blue Mesa Tuff. All 
rocks in this area dip regionally about 5° east and 
northeast; eastward across the arcuate drainage pattern, 
however, the dips increase to 10°-15° and then flatten again 
to form an arcuate monocline. Fracturing related to this 
monocline provided a zone of weakness later etched out by 
stream erosion. The monocline involves the Dillon Mesa 
and Sapinero Mesa Tuffs and younger units in this area, 
and reflects minor late subsidence around the western 
periphery of an older buried caldera. 


The western margin of the largely buried Lost Lake 
caldera closely follows the arcuate monocline. The wall of 
the caldera is closely controlled near the mouth of Ute 
Creek, where a hill of older andesitic mudflow breccia 
protrudes up into the ash-flow section and represents a 
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FIGURE 6.-Distribution of Ute Ridge Tuff (diagonal lines) in relation 
to Ute Creek caldera (U) and San Juan volcanic field (shaded). 


wedge-shaped septum between the Ute Creek and Lost 
Lake calderas (fig. 5). Farther north, the northwestern wall 
of the Lost Lake caldera follows Lost Trail Creek for about 
5 km; this segment of the caldera is marked, on the west 
side of the creel~, by early, intermediate-composition 
andesitic rocks in the wall of the caldera and, on the east 
side, by caldera-filling rocks. No constraints are known on 
the east side of the caldera, however, and the projected 
margin (fig. 5) is drawn simply to close out the eastern side 
of a circular area that conforms to the arcuate monocline 
and drainage pattern to the west. The Lost Lake caldera, 
like several others in the San Juan volcanic field, possibly 
may have subsided as a trapdoor block with an incomplete 
ring-fracture zone and hinged eastern margin. 


The oldest rocks exposed within the Lost Lakes caldera 
are the nearly identical Dillon Mesa and Sapinero Mesa 
Tuffs. These rocks form the lower parts of prominent cliffs 
along the Rio Grande, and are best exposed along the 
north side of the river opposite the mouth of Ute Creek. At 
this locality, the lower cliffs consist of Dillon Mesa Tuff; 
the upper 150m of this unit is well exposed but, as the base 
is everywhere below the level of the river, its total thickness 
is not known-although it probably greatly exceeds the0-
1 00 m of Dillon Mesa Tuff exposed on Pole Creek 
Mountain west of the caldera. The overlying Sapinero 
Mesa Tuff, which forms the upper cliffs, is about 130m 
thick, about the same as it is on Pole Creek Mountain. 
Evidently the Dillon Mesa ponded within and passively 
filled the caldera, and the succeeding Sapinero Mesa Tuff 
was deposited across it without appreciable thickening. 


The Lost Lake caldera cuts off the Ute Ridge Tuff (fig. 
5 ), and in turn was largely filled by the Dillon Mesa Tuff. 
These stratigraphic relations limit the time of caldera 
subsidence to the period during which the ash of the Blue 
Mesa Tuff was erupted. Of all the major ash-flow sheets in 
the upper Rio Grande area, only the Blue Mesa Tuff lacks 
an exposed source. The Blue Mesa is a widespread sheet 
(fig. 7) that pinches out against Precambrian rocks in the 
Needle Mountains on the south, extends westward to the 
eroded edge of the volcanic rocks near Telluride, and 
wedges out to the north against older volcanic rocks north 
of the Gunnison River, more than 80 km north of Ll-J.e 
upper Rio Grande area. To the east, the Blue Mesa Tuff is 
covered by younger rocks and its distribution is unknown 
(Steven, Lipman, Hail, and others, 1974). The Blue Mesa 
Tuff and older rocks are sufficiently well exposed north 
and west of the upper Rio Grande area that a caldera 
source can be eliminated in most of these areas. The source 
therefore most likely lies within the covered part of the 
sheet-and thus in the Lost Lake caldera. 
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FIGURE 7.-Distribution of Blue Mesa Tuff (diagonal lines) in relation 
to Lost Lake caldera (L,) and San Juan volcanic field (shaded). 


The Blue Mesa Tuff is a uniform-textured, moderately 
phenocryst poor, densely welded ash-flow tuff over most of 
its exposed extent. In the upper Rio Grande area, however, 
the phenocrysts are larger and more abundant than else
where, and the unit is weakly compositionally zoned, 
becoming more mafic upward. A rhyodacitic lava flow 
also occurs locally between the Blue Mesa and the over-
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1 ying Dillon Mesa Tuff on the north side of Pole Creek 
Mountain and just west of the arcuate monocline; this is 
the only known locality of lava-flow activity at this 
horizon. These areally restricted variations suggest a 
nearby source for the Blue Mesa Tuff. 


No evidence was seen for resurgent doming of the Lost 
Lake caldera after subsidence. However, only the upper 
parts of the caldera fill can be seen, and the oldest rocks 
exposed are along the margins of the caldera, where the 
effects of resurgence would have been minimal. Thus, a 
low dome could exist a depth and not be reflected by the 
younger rocks that cover the caldera area. 


SAN JUAN, UNCOMPAHGRE, AND SILVERTON CALDERAS 


The geologic history of the caldera complex in the 
western San Juan Mountains has recently been reinter
preted by Lipman, Steven, Luedke, and Burbank (1973), 
and the discussion here is taken largely from them. The 
western San Juan Mountains were the site of a cluster of 
intermediate-composition central-vent volcanoes in early 
Oligocene time, 35-30 m.y. ago. The near-source facies of 
these volcanoes consists of complex accumulations of 
lavas, breccias, and pyroclastic debris, which pass laterally 
into coalescing volcaniclastic aprons consisting pre
dominantly of mudflow breccias and, at the margins, of 
conglomeratic and other stream-worked debris. The 
clustered volcanoes formed part of the great field of early 
intermediate-composition volcanic rocks that covered 
much of the southern Rocky Mountains in early 
Oligocene time (Lipman and others, 1970; Steven and 
Epis, 1968; Steven, 1975). 


Ash-flow sheets from nearby sources at the Ute Creek 
and Lost Lake calderas covered the lower flanks and 
coalescing outflow aprons of these volcanoes, and wedged 
out against highlands built up around the central vents. 


UNCOMPAHGRE AND SAN JUAN COLLAPSES 


The volcanic. cycles that led to the development of the 
San Juan, Uncompahgre, and Silverton calderas probably 
began when the relatively small volume of material 
constituting the Dillon Mesa Tuff (table 1; fig. 8) was 
erupted shortly before 28 m.y. ago. No direct evidence can 
be marshalled to tie this eruption with any specific 
increment of subsidence, but the unit seems to be radially 
distributed around the area of the Uncompahgre caldera, 
and is thickest and most densely welded near the margins 
of this possible source area. Renewed eruptions of similar 
rhyolitic ash-:flow tuff material about 28 m.y. ago led to 


widespread emplacement of the Sapinero Mesa Tuff, and 
to simultaneous collapse of the Uncompahgre and San 
Juan calderas (fig. 9). 


The Sapinero Mesa Tuff spread widely (fig. 10) from its 
source area at these calderas, and had an estimated volume 
in excess of 1,000 km3• It has been tracednortheastwardforJ 
more than 90 km, northward 65-70 km, and south-
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FIGURE B.-Distribution of Dillon Mesa Tuff (diagonal lines) in rela
tion to Uncompahgre caldera (U) and San Juan volcanic field 


(shaded). 


eastward 40-45 km. Apparently it wedged out southward 
against the older highland of Precambrian rocks in the 
Needle Mountains. The western flank of the volcanic pile 
has been removed by erosion, and the original extent of the 
Sapinero Mesa Tuff in this direction is not known. 
Outflow Sapinero Mesa Tuff is generally less than 100m 
thick, whereas the intracaldera Eureka Member is at least 
700 m thick in places and the base is only locally exposed. 
This disparity in thickness between outflow and intra
caldera facies is common among the San Juan calderas, 
and is interpreted to indicate subsidence concurrent with· 
eruption; the intracaldera accumulation is generally 
somewhat younger than most of the outflow sheet. 


Approximate contemporaneity of subsidence of the 
Uncompahgre caldera and eruption of the Sapinero Mesa 
Tuff can be demonstrated convincingly on the basis of 
geologic evidence (Lipman and others, 1973), and similar 
general relations of intracaldera and outflow 
accumulations of Sapinero Mesa Tuff for the San Juan 
caldera imply a similar timing. Subsidence of the two 
calderas was accompanied by widespread landsliding and 
avalanching of the steep caldera walls, and abundant 
debris from these sources is interleaved marginally with 
the intracaldera ash-flow accumulations (Eureka 
Member) in both calderas. By this process the topographic 
walls of the two calderas actually merged locally to form a 
single depression with a distor!ed dumbbell shape: the two 
main subsided blocks were joined across a low divide when 
the septum between them largely caved away (fig. 9). 


The simultaneous development of adjacent but separate 
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FIGURE 9.-Sketch map of the western San Juan caldera complex after subsidence related to eruption of the Sapinero Mesa Tuff. Control 
moderate to good where boundaries are shown by solid symbols; conjectural where shown by open symbols. 


calderas was followed by merged later stages of the local 
caldera cycles. The calderas were resurgently domed 
together over an extended period of time, while the 
depressions were being filled with lavas and sediments 
from local sources and with ash-flow tuffs from con
currently developing calderas to the east. Renewed ash
flow eruptions forming the Crystal Lake Tuff during this 
period of resurgence and caldera filling led to subsidence 
of a local trapdoor block, the Silverton caldera, nested 
within the older San Juan caldera. These generally con
current developments will be discussed separately in the 
folbwing paragraphs, although the events are closely 
related and are manifestations of the same basic volcanic 
processes. 


POSTCOLLAPSE LAVAS AND SEDIMENTS 


The first postsubsidence eruptions within the San Juan 
and Uncompahgre calderas were mostly of viscous, 
coarsely porphyritic lavas of predominantly rhyodacitic 
and quartz-latitic composition. These heaped up in the 
vicinity of their vents to form prominent local domes and 
thick flows, surrounded by lower areas where pyroclastic 
and reworked debris accumulated as bedded tuffs and 
volcaniclastic sediments. Some of these lower areas 
apparently were the sites of local ponds in which finely 
stratified deposits formed. This assemblage of thick 
porphyritic flows and associated bedded deposits is best 
displayed within the San Juan caldera, where it has been 
called the Burns Formation. It can be recognized as a 
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FIGURE 10.-Distribution of Sapinero Mesa Tuff (diagonal lines) in 
relation to San Juan (S) and Uncompahgre (U) calderas and San 
Juan volcanic field (shaded). 


distinctive assemblage across the low divide into the 
northwest part of the Uncompahgre caldera; eastward, 
sedimentary rocks predominate and there are only minor 
porphyritic lavas. 


The lavas filling the depression changed in 
composition upward to dark fine-grained andesite flows. 
These lavas were appreciably more fluid than the viscous 
porphyries of the Burns Formation, and the resulting 
flows are thinner and more widespread. Sedimentation in 
low areas continued, and the resulting bedded rocks are 
indistinguishable from many of those in the underlying 
Burns Formation. Local volcanic activity diminished later 
in the period of infilling, and volcaniclastic sedimentary 
rocks compose the upper layers of fill. The sequence of 
predominant andesitic flows grading upward into pre
dominant sedimentary beds is best displayed in north
eastern parts of the San Juan caldera, where the flows were 
originally called the pyroxene andesite unit and the over
lying bedded rocks the Henson Tuff (Cross and others, 
1905, 1907). Later, Luedke and Burbank (1963) combined 
both of these units into a redefined Henson Formation. 
Across the north side of the Uncompahgre caldera, the 
proportion of andesite flows to sedimentary rocks 
decreases eastward, and in the northeast part of the 
Uncompahgre caldera, the whole section generally 
equivalent to the Burns and Henson Formations consists 
largely of similar-appearing sedimentary rocks. 


Rocks equivalent to the caldera-filling Burns and 
Henson Formations are found outside the calderas only on 


the southeast side, where andesitic flows and breccias 
overlie the Sapinero Mesa Tuff and underlie younger ash
flow units derived from sources to the east. 


INTRACALDERA ASH-FLOW TUFFS 


The Burns and Henson rocks forming the bulk of the fill 
i~ the San Juan and Uncompahgre calderas are overlain 
by a sequence of ash-flow tuffs, mostly from caldera 
sources in the central San Juan Mountains, interlayered 
with locally derived sedimentary and volcanic rocks. The 
basal unit of this upper sequence is the Fish Canyon Tuff, 
derived from the La Garita caldera source area about 27.8 
m.y. ago. Overlying ash-flow units consist in sequence of 
the Crystal Lake Tuff (derived from the Silverton caldera), 
the Carpenter Ridge Tuff (from the Bachelor caldera), 
Wason Park Tuff (caldera source not identified), and 
Nelson Mountain Tuff (from the San Luis caldera). 
Locally derived sediments closely similar to those in the 
Henson and Burns Formations separate all these ash-flow 
units at one place or another, and locally derived lavas of 
generally intermediate composition intervene between the 
Crystal Lake and Carpenter Ridge Tuffs, the Carpenter 
Ridge and Nelson Mountain Tuffs, and overlie the Nelson 
Mountain Tuff within and adjacent to the Uncompahgre 
caldera. 


SILVERTON COLLAPSE 


Eruption of the Crystal Lake Tuff (fig. 11) during the 
period of caldera filling resulted in trapdoor subsidence of 
the Silverton caldera within the older San Juan caldera 
(fig. 12). A block 15 km across, consisting in its upper parts 
of thick sections of Burns and Henson lavas and 
sediments, was displaced more than 600 m downward 
along its southern margin, whereas a sharp monocline cut 
by a deeply infaulted graben marks its northeastern 
margin. Even in the present deeply dissected topography, 
the core of the trapdoor block stands nearly as high as the 
ash-flow deposits in the adjacent terrain, suggesting that 
no great thickness of Crystal Lake Tuff could ever have 
existed there. This suggestion accords with relations noted 
at other lesser calderas in the San Juan volcanic field 
related to small- to moderate-volume ash flow eruptions, 
where subsidence usually followed eruption and in places 
did not form complete ring-fracture zones. 


RESURGENT DOMING 


Resurgence of the San Juan, Uncompahgre, and 
Silverton calderas differed in several important aspects 
from resurgence at many of the other calderas in the San 
Juan volcanic field. Although it apparently began shortly 
after subsidence, uplift of the volcanic source areas 
probably continued for more than a million years through 
the period of infilling by locally derived lavas and 
sediments and by ash-flow tuffs from extraneous sources. 
As uplift continued rhyolitic magma regenerated beneath 
the San Juan caldera and erupted catastrophically as the 
ash-flows of the Crystal Lake Tuff, with related sub-
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FIGURE 11.-Distribution of Crystal Lake Tuff (diagonal lines) in rela
tion to Silverton caldera (S) and San Juan volcanic field (shaded). 


sidence of the Silverton caldera. Structures that formed 
during this later subsidence appear to merge with some of 
the structures formed by uplift and seem to have developed 
concurrent! y. 


Early resurgence is indicated by local angular uncon
formities between slightly tilted and eroded welded tuffs in 
the intracaldera Eureka Member of the Sapinero Mesa 
Tuff and overlying intermediate-composition lavas in the 
Burns Formation, as first noted by Luedke and Burbank 
( 1968, p. 183 ). The extent of this early resurgence cannot be 
determined from the sparse evidence now available. Later 
magmatic uplift is indicated by the broad doming of the 
whole area of the San Juan and Uncompahgre calderas 
that affected the younger caldera fill as well. This broad 
uplift apparently was episodic, inasmuch as the ash-flow 
units overlying the Burns and Henson Formations appear 
to have been confined to a moat area around at least the 
eastern and northern margins of the uplifted core of older 
rocks, and yet in turn were tilted by further uplift of the 
core. 


Longitudinal distention fractures along the crest of the 
broad domal uplift formed the deeply infaulted Eureka 
graben, which extends northeastward from the San Juan 
caldera into the uncollapsed septum between the San Juan 
and Uncompahgre calderas, where it is cut off abruptly by 
the much younger Lake City caldera. This graben offsets 
the caldera-filling Burns and Henson Formations as much 
as 0.5 km along the major faults, and, in places, graben 
faults cut small remnants of the younger Crystal Lake 
Tuff. 


At it's southwest end, the trend of the Eureka graben 
changes sharply, turning from northeast to northwest and 
giving the downfaulted area the distinctive bootlike shape 
shown in figure 12 (Burbank, 1951; BurbankandLuedke, 
1969). The intersection of the northeast-trending 
Sunnyside fault and northwest-trending Ross Basin fault 
at the instep of the boot is intensely mineralized and is the 
site of the highly productive Sunnyside mine. This area 
has been studied in detail by many geologists and is well 
illustrated on a geologic map by Burbank and Luedke 
( 1969, pl. 2). The fractures and veins pass smoothly around 
a sharp right-angle bend, and seem to have formed con
currently. To the northwest, as shown in the same 
illustration, several important veins and faults begin at the 
footwall of the Ross Basin fault as northeast-trending 
fractures generally parallel to the leg of the boot, but after 
several kilometres they swing sharply east and southeast to 
parallel the instep of the boot. This change in direction 
would again seem to require coexistent distentional 
stresses related to both major trends of the Eureka graben. 


Whereas the northeast-trending fractures are along the 
crest of the broad dome of the simultaneously uplifted San 
Juan and Uncompahgre calderas, the northwest-trending 
fractures that define the foot of the boot are within the 
monoclinal hinge area along the north side of the younger 
Silverton caldera. The northwest-trending fractures thus 
appear to represent distentional fractures related to 
trapdoor subsidence of this block. Thus, in order for these 
different fault systems to have merged so completely, 
eruption of the Crystal Lake Tuff and subsidence of the 
Silverton caldera must have been concurrent with a major 
episode of uplift of the older calderas. Later or continued 
uplift of the broad dome is suggested by several minor 
northeast-trending faults that cut the foot of the Eureka 
graben boot (Burbank and Luedke, 1969, pl. 2). 


Except for i~ having been formed during the period of 
general uplift, the Silverton caldera itself shows no 
evidence of beihg resurgently domed. Development of the 
spectacular radial and other intricate vein and dike 
patterns just outside the northwest and southeast margins 
of the Silverton caldera (Burbank, 1941; Varnes, 1963) may 
have resulted from this special stress environment. No 
other San Juan caldera has similar intricate patterns of 
fracture-related structures. 


LAKE CITY CALDERA 


After about a 4-m.y. period of greatly reduced volcanic 
activity in the western San Juan Mountains, ash-flow 
eruptions that produced the Sunshine Peak Tuff began 
about 22.5 m.y. ago in the Lake City area (Lipman and 
others, 1973; Mehnert and others, l973a). Outflow 
Sunshine Peak Tuff must have been deposited widely in 
the region, although only small erosional remnants have 
survived. Concurrently with these eruptions, an elliptical 
block about 12 by 15 km across, nested within the southern 
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FIGURE 12.-Sketch map of the western San Juan caldera complex after subsidence of the Silverton caldera and general resurgence. 
Control moderate to good where boundaries are shown by solid symbols; conjectural where shown by open symbols. 


part of the older Uncompahgre caldera, subsided to form 
the Lake City caldera (fig. 13 ). The last-erupted part of the 
Sunshine Peak accumulated to a thickness of as much as 1 


km within the concurrently subsiding caldera, and great 
landslide avalanches caved off the caldera wall, .spread 


across the caldera floor, and intertongued with the 
accumulating ash flows. 


The ring fault along which this collapse occurred is 
continuously exposed for about 300° of arc around the 
caldera; it is nearly everywhere a single fault, typically 


marked by only a metre or so of gouge and minor hydro
thermally altered rock. It is exposed over topographic 
relief of as much as 600 m, and is everywhere steep, 
dipping inward from 75° to nearly vertical. 


Shortly after the ash-flow eruptions ceased, lava flows 
and domes of viscous silicic quartz latite, fed largely from 
vents along the ring fault, accumulated around >the 
margins of the caldera floor. These lavas tend to overlie the 
Sunshine Peak Tuff conformably and dip quite steeply in 
places. They probably largely predate resurgent doming, 
although the effects of doming on them are difficult to dis
tinguish reliably from primary dips of the flows. An east
northeast-trending line of rhyolite intrusives was 
emplaced in the moat area of the older Uncompahgre 
caldera, north of the Lake City caldera. These rocks are 
closely similar in composition to the Sunshine Peak Tuff, 
but apparently were emplaced somewhat more recently, 
with one intrusive yielding a K-Ar age of about 18 m.y. (H. 
H. Mehnert, written commun., 1974). 
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FIGURE 13.-Generalized geology of the western San Juan caldera complex showing distribution of rocks related to the Lake 
City caldera. 


Resurgence of the Lake City caldera produced a simple 
dome characterized by outward dips of 20°-25° on its flanks 
and a northeast-trending apical graben over its distended 
crest. The trend of this graben reflects reactivation of the 
trends of the earlier Eureka graben system, which was 
related to resurgence of the Uncompahgre and San Juan 
calderas. Most of the mapped faults of the Lake City 
resurgent structure have relatively small dis
placements-10-50 m-and some seem to be little more 
than cracks that localized weak hydrothermal alteration. 
Chaotic caldera -collapse breccias are widely exposed 
below the intracaldera tuffs on the southwest side of the 
Lake City caldera, and the resurgence appears to have been 
somewhat asymmetrical, with maximum uplift in this 
area . Resurgence resulted from upward movement of 


magma which crystallized as a shallow stock of granite 
porphyry. 


Gently dipping upper contacts of the granite porphyry 
are exposed at the bottoms of several deep erosional valleys 
within the core of the Lake City caldera, and the most 
intensely altered rock within the resurgent dome occurs 
around margins of the granite porphyry . Parts of the 
northern ring fault are occupied by a short, thick, 
discontinuous ring dike, which broadens and becomes 
coarser grained downward. The top of the granite 
porphyry is within l km of the top of the Sunshine Peak 
Tuff indicating crystallization at very shallow depths 
beneath the resurgent dome. 


Most of the original topographic wall of the Lake City 
ca ldera has been eroded, and only a few small remnants are 
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preserved southwest of Lake City. The present valleys of 
Henson Creek and the upper Lake Fork of the Gunnison 
River, which define a striking elliptical drainage pattern 
just outside the structural boundary of . the Lake City 
caldera, are not directly controlled by any major fault 
structures. They more likely developed in debris that 
accumulated in a low topographic moat along the margin 
of the resurgent dome of the Lake City caldera outside the 
limits of the subsided block, and were subsequently super
imposed onto older rock$ of the caldera wall. 


CENTRAL SAN JUAN CALDERA COMPLEX 


The central San Juan caldera complex developed above 
the eastern part of the gravity anomaly (fig. 1) between 28.2 
and 26.5 m.y. ago. Within this brief span of less than 2 
m.y., eight major ash-flow sheets were erupted, at least 
seven calderas formed, and numerous local volcanic rock 
units accumulated. These caldera cycles thus had an 
average duration of only about a quarter of a million 
years, and in at least one case, the cycles of two nearby 
calderas overlapped in time. 


We believe that these intense pyroclastic eruptions and 
resulting caldera subsidences marked the culmination of 
upward movement of magma to form the eastern part of 
the underlying batholith. As the roof above this segment of 
the batholith became progressively thinner, it was 
breached by numerous ash-flow eruptions of great 
magnitude, and related calderas subsided at the ash-flow 
source areas. The development of the numerous clustered 
and partly overlapping calderas that followed one another 
in rapid succession, and the common marked contrasts 
between lithologies-ranging from phenocryst-rich 
quartz hitites to phenocryst-poor rhyolites-of successive 
ash-flow deposits, required rapid congealing of the upper 
parts of the local cupolas and equally rapid reestablish
ment of new cupolas and magmatic differentiation within 
them. The pyroclastic eruptions and caldera subsidences 
apparently ceased when the upper part of the batholith 
congealed to a thickness sufficient to contain the 
magmatic pressures. 


MOUNT HOPE CALDERA 


The Mount Hope caldera (fig. 14) is almost completely 
buried by younger rocks, primarily the Fish Canyon Tuff, 
but fragmentary evidence suggests that it was the source of 
two phenocryst-rich quartz latite ash-flow sheets of the 
Masonic Park Tuff. The lower sheet has been recognized 
only within 10-15 km of the caldera, but the upper sheet 
(fig. 15) extends 30 km west of the caldera, to the margin of 
the San Luis Valley 50 km east, and into New Mexico 75 
km southeast (Steven, Lipman, Hail, and others, 1974). 


The topographic wall along the north margin of the 
Mount Hope caldera is exposed for about 6 km. This wall 
cuts sharply across the lower ash-flow sheet of the Masonic 
Park Tuff, andesitic flows and breccias of the Sheep 


Mountain Andesite, thick quartz latite flows of the 
volcanics of Leopard Creek, and the upper ash-flow sheet 
of the Masonic Park Tuff. Total relief along the exposed 
section of this wall is about 500 m. The caldera is filled 
with Fish Canyon Tuff that is at least 1.4 km thick and 
extends over adjacent rocks on the south, east, and north
east sides of the caldera. Adjacent to the caldera, the Fish 
Canyon Tuff generally rests directly on the upper sheet of 
the Masonic Park Tuff. 


The exposed segment of the topographic wall indicates 
that the caldera subsided after the ash flows forming the 
widespread upper sheet of Masonic Park Tuff were 
erupted (28.2 m.y. ago), and the basin formed by sub
sidence was in turn filled passively by the next succeeding 
major ash-flow sheet, the Fish Canyon Tuff (27.8 m.y. 
old). In addition to these stratigraphic constraints on the 
age of the caldera, other evidence, as follows, indicates that 
the Masonic Park Tuff was derived from a source within 
the Mount Hope caldera: ( l) the position of the caldera 
well within the Masonic Park ash-flow sheet (fig. 15) and 
adjacent to the thickest sections of this formation; (2) inter
tonguing of the Mas0nic Park Tuff with andesite lavas of 
the Sheep Mountain Andesite and with other locally 
derived lavas near the rim of ~he Mount Hope caldera; and 
(3) the presence near the south and southwest edges of the 
caldera of bedded welded tuffs at the base of the upper ash
flow sheet of the Masonic Park that are believed to 
represent agglutinated ash fall, a depositional process 
only likely close to the eruptive source (Lipman, l975a, 
fig. 26). 


An earlier complex history of eruptions from the same 
general source is indicated by scattered exposures north
west and west of the Mount Hope caldera and in the highly 
faulted area southwest of the caldera (fig. 14). In these 
areas, the several individual ash flows within the 
composite older ash-flow sheet of Masonic Park Tuff 
intertongue with dark andesite flows and breccias of the 
Sheep Mountain Andesite that apparently formed a 
number of local volcanoes near the western margin of the 
later Mount Hope caldera. Just northwest of the Mount 
Hope caldera, th~ intertongued assemblage of Masonic 
Park Tuff and Sheep Mountain Andesite is overlain by 
thick coarsely porphyritic quartz latite lavas (volcanics of 
Leopard Creek), and these in turn are overlain by the thick 
upper sheet of Masonic Park Tuff (Steven and Lipman, 
1973). 


We interpret these relations to indicate early concurrent 
eruptions of quartz latitic ash flows of Masonic Park Tuff 
and andesitic lavas and breccias from local Sheep 
Mountain volcanoes. The ash-flow eruptions were 
apparently of small volume, and it is not known whether 
they were accompanied by caldera subsidence. Viscous 
quartz-latitic lavas forming a thick local assemblage 
(volcanics of Leopard Creek) were erupted along the 
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FIGURE 14.-Generalized geology of the Mount Hope caldera and adjacent areas. o. precaldera (older) volcanic rocks; Tmp, 
Masonic Park Tuff; Tsm, Sheep Mountain Andesite; Tf, Fish Canyon Tuff; Th,, Huerto Formation; Tl, volcanics 
of Leopard Creek; Tc, Carpenter Ridge Tuff; y, volcanic rocks younger than Carpenter Ridge Tuff. Open rectangles 
outline the buried caldera. Heavy lines indicate faults; bar and ball or hachures on downthrown sides; dotted where 
buried. 


northwest side of the postulated source area following 
accumulation of the older Masonic Park ash-flow tuffs 
and Sheep Mountain andesitic flows and breccias. 
Renewed eruptions of quartz-latitic ash flows identical in 
composition and appearance to the older sheet of Masonic 
Park Tuff spread great volumes of tuff in all directions 
from the source area, thereby forming the widespread 
upper sheet of Masonic Park Tuff and resulting in sub
sidence of the Mount Hope caldera. 


The Mount Hope caldera was not resurgently domed 
immediately after subsidence to any discernible extent; the 
Fish Canyon Tuff filled a hole more than 1.4 kmdeepand 


the floor of the fill is not exposed. Later broad uplift of the 
caldera area is indicated by the progressive overlap of 
younger ash-flow units onto the eastern side of the caldera 
fill (fig. 14). This uplift apparently was more a trapdoor 
uplift than a dome, with the western side preferentially 
uplifted. This later uplift probably was roughly con
current with major faulting west and southwest of the 
Mount Hope caldera that will be discussed later. The 
Mount Hope caldera forms a type generally transitional 
between the earlier and later calderas of the San Juan field. 
Mount Hope is like the earlier calderas in its associated 
andesitic volcanism and the quartz-latitic composition of 
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FIGURE 15.--"-Distribution of the upper member of Masonic Park Tuff 
(diagonal lines) in relation to Mount Hope caldera (M) and San 
Juan volcanic field (shaded). 


the erupted tuffs; yet this caldera is well within the main 
gravity anomaly (fig. 1) and is associated with more silicic 
lava flows, as represented by the volcanics of Leopard 
Creek. 


LA GARITA CALDERA 


The La Garita caldera (fig. 16), the largest in the San 
Juan volcanic field, ranks among the great calderas in the 
world. The original topographic basin was at least 40 km 
across from north to south, and the subsided block within 
this basin appears to have been nearly 30 km across. The 
original east-west diameter of the caldera was somewhat 
less, but the precise dimensions cannot be established 
because the western part of the La Garita caldera has since 
been destroyed by later caldera subsidences. 


The La Garita caldera is located near the center of the 
San Juan volcanic field, above the east-central part of the 
triangular-shaped batholith indicated by gravity data (fig. 
1). Subsidence took place 27.8 m.y. ago (Lipman and 
others, 1970, p. 2340), in response to eruption of more than 
3,000 km3 of the phenocryst-rich quartz-latitic ash of the 
Fish Canyon Tuff (fig. 17). This unit spread over an area of 
more than 15,000 km2; it is 30-200 m thick over wide areas 
and accumulated to a thickness of more than 1.4 km 
within the concurrently subsiding caldera. 


Whereas many of the older San Juan calderas formed 
near clusters of earlier andesitic volcanoes (the Bonanza, 
Platoro-Summitville, San Juan, Uncompahgre, and 
Mount Hope calderas), any such relationship is more 
difficult to determine for the La Garita caldera because of 


its size. The intrusive core of an older volcano is exposed 
along the eastern wall of the La Garita caldera, ;:md other 
volcanic centers are near the east, west, and north sides of 
the caldera, but exposures are inadequate to indicate 
whether these volcanoes were concentrated near the 
caldera. 


A more important localizing factor may have been the 
position of the La Garita caldera with respect to the under
lying batholith. The caldera occupies much of the roof 
above the broadest part of the batholith indicated by the 
gravity anomaly (fig. 1 ); this part of the roof was re
peatedly disrupted by ash-flow eruptions and caldera sub
sidences throughout the less than 2 m.y. that remained of 
the period of intermediate to silicic volcanic activity. The 
recurrent volcanic activity and related subsidences here 
must have reflected equally active high-level magmatism 
throughout the eastern part of the batholith. 


Little can be reconstructed of the early development of 
the La Garita caldera. The floor of the caldera is nowhere 
exposed, and the eastern and northern margins that 
survived later caldera subsidences are marked by a 
structural moat deeply filled with younger volcanic 
deposits. Little air-fall ash occurs below the outflow sheet, 
so premonitory eruptions seem to have been minor. In 
addition, no compositional zoning was noted anywhere in 
the outflow sheet of Fish Canyon Tuff, and the basal rocks 
seem indistinguishable from those elsewhere in the unit. 
Apparently, large volumes of ash were erupted quite 
suddenly from a major chamber containing relatively 
homogeneous phenocryst-rich quartz-latitic magma. 


The disparity in thickness between ·the intracaldera 
(more than 1.4 km thick) and outflow parts (generally less 
than 200m thick) of the Fish Canyon Tuff requires sub
sidence concurrent with eruption. Compaction foliation 
and rude layering, marked in places by less-welded 
partings, are virtually parallel throughout the caldera fill, 
and indicate that block subsidence was concurrent with 
filling. 


Little igneous activity or sedimentation seems to have 
occurred immediately after subsidence, and the first 
demonstrable event was broad resurgent doming of the 
core. The crest of the dome was relatively flat over an area 
at least 5 km across, and the preserved eastern and north
eastern flanks dip 5°-15° radially outward from the crest. 
Minor tensional faults separate flat from inclined 
segments of the core, and also separate inclined segments 
that dip in different directions. Maximum relief from the 
northeast moat to the crest of the dome was more than 1.4 
km. The western and southwestern flanks of the resurgent 
dome have since caved into younger calderas, and have 
been covered by younger volcanic units. 


Most of the moat is deeply filled by younger volcanic 
rocks, or has been destroyed by younger caldera sub
sidences. The lower fill, along the northeast side of the 
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caldera, consists of Carpenter Ridge Tuff, in places 
showing evidence of having accumulated in shallow 
water. Minor tuffaceous sedimentary rocks exposed locally 
in this area probably represent deposition by small streams 
or in local ponds. 


No late ring-fracture igneous activity is evident along 
the eastern or northern sides of the La Garita caldera, but 
the major rhyolite dome along Miners Creek, partly 
exposed in' a deep canyon 6 km west of Creede (Steven and 
Raw~, 1965), is older than the Carpenter Ridge Tuff, and 
may have erupted through the western ring-fracture zone 
of the La Garita caldera. 


The eastern wall of the La Garita caldera apparently 
stood especially high, and most subsequent units from the 
central San Juan caldera complex were trapped against it. 
Elsewhere, the young~r ash flows overtopped the La 
Garita caldera rim and spread widely. This high part of 
the caldera wall marks the truncated end of a line of major 
older andesitic volcanoes that extended west-northwest 
from the Summer Coon center 10 km north of Del Norte 
(Lipman, 1968), through the Baughman Creek and upper 
La Garita Creek centers, to the Sky City center exposed in 
the eastern topographic wall of the caldera (fig. 16). These 
volcanoes were deeply eroded prior to eruption of the Fish 
Canyon Tuff, but protruded through all but the youngest 
subsequent ash-flow units. 


BACHELOR CALDERA 


The Bachelor caldera, the source of rhyolite ash flows 
that formed the widespread Carpenter Ridge Tuff (fig. 18), 
collapsed along the west margin of the La Garita caldera 
(fig. 16). The age of the Carpenter Ridge Tuff and of the 
Bachelor caldera is bracketed by K-Ar ages of 27.8 m.y. for 
the older Fish Canyon Tuff and 26.7 m.y. for the younger 
Mammoth Mountain Tuff. 


The outflow Fish Canyon and Carpenter Ridge Tuffs 
are separated by andesite flows and breccias of the Huerta 
Formation that formed a series of volcanoes near the 
present edge of volcanic rocks south and southwest of the 
Bachelor caldera. After eruption of the andesites, the area 
southwest of the Mount Hope caldera (fig. 14) was 
intricately downfaulted toward the caldera complex, as 
described later. During the Huerta eruptions and later 
faulting, magma accumulated in a newly developed high
level chamber beneath the west side of the La Garita 
caldera, and differentiated to a silicic phenocryst-poor 
rhyolite which erupted to form the Carpenter Ridge Tuff. 
Southeast of the caldera, the Carpenter Ridge is locally 
compositionally zoned from rhyolite upward into quartz 
latite. 


Eruption of the Carpenter Ridge Tuff was accompanied 
by subsidence of an oval-shaped caldera about 15 by 25 km 
across. Tuff more than 1.5 km thick accumulated within 
the subsiding caldera, whereas the outflow sheet generally 
is less than 400 m thick. As in other calderas in the San 


Juan Mountains, these relations are believed to indicate 
subsidence concurrent with eruption. 


The floor and eastern wall of the Bachelor caldera are 
exposed locally northeast of Creede. In this area, a rough 
fault-block topography marked by tectonically shattered 
rocks, fault scarps, and talus breccia developed on the 
older rocks (Steven and Ratte': 1965, p. 17). These fault 
blocks underlie the Bachelor caldera fill and form the 
eastern caldera wall, where they mark the progressive 
breaking down of the resurgent core of the La Garita 
caldera toward the younger subsidence feature to the west. 
In part these fault blocks may represent inward sliding of 
the Bachelor caldera wall toward the main ring-fracture 
zone during Carpenter Ridge eruptions. 


Similar relations on the west side of the caldera may be 
represented by the intertonguing of Shallow Creek Quartz 
Latite with the intracaldera Bachelor Mountain Member 
of the Carpenter Ridge Tuff, as described by Steven and 
Ratte(l965, p. 23). This intertonguing was mapped in the 
early 1950's before any of the calderas in the central San 
Juan Mountains had been recognized. In retrospect it 
seems plausible that the layers of Shallow Creek Quartz 
Latite within the Bachelor caldera fill may instead be 
avalanche and landslide breccia derived from a major 
quartz latite dome (fig. 8) that formed the nearby over
steepened caldera wall, a relationship which has been 
found in many other intracaldera fills in the San Juan 
Mountains. This suggestion needs to be checked in the 
field. 


Three small ash flows resembling Fish Canyon Tuff 
appear to intertongue with the intracaldera Bachelor 
Mountain Member of the Carpenter Ridge Tuff on the east 
side of the Bachelor caldera (Steven and Ratte'; 1965, p. 18). 
These relations, if valid, indicate that neighboring 
cupolas on the underlying batholith were sufficently 
locally restricted to permit contrasting magmas to coexist 
locally and earlier magma types to persist 'Yhile the 
Carpenter Ridge rhyolite was differentiating. 


The core of the Bachelor caldera was res urgently domed 
shortly after subsidence, and a fragmented cross section of 
the dome can be seen in the north wall of the younger 
Creede caldera. The top of the Carpenter Ridge Tuff is 
more than 700 m higher at the crest of the dome than it is 
near the eastern and western ring-fracture zones. 
Tensional fractures that formed during doming dropped 
local blocks nearly 500 m near the crest of the uplift, and 
longitudinal normal faults, including the ancestral 
Amethyst fault in the Creede mining district (Steven and 
Ratte'; 1965, p . 55-56), extended north-northwest down the 
axis of the uplift. These faults marked the initial 
fracturing of an area that was recurrently broken during 
later volcanic episodes, and was widely mineralized at the 
time when the ores of the Creede mining district were 
deposited. 
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FIGllRE 16.-Restored Bachelor and La Garita calderas. Control moderate to good where boundaries are shown 
by solid symbols; conjectural where shown by open symbols. 


Small plugs of rhyolite cut the intracaldera tuffs near 
the center of the Bachelor caldera. These plugs are most 
abundant in the rocks that are cut by tensional faults and 
that were pervasively brecciated during resurgent doming. 
Evidence is ambiguous, but the rhyolite plugs may have 
been emplaced before brecciation and, thus, prior to 


resurgence. No postresurgence igneous activity related to 
the Bachelor caldera cycle has been recognized. 


The shattered intracaldera Bachelor Mountain Member 
of the Carpenter Ridge Tuff on the resurgent dome was 
altered during the waning stages of the Bachelor caldera 
cycle. The shattered tuff was intensely silicified and 
largely healed to a massive rock. The K20 content of the 


silicified rock increased markedly from about 5 percent to 
as much as 11 percent(Ratte and Steven, 1967, p. H13); this 
increase is reflected by abundant very fine grained 
orthoclase in the matrix. In the northern part of the 
Bachelor caldera, the intracaldera tuffs were variably 
bleached and altered, and disseminated pyrite was 
erratically introduced. No significant economic mineral 
deposits related to the Bachelor caldera cycle are known, 
however. 


MAMMOTH MOUNTAIN(?) CALDERA 


Indirect evidence suggests that subsidence took place 
during eruption of the Mammoth Mountain Tuff, but the 
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FIGURE 17.-Distribution of the Fish Canyon Tuff (diagonal lines) in 
relation to La Garita caldera (G) and San Juan volcanic field 
(shaded). 


postulated caldera has been largely destroyed by the 
younger Creede caldera and covered by younger rocks. 


The Mammoth Mountain eruptive cycle began with 
local episodic pyroclastic eruptions that formed a 
sequence originally called Farmers Creek Rhyolite by 
Steven and Ratte (1964, 1965) and Ratte and Steven (1967); 
subsequent regional work has indicated that these rocks 
were primarily local products of premonitory eruptions in 
the Mammoth Mountain cycle (Steven, Lipman, Hail, and 
others, 1974; Steven and Ratte, 1973) that were deposited 
just northeast of the postulated source beneath the 
younger Creede caldera. The early episodic pyroclastic 
eruptions progressed into a pulsating, nearly continuous, 
ash-flow eruption that flooded (fig. 19) the lower parts of 
the rough topography left by subsidence and resurgence of 
the La Garita and Bachelor calderas (fig. 1 ). Most of these 
Mammoth Mountain ash flows welded into coherent, 
dense tuff that shows obscure compound cooling (Ratte 
and Steven, 1967, p. H18-H33). 


The Mammoth Mountain Tuff accumulated to a thick
ness of more than 500 m in the moat of the resurgent 
Bachelor caldera, where it is strongly zoned from 
phenocryst-poor rhyolite at the base to phenocryst-rich 
quartz latite at the top (Ratte and Steven, 1964, 1967). The 
Mammoth Mountain Tuff wedges out against and is 
absent over the top of the resurgent core of the Bachelor 
caldera, and was contained on the northeast and south
west by the outer topographic wall of the caldera. A 300- to 
400-m-thick sheet of densely welded quartz latite tuff of the 
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FIGURE lB.-Distribution of Carpenter Ridge Tuff (diagonal lines) in 
relation to Bachelor caldera (B:) and San Juan volcanic field (shaded). 


Mammoth Mountain Tuff extends southeast from the 
postulated source within the subsequently formed Creede 
caldera to the southeast topographic wall of the La Garita 
caldera where it wedges out abruptly. Remnants of crystal
rich Mammoth Mountain Tuff 5-20 m thick are preserved 
near the Continental Divide 35-40 km south of Creede, 
indicating that the unit spread widely in this direction 
over the smooth top of Carpenter Ridge Tuff. 


Near the postulated source, the products of the 
Mammoth Mountain eruptive cycle show structural 
relations that may indicate nearby caldera subsidence · 
related to the ash-flow eruptions. The rudely layered rocks 
at the base of the section-the Farmers Creek Tuff 
(Farmers Creek Rhyolite of Steven and Ratte, 1965 )-and 
most of the overlying phenocryst-poor tuff are inclined 
10°-15° NE. The dip of this compaction foliation flattens 
in the younger quartz-latitic rocks; the change in dip is 
about coincident with the change in lithology and takes 
place within a vertical span of about 50 m. This change in 
dip is interpreted to reflect structural disturbance during 
Mammoth Mountain eruptions, a structural disturbance 
perhaps related to caldera collapse at the source vents. 


Most of any Mammoth Mountain caldera that may have 
existed was destroyed by the younger Creede caldera. The 
size or shape of the postulated caldera is unknown, except 
that it must be within the topographic wall of the Creede 
caldera, which exposes pre-Mammoth Mountain rocks on 
its northern, eastern, and southwestern segments. 
Numerous viscous quartz-latitic lava flows that probably 
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FIGURE 19.-Distribution of Mammoth Mountain Tuff (diagonal lines) 
in relation to probable source area (S) and San Juan volcanic field 
(shaded). 


accumulated near their own vents overlie the Mammoth 
Mountain Tuff east and northeast of the Creede caldera 
and may represent the outer parts of flows and domes 
erupted marginally around the postulated Mammoth 
Mountain caldera. 


SOURCE OF THE WASON PARK TUFF 


The Wason Park Tuff is a simple cooling unit of rhyo
litic ash-flow tuff that spread widely over the central San 
Juan volcanic field (fig. 20) and seems centered on the 
younger Creede caldera (fig. 1 ). North of the Creede 
caldera, the Wason Park fills the upper parts of the same 
rough topography that confined the Mammoth Moun
tain Tuff. It is largely confined to the moats around there
surgent La Garita and Bachelor calderas where it rests on 
thick tongues of Mammoth Mountain Tuff, and it thins or 
wedges out laterally against the resurgent cores or topo
graphic walls of these calderas. To the west, south, and 
southeast, however, the Wason Park Tuff spread widely as 
a thin sheet on top of older ash-flow sheets. 


The Wason Park Tuff has a volume greater than 100 
km3 (Ratte and Steven, 1967, p. H34) and is sufficiently 
voluminous that subsidence should have resulted at the 
source (Smith, 1960, fig. 3), but no caldera structure is 
exposed within the area covered by the sheet. The only area 
large enough for subsidence related to Wason Park Tuff is 
under the younger Creede caldera, which is near the center 
of the area of distribution of the thickest and most densely 
welded Wason Park Tuff. White pumice blocks charac
teristic of the Wason Park Tuff are larger near the Creede 
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FIGURE 20.-Distribution of Wason Park Tuff (diagonal lines) in rela
tion to probable source area (S) and San Juan volcanic field (shaded). 


caldera than in the distal parts of the sheet (Ratte and 
Steven, 1967, fig. 16), and may indicate proximity to 
source. A local lava flow closely similar in lithology to the 
densely welded Wason Park Tuff underlies the Wason 
Park along the northeast rim of the Creede caldera (Ratte 
and Steven, 1967, fig. 15B), again suggesting a nearby 
source. 


SAN LUIS AND COCHETOPA PARK CALDERAS 


Although completely separate subsidence structures, 
the San Luis and Cochetopa Park calderas (figs. 21 and 22) 
are so intertwined in evolution that they are considered 
together. Furthermore, the San Luis caldera appears to be 
a compound structure consisting of two overlapping 
subsided blocks that formed in sequence during separate 
periods of ash-flow eruptions. 


Stratigraphic uncertainties preclude confident inter
pretation of the evolution of these calderas. The history of 
past usages of the Rat Creek, Nelson Mountain, and 
Cochetopa Park as rock-stratigraphic units chronicles the 
confusion that has stemmed from attempts to correlate 
virtually identical rock types from area to area; nearly 
every report dealing with these units that has been pub
lished since 1964 treats them differently. This report 
continues this confusing practice because none of the 
previous usages permits reconstruction of a coherent 
history of evolution of the calderas. 


In its type locality in the Creede mining district (Steven 
and Raw~, 1964, 1965 ), the Rat Creek Tuff consists largely 
of soft white nonwelded to slightly welded zeolitized tuff, 
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FIGURE 21.-Generalized geology of the San Luis and Cochetopa Park calderas in relation to remnants of the Bachelor (B) 
and La Garita calderas. Control moderate to good where boundaries are ·shown by solid symbols; conjectural where 
shown by open symbols. E, general area of the Equity mine; S L P, San Luis Peak. 


with a ledge of densely welded tuff 10-30 m thickjustabove 
the middle. The Rat Creek is overlain by Nelson Mountain 
Tuff, a densely welded quartz latite containing 15-30 
percent phenocrysts. Steven and Ratte (1965, p. 37) 
included in the Nelson Mountain the large mass of 
propylitized densely welded tuff (the Equity Quartz Latite 
as used by Emmons and Larsen, 1923) that fills the lower 
part of the San Luis caldera, although they could not 
prove physical continuity. 


After extensive regional mapping in the central and 
northern San Juan Mountains, Steven, Lipman, and 
Olson (1974, p. A80) concluded that the densely welded 
rocks in the San Luis caldera were probably the intra
caldera equivalent of the Rat Creek Tuff, and called them 
the Equity Member of that formation. Overlying densely 
welded tuffs on the riorth and northeast sides of the caldera 
were correlated with the lithologically identical Nelson 
Mountain Tuff at its type locality. These overlying welded 
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FIGURE 22.-Generalized geology of the Creede and San Luis calderas in relation to remnants of the Bachelor (8) and 
La Garita calderas. Control moderate to good where boundaries are shown by solid symbols; conjectural where shown 
by open symbols. PR, Point of Rocks volcano; S, Spar City. 


tuffs extend into their apparent source area in the 
Cochetopa Park caldera to the northeast. Younger post
subsidence tuffs filling the Cochetopa Park caldera were 
called the Cochetopa Park Member of the Nelson 
Mountain Tuff. 


Continued work in the northwestern San Juan 
Mountains has shown that something is wrong with this 
interpretation of the stratigraphic assemblage. Major 
densely welded ash-flow tuffs in the Lake City area (40 km 
northwest of Creede) almost certainly are equivalent w the 
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Nelson Mountain Tuff at its type locality in the Creede 
mining district, but details of distribution and volume 
make it highly unlikely that they were derived from the 
Cochetopa Park caldera. This forces the following tenta
tive conclusions: 


I. The correlation of Nelson Mountain Tuff in its type 
locality in the Creede district with lithologically 
identical tuffs northeast of the San Luis caldera 
probably is wrong. 


2. The original correlation of Nelson Mountain Tuff 
with the densely welded (Equity) tuffs in the San Luis 
caldera by Steven and Ratte ( 1964, 1965) probably is 
correct. The Equity Member is therefore removed from 
the Rat Creek Tuff and assigned to the Nelson 
Mountain Tuff. 


3. The densely welded tuffs north and northeast of the San 
Luis caldera, apparently derived from the Cochetopa 
Park caldera, constitute a separate unit younger than 
the Rat Creek and Nelson Mountain Tuffs. We there
fore remove the Cochetopa Park Member from the 
Nelson Mountain Tuff and raise it to formational rank 
as the Cochetopa Park Tuff. 


The interpretations that follow assume that these tenta
tive conclusions are generally correct, but repeated 
examinations of critical field relations and petrographic 
studies have failed to develop the firm criteria for dis
tinguishing these units that will be required for confident 
evaluation of our evolutionary model. 


COMPOUND SUBSIDENCE OF THE SAN LUIS CALDERA 


As currently (1975) understood, the Rat Creek Tuff 
appears to be a relatively low volume assemblage of poorly 
welded rhyolitic ash-flow tuffs confined largely to the 
vicinity of the Creede mining district (Steven and Ratte, 
1965 ). Several factors imply a nearby source: ( 1) at least one 
local volcano of Rat Creek age is well exposed in the heart 
of the Creede district (Steven and Ratte, 1965, p. 35); (2) a 
local ledge of densely welded tuff occurs just above the 
middle of the Rat Creek Tuff within the Creede district; 
and (3) a small subsidence structure (caldera) of Rat Creek 
age is located along the northwest side of the Creede 
district. This last structure, described below, is here 
considered an early stage in the development of the 
compound San Luis caldera (fig. 21). 


The regional sheet of Rat Creek Tuff ranges widely in 
thickness because of rough underlying topography. It is 
150-200 m thick through the central part of the Creede 
district, but to the northeast it wedges out completely 
against an eroded fault scarp cutting the resurgent core of 
the La Garita caldera. North of the Creede district:, the Rat 
Creek is cut off by the topographic wall of the main San 
Luis caldera. 


In the early stage of the San Luis caldera along Miners 
Creek northwest of the Creede district (fig. 21), soft 
zeolitized tuffs that are physically continuous with type 
Rat Creek Tuff fill a partly exposed subsidence structure 
that has a steep arcuate fault along the south and south
west sides. To the north and northeast, this caldera is 
largely covered by younger rocks and relations are almost 
totally obscured; the map pattern (figs. 21 and 22) implies 
that the northern part of the caldera caved into the main 
San Luis caldera which developed shortly afterward. 


Soft tuffs of the Rat Creek accumulated to a thickness of 
more than 350m within the early caldera and are at least 
twice as thick as nearby correlative outflow tuffs. The 
intracaldera tuffs are flat lying and show no evidence of 
resurgence. The faulted margin is largely obscured by 
massive landslides, but it can be estimated to within a few 
metres along one gully where it appears to be very steep. 
E;_lsewhere the fault is indicated by juxtaposition of thick 
intracaldera Rat Creek Tuff and flat-lying older rocks in 
the wall. Two intrusives were emplaced along or near the 
faulted margin. One is a major neck, more than I km 
across, that clearly occupies the fault; the other forms a low 
knob, 500 m across, completely surrounded by landslide 
debris. 


Several features indicate a Rat Creek age for the early 
caldera. The wall outside the fa~lted margin includes 
rocks as young as Wason Park Tuff, which is the next 
oldest ash-flow unit in the San Juan Mountains, and 
locally may include the overlying andesite of Bristol Head 
which is directly beneath the Rat Creek Tuff just east of the 
early caldera. The local ledge of densely welded tuff in the 
upper part of outflow Rat Creek Tuff extends westward to 
the vicinity of the early caldera, but is nowhere found 
within the caldera, although the area of its projected 
position is well exposed. However, the caldera margin, 
whose development probably accounts for this 
discordance, is covered by surficial debris and younger 
lavas. The caldera fill is overlain by typical Nelson 
Mountain Tuff that extends from its type locality 
westward across the area of the early San Luis caldera. The 
Nelson Mountain forms an unbroken rim across the trend 
of the older faulted caldera margin without any change in 
thickness or evidence of deformation. 


The main San Luis caldera (figs. 21, 22, and 23) is now 
thought to have subsided concurrently with eruption of 
the Nelson Mountain Tuff, and at least 1.5 km of 
phenocryst-rich quartz latite accumulated within the sub
siding basin, whereas the outflow sheet nearby is only 
about 300 m thick. This thick mass of intracaldera ash 
welded into a dense, nearly homogeneous rock with only a 
few local less-welded partings. Later propyllitic alteration 
further homogenized the rock and obscured partings. The 
base of the intracaldera Nelson Mountain Tuff is exposed 
locally within the north-central part of the caldera core 
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FIGURE 23.-Distribution of Nelson Mountain Tuff (diagonal lines) 
in relation to San Luis caldera (S) and San Juan volcanic field 
(shaded). 


where densely welded quartz latite directly overlies a local 
hill, probably a volcanic dome, of older rhyolite. Some 
probable Carpenter Ridge Tuff is exposed on the north 
flank of this hill, but its relations with the adjacent 
rhyolite are obscure. No soft tuff representative of Rat 
Creek ash flows is exposed on this buried hill, but the 
lower parts of the caldera floor where such tuff deposits 
might more reasonably be expected are nowhere exposed. 


Subsidence of the main San Luis caldera produced a 
broad basin nearly 15 km across. Intermediate to silicic 
lavas and breccias of the volcanics of Stewart Peak 
accumulated within the northern and eastern parts of this 
basin, and were locally accompanied by deposits of stream 
and lake sediments (figs. 21 and 22). Most intracaldera 
lavas around the eastern side of the caldera are rhyodacite 
and quartz latite, but perlitic rhyolite flows are abundant 
along the north margin. All known dike and neck feeders 
for the intracaldera lavas are within the caldera core. The 
eastern margin of the caldera block again subsided locally 
during eruption of the intracaldera lavas, as indicated by a 
fault with at least 500 m of throw that places the lower part 
of the volcanics of Stewart Peak within th.e caldera against 
older Fish Can yon Tuff in the wstll. The fault passes under 
unbroken Cochetopa Park Tuff to the north, and ledges of 
this younger unit representing successive ash flows both to 
the north and south intertongue with younger lavas on the 
Stewart Peak sequence, providing an upper age limit for 
the renewed subsidence. 


SUBSIDENCE OF THE COCHETOPA PARK CALDERA. 


Ash flows of the Cochetopa Park Tuff that were 
deposited in the San Luis caldera area (fig. 1) during 
accumulation of the intracaldera volcanics of Stewart 
Peak had their source in the Cochetopa Park area, some 30 
km northeast. Minor phenocryst-poor rhyolite ash accu
mulated near the source, but the eruptions soon changed 
to crystal-rich quartz latite that is seemingly identical with 
the Nelson Mountain Tuff. The Cochetopa Park ash flows 
followed the nearly filled moat around the northern side of 
the La Garita caldera (fig. 1) and inter-tongued with the 
volcanics of Stewart Peak within the San Luis caldera (fig. 
24). 
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FIGURE 24.-Distribution of the Cochetopa Park Tuff (diagonal lines) 
in relation to Cochetopa Park caldera (C) and San Juan volcanic 
field (shaded). 


In contrast with the larger San Juan calderas, where 
subsidence occurred concurrently with ash-flow 
eruptions, the Cochetopa Park caldera collapsed after 
major eruptions had ceased, as indicated by lack of 
thickening of the intracaldera tuff. In further contrast with 
the larger calderas, the Cochetopa Park caldera did not 
form a complete circular structure, but subsided as a trap
door bounded by a horseshoe-shaped fault. The south
western margin did not fracture, but merely bent down
ward and tilted eastward. A trough, probably representing 
a graben, formed along the northwest side of the caldera 
core, and a tilted, northeast-trending ridge of Cochetopa 
Park Tuff dipping 5°-10° E. extended beyond the middleof 
the caldera (fig. 21 ). An inner ring-fracture zone can be 
postulated to account for major subsidence (fig. 21 ). 
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Maximum displacement on the northeastern side of the 
trapdoor is 700-800 m, as judged from the height of the 
topographic wall in this direction. 


After the inner trapdoor block had subsided, or perhaps 
concurrently with subsidence, the walls of the caldera 
slumped inward along arcuate faults that nearly surround 
the downfaulted parts of the caldera. The breakaway zone 
near the hingeline of the trapdoor on the west side of the 
caldera is a splintered area of many faults and jumbled 
relations between blocks. Elsewhere, the slumped blocks 
are bounded by curved, linking faults that are concave 
toward the subsided trapdoor. Locally along the northeast 
side, no slumping took place. 


Minor pyroclastic eruptions after subsidence of the 
Cochetopa Park caldera deposited local moderately to 
densely welded ash-flow tuffs near the hinge line and thick 
nonwelded pumiceous ash-flow tuff within the caldera 
east of the medial ridge (fig. 21 ). The trough (graben?) 
northwest of the medial ridge was filled with sandy 
tuffaceous stream deposits and a few layers of air-fall tuff. 
The two facies merge in the northeastern part of the 
caldera about on trend with the medial ridge. Layering in 
the tuffaceous caldera fill is flat and shows no resurgence 
of the caldera core. In places the caldera fill covers arcuate 
faults of the outer slumped zone and provides an upper 
limit on the age of that faulting. 


A thick rhyolite flow with a prominent black vitrophyre 
at its base was erupted through the caldera fill about on 
trend with the medial ridge, and eroded remnants still 
persist as the feature called Cochetopa Dome. 


RESURGENCE OF THE SAN LUIS CALDERA 


Whereas minor resurgence of the San Luis caldera may 
have preceded or accompanied eruption of the intra
caldera volcanics of Stewart Peak, most resurgence took 
place later. Densely welded layers of the Cochetopa Park 
Tuff, representing many successive ash flows from the 
Cochetopa Park caldera, intertongue with the upper 
volcanics of Stewart Peak and are involved in this 
resurgent uplift. North of the caldera, the Cochetopa Park 
Tuff is inclined less than 10° in various directions, but 
near the caldera margin the layers are bent up along a 
curving hingeline and dip 20°-25° radially outward from 
the resurgent core. In part, this hingeline is marked by a 
fault with little displacement and the change in dip is 
sharp; elsewhere no fault is apparent and the change in dip 
is less abrupt. South of the caldera, resurgence is locally 
marked by an abrupt change in dip from flat layers of 
Nelson Mountain Tuff outside the caldera to layers 
dipping 15° or so southward off the dome within the 
caldera. Near the Equity mine in the northern part of the 
Creede district, however, local resurgence uplifted a 
triangular block, 1.5-3 km on a side, nearly a kilometre 
(Steven and Ratte, 1965). 


This resurgence was somewhat asymmetrical to the San 
Luis caldera. The small remnant of the early subsided 
block along the southwest side of the caldera is not domed, 
and evidence of resurgence is apparently limited to the 
main caldera and to an area extending about a kilometre 
beyond the eastern and northeastern structural margin of 
the caldera. The edge of resurgent uplift on the north side 
of the San Luis caldera is just inside the outer topo
graphic wall, and possibly is outside the buried structural 
margin. 


The minimum structural relief caused by resurgence is a 
little less than a kilometre, as indicated by the elevation 
difference between the top of flat-lying Nelson Mountain 
Tuff outside the caldera and the top of San Luis Peak 
within the caldera. On the north side of the caldera, this 
difference is about 1.4 km, whereas on the south side it is 
about 0. 7 km; as discussed later, this contrast reflects 
tilting caused by late general uplift of the roof of the 
batholith that underlies the central part of the San Juan 
volcanic field. 


POSTCALDERA LAVAS 


Resurgence of the San Luis caldera was followed by 
development of a line of volcanoes that extends westward 
from the caldera about 14 km. The eastern part of these 
postcaldera volcanic rocks, as shown in figures 21 and 22, 
consists of coarsely porphyritic lavas and breccias (the 
quartz latite of Baldy Cinco) that were erupted from many 
local vents, some within the western part of the San Luis 
caldera. Over most of their extent, these lavas and breccias 
rest on flat ledges of densely welded Nelson Mountain 
Tuff or Cochetopa Park Tuff, but on the east they abut and 
wedge out against tilted volcanics of Stewart Peak and 
Nelson Mountain Tuff in the resurgent core of the San 
Luis caldera. Apparently most of the western third of the 
caldera was once covered by these rocks. Lavas of similar 
age and composition (quartz latite of Rambouillet Park) 
(Steven, 1967) extend farther southwest, toward the south
east margin of the Uncompahgre caldera. 


CREEDE CALDERA 
The Creede caldera (fig. 22) formed in response to 


eruption of the Snowshoe Mountain Tuff about 26.5 m.y. 
ago and is the youngest subsidence structure in the central 
San Juan caldera complex. Its form is clearly reflected in 
the modern landscape. (See frontispiece, Ratte and Steven, 
1967, for a color panorama of the Creede caldera.) The 
excellently preserved topographic form of this structure 
has resulted primarily from burial of all but the higher 
parts of the resurgent core by stream and lake sediments of 
the upper Oligocene Creede Formation that were not 
removed by erosion until late Cenozoic time (Steven, 1968, 
p. 114). Development of the Creede caldera was considered 
in detail by Steven and Ratte (1965, p. 58-62), and Smith 
and Bailey (1968, p. 625-626) used it as one of their seven 
examples of typical resurgent cauldrons. 
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The Creede caldera subsidence was localized along the 
southwest margin of the La Garita caldera (fig. 22); it 
obliterated the south part of the Bachelor caldera and the 
larger part of any calderas related to eruptions of the 
Mammoth Mountain and Wason Park Tuffs. 


Initial eruptions of the phenocryst-rich quartz latite 
forming the Snowshoe Mountain Tuff spread a thin, 
poorly welded sheet over the flat surfaces of earlier ash
flow tuffs in adjacent areas (fig. 25 ). Subsidence began 
shortly thereafter and proceeded concurrently with 
eruption. More than l. 4 km, and perhaps more than 2 km, 
of nearly uniform crystal-rich ash accumulated within the 
subsiding basin; most of this is densely welded, but a few 
partings are less welded. 


0 100 KILOMETRES 


FIGURE 25.-Areas where erosional remnants of Snowshoe Mountain 
Tuff are preserved (diagonal lines) in relation to Creede caldera (C) 
and San Juan volcanic field (shaded). 


Tongues of talus and rockfall breccia (Steven and Ratte, 
1965, p. 42) extend into at least tbe upper 700 m of the 
intracaldera Snowshoe Mountain Tuff along the western 
side of the caldera, and probably are present but 
unexposed elsewhere within the intracaldera tuffs. These 
breccias clearly indicate subsidence concurrent with 
accumulation of the Snowshoe Mountain Tuff, and 
demonstrate that the developing caldera wall exposed 
rocks as old as Wason Park Tuff at least episodically 
during subsidence. The successive rude layering and 
compaction foliation in the Snowshoe Mountain Tuff are 
virtually parallel, and indicate that the core of the caldera 
sank as a coherent mass, rather than in piecemeal blocks. 


Final subsidence left a basin 12-15 km across, with steep 
walls rising l-1. 4 km above the flat floor. These walls were 


unstable, and great masses fell off to form tongues of rock
fall breccia that extended over the caldera floor. The north
east wall of the caldera, where densely welded Mammoth 
Mountain and Wason Park Tuffs overlie soft tuffs, was 
particularly susceptible to avalanching, and a broad 
crescent-shaped scallop, 8 km wide and 3 km deep, 
developed in the outer wall. Breccias derived from the 
northeast wall of the caldera (Steven and Rattl, 1965, p. 42-
43) have been identified more than halfway across the 
caldera, 8-l 0 km from their source. 


The core of the Creede caldera was strongly domed after 
subsidence, and the center of the dome was uplifted more 
than 1.5 km above the structural moat left around the 
periphery. The eastern part of the uplift is a simple half 
dome with the layers of Snowshoe Mountain Tuff dipping 
radially outward 25°-45°. A deep north-trending graben 
extends across the center of the uplift; displacement is 
minor near the north and south ends of the graben, but 
exceeds 700 m near the center of the dome. Internal 
structure of the graben is complex (Steven and Ratte, 1965, 
pl. l ), but its general form is a fractured keystone block 
across the distended top of the resurgent dome. The west 
part of the resurgent core was less regularly uplifted; the 
northern flank was tilted northwest and broken by 
faulting and the western flank was tilted generally west
ward and was progressively more uplifted toward the 
south. 


A small dome of auto brecciated rhyolite (Point of Rocks 
volcano) formed along the west side of the Creede caldera 
at some time just preceding, during, or immediately after 
resurgent doming. Pebbles of similar rhyolite have been 
found in some avalanche breccias caught in jumbled fault 
blocks along the keystone graben, suggesting that this 
volcano may have formed before resurgence. On the other 
hand, the eruption may have followed resurgent uplift, 
inasmuch as a local exposure shows the feeding neck to be 
nearly vertical where it cuts across strongly inclined layers 
of Snowshoe Mountain Tuff. 


Resurgence of the Creede caldera was followed by 
eruption of flows and domes of Fisher Quartz Latite at 
places around the periphery and by deposition elsewhere 
of the stream and lake sediments and travertine of the 
Creede Formation. Closely accordant K-Ar age deter
minations of Fisher lavas indicate that this stage in the 
Creede caldera cycle took place about 26.4 m.y. ago. Most 
of the postcaldera lavas were erupted from centers north
east and south of the caldera. Ash-flow deposits in the con
currently deposited Creede Formation are most abundant 
toward the south, indicating that Fisher centers in this 
direction supplied much of the ash that elsewhere was 
reworked into the predominant stream-and lake-sediment 
facies. Travertine in the Creede Formation was deposited 
widely around the periphery of the caldera; consideration 
of the timing of deposition and of carbon isotope ratios led 
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Steven and Friedman (1968, p. B32-B33) to conclude that 
the carbonate was derived from underlying sedimentary 
carbonate units by resurgent magma rising into the roots 
of the Creede caldera. The Creede Formation is presently 
exposed over a vertical range of more than 700 m; the 
bottom of the basin of deposition is not exposed and the 
top of the formation is eroded. The original thickness of 
the formation was more than a kilometre and was possibly 
as much as 1.4 km. 


The final major stage in structural disruption that has 
been recognized in the vicinity of the Creede caldera was 
strong local faulting accompanied by mineralization in 
the Creede mining district adjacent to the north margin of 
the caldera (Steven and Ratte, 1965) and in the Spar City 
mining district along the south margin of the caldera 
(Steven, 1964). Steven (1972) and Steven and Eaton (1975) 
have interpreted the faulting and mineralization in the 
Creede district to have resulted from local intrusion of a 
stock into the roots of a preexisting broken zone. This 
intrusion may have been the terminal stage of the Creede 
caldera cycle or, more probably, may have been a later 
unrelated event, inasmuch as K-Ar age determinations on 
adularia from the OH vein in the Creede district indicate 
that mineralization took place there about 24.6 m.y. ago 
(M. A. Lanphere, P. M. Bethke, P. B. Barton, written 
commun., 1973), nearly 2 m.y. after caldera subsidence. 


LATE GENERAL MAGMATIC UPLIFT 


A broad zone extending from the Platoro caldera 
complex northwest through the central San ] uan caldera 
complex was broken by normal faults late in the period of 
caldera development. Faults that developed at this time 
extend along the crest of the eastern part of the gravity low 
(fig. I); these faults are thought to reflect uplift and 
distention related to a general buoyant rise of the whole 
eastern part of the batholith, where evidence for con
current magmatism is strong. 


Faulting took place in two general segments-the Rio 
Grande graben (figs. 1 and 22) extending southeast from 
the central caldera complex, and the Clear Creek graben 
(fig. I) extending tangentially northwest from the caldera 
complex. Some faults in the Rio Grande graben were 
recurrently active, particularly near the northwest end, 
where we recognized several increments of displacement 
related to the progressive breakdown of the southwestern 
half of the La Garita caldera. Recurrent movement is also 
evident at the southeast end of the graben system, where 
Miocene basalts of the Hinsdale Formation are locally 
involved. The main graben faulting, which integrated 
some of the earlier faults into a regional pattern, took 
place during the Creede caldera cycle. Many of the faults 
cut Nelson Mountain Tuff and are in turn overlapped by 
unbroken Fisher Quartz Latite that was erupted late in the 
Creede caldera cycle. The northwest-trending faults are 
generally parallel to the trend of the underlying batholith. 


This same part of the batholith was the source of repeated 
ash-flow eruptions and caldera subsidences during and 
just before graben development, indicating high-level 
activity in the underlying magma chamber. Some Rio 
Grande graben faults terminate to the southeast against a 
north-trending fault that closely parallels the eastern 
margin of the gravity low-again implying a close 
relationship between the faulting and distention of the 
roof above an active segment of the batholith. 


As shown on figure I, the Clear Creek graben (Steven, 
1967) extends tangentially northwest from the southwest 
side of the central San Juan caldera complex. Its trend is 
parallel to the southwest side of the gravity low in the 
south-central part of the volcanic field. Where the graben 
extends across the gravity low toward the north, it 
separates an area of then-recent ash-flow eruptions and 
caldera subsidences to the east from an area of older ash
flow eruptions and caldera subsidences to the west. The 
graben reflects distention of the roof of the batholith, and 
it also marks relative uplift of the area to the east (Steven, 
1967), toward the area of concurrently active magmatism. 
To the north, faulting changes from a graben to a west
facing normal fault and then to a northwest-facing 
monocline that bends around the northwest side of the San 
Luis caldera and dies out as it approaches the margin of 
the gravity low. As discussed earlier, the Nelson Mountain 
Tuff is about 0. 7 km higher to the south of the San Luis 
caldera than it is to the north-a discordance believed to 
measure some of the late general uplift of the area above 
the batholith. 


The Clear Creek graben began to develop during the 
closing stages of the San Luis caldera cycle, and may have 
been about concurrent with the Creede caldera cycle. The 
west-facing normal fault at the north end of the graben 
already existed when the quartz latite of Baldy Cinco was 
erupted, inasmuch as lavas of this unit poured over and 
covered a scarp related to the fault. Relations are 
ambiguous near the Creede caldera at the southeast end of 
the graben, where widespread glacial till obscures much of 
the bedrock. We saw no evidence that the graben existed 
when the Creede Formation was being deposited, yet none 
of the faults can be demonstrated to cut the Creede 
Formation. At least one fault on trend with the Clear Creek 
graben cuts Fisher Quartz Latite flows in the Spar City 
mining district on the south side of the Creede caldera, but 
this might reflect late reactivation of an earlier fault. 


The Rio Grande and Clear Creek grabens are thus 
believed to reflect general distention and minor buoyant 
uplift of the eastern part of the batholith, where intense 
ash-flow activity and caldera subsidence demonstrated 
concurrent high-level magmatism in the underlying 
batholith. The faulting dies out southeastward and north
westward as it approaches the margins of the related 
gravity low, and no related graben faults of this age are 
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present in the western part of the gravity low where ash
flow eruptions and caldera subsidences are older. 
However, the intricate pattern of veins and small faults 
that radiate outward froin the Silverton caldera may reflect 
analogous broad uplift during waning stages of volcanism 
in that area. 


BLOCK-FAULTED AREA 


An area west and southwest of the Mount Hope caldera 
is also broken by faults that were recurrently active during 
the period of caldera formation. This structurally some
what anomalous area seems localized where the south 
margin of the gravity low, and presumably of the sub
volcanic batholith (fig. 1 ), extends southwest across a thick 
wedge of Paleozoic-Mesozoic sedimentary rocks marking 
the northern extension of the San Juan Basin (fig. 1). The 
faults have the general pattern of a short ladder (fig. 14), 
with two northeast-trending faults bounding an area cut 
into narrow blocks by irregularly northwest trending steep 
faults. Several periods of movement can be discerned. 


The oldest faulting followed deposition of the inter
tongued Masonic Park welded tuffs and Sheep Mountain 
andesitic lavas, and preceded deposition of the Fish 
Canyon Tuff. A later period of faulting is indicated in the 
eastern part of the highly faulted area, where andesitic 
breccias and minor flows in the Huerta Formation thin 
abruptly from more than 1,500 m to about 70 m thick 
eastward across a buried scarp on the Fish Canyon Tuff. 
This scarp probably marks a local fault that was active 
between deposition of the Fish Canyon Tuff and the 
Huerta Formation. 


The main faulting followed eruption of the andesitic 
lavas and breccias of the Huerta Formation. The ladder
shaped pattern of faults formed at this time and the general 
result was to depress the area toward the caldera area to the 
north. These faults are superimposed on the steep gravity 
gradient along the south side of the underlying batholith 
(fig. 1 ), and the general effect of the faulting was to warp a 
local segment of the roof downward toward the batholith 
across its southwestern margin. This faulting did not 
coincide with any particular ash-flow eruption, but rather 
followed accumulation of episodically erupted andesitic 
lavas and breccias at a number of local volcanic centers. 
The movement thus probably resulted from magmatic 
movements within the batholith and distention along its 
south margin. This distention may have been in part 
localized by the relatively incompetent prevolcanic sedi
mentary sequence in this area. 


Many of the faults that formed during the main post
Huerto faulting were reactivated later, after the Carpenter 
Ridge Tuff accumulated. In places, this reactivated move
ment was in the same direction as the earlier movement, 
and in other places, the direction of displacement was 
reversed. Most of the post-Carpenter Ridge faulting 


appears to have reflected minor readjustments 1n the 
already broken roof of the batholith. 


The youngest faults within this area reflect shallow 
gravity sliding of the south flank of the volcanic pile out 
over underlying Cretaceous shales. Fracturing took place 
along crescentic faults facing southward toward the edge 
of the volcanic plateau (fig. 14). The rocks enclosed within 
these faults were dropped downward toward the south, 
and tilted northward 30° or more by concurrent rotation. 
These faults are related to the present erosional scarp 
along the south side of the volcanic plateau, and are not 
directly related to the older faults that resulted from 
magmatic movement during late Oligocene volcanic 
activity. 


DISCUSSION 


DEVELOPMENT OF THE BATHOLITH 


Calderas and related subsidence structures in the San 
Juan volcanic field are situated within a marked negative 
gravity anomaly that is believed to reflect an underlying 
shallow batholith. Successive ash-flow eruptions and 
caldera collapses in the volcanic pile above this batholith 
probably mark the local culminations of upward move
ment of magma: when the roof of an individual chamber 
became so thin that it failed, voluminous ash was erupted 
rapidly and a caldera collapsed into the partly evacuated 
magma chamber. Resurgent upwardmovementofmagma 
domed many of the calderas and caused extrusion of lavas 
along the earlier formed structures. High-level 
magmatism, as manifested by volcanic eruptions and 
related structural adjustments, diminished at each center 
as the underlying cupola crystallized. 


Using this model, we can trace the development of the 
high-level batholith beneath the San Juan volcanic field 
from the histories of the successive calderas. The early 
calderas are widely scattered and are either on the margins 
of the gravity low or on outward projections from it. Most 
of these early calderas developed within clusters of older 
andesitic stratovolcanoes, and the postsubsidence 
eruptions were commonly of intermediate lavas similar to 
the older andesites. We interpret these calderas to have 
developed above isolated high-level cupolas of magma 
that developed in the roots of older volcanoes before the 
main body of the batholith rose to its present position. The 
upper parts of these cupolas differentiated to quartz latite 
and low-silica rhyolite, which formed the ash-flow tuffs 
associated with the early calderas, but the quantity of 
silicic material was limited, and the postsubsidence lavas 
were from the underlying relatively undifferentiated 
andesi tic magma. 


The later calderas and associated structures are above 
the main body of the batholith as indicated by gravity data. 
At least 12 separate calderas formed within about 3 m.y. 
This intens.e activity is believed to reflect the rise of the 
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batholith in two main high-level segments corresponding 
to the two main caldera complexes. The segment beneath 
the western San Juan Mountains rose to shallow depths 
about a million years before the central San Juan segment, 
but high-level magmatic activity in each segment over
lapped in time. 


The top of the batholithic mass of magma was 
extensively differentiated-to phenocryst-poor rhyolite in 
the upper parts of local cupolas, and to large volumes of 
phenocryst-rich quartz latite beneath. Ash-flow eruptions 
in the western San Juan Mountains depleted the more 
silicic differentiates in the upper parts of the magma 
chambers, and the postsubsidence lavas were more mafic 
intermediate-composition rocks from progressively 
greater depths in the chambers. In the central San Juans, 
however, even the largest ash-flow eruptions did not 
exhaust the differentiated material in the underlying 
chambers, and the postsubsidence lavas that were erupted 
around the calderas are typically porphyritic quartz latites 
which are related in composition to the associated ash flow 
tuffs. Local andesitic volcanoes not closely associated with 
the calderas tapped deeper, little-differentiated parts of the 
batholith throughout the period of ash-flow eruptions 
and caldera subsidences. 


The Lake City caldera in the western part of the San 
Juan volcanic field, which is related to eruptions of the 
petrologically distinct alkali rhyolite of the Sunshine Peak 
Tuff, collapsed about 4 m.y.later than the youngest major 
eruptions of andesitic and derivative rocks from the central 
and western parts of the San Juan volcanic field. This late 
caldera is believed to have formed above a later high-level 
magma chamber unrelated to the earlier segments of the 
batholith. 


These interpretations suggest some time limitations on 
the magmatic life span of a shallow, composite batholith 
100 km across. After about 5 m.y. (during the period from 
35 to 30 m.y. ago) of intensive eruption of andesitic lavas 
from many scattered centers, local magma chambers 10-30 
km across had risen to shallow depths beneath some of the 
larger volcano clusters, and had differentiated sufficiently 
to supply large-volume eruptions of silicic ash. Within the 
next 4 m.y. (30-26 m.y.) the batholith evolved from this 
collection of scattered chambers to a broad shallow mass of 
extensively differentiated magma, and then to virtual 
dormancy. Within another 4 m.y. (26-22 m.y.), the lower 
part of the batholith had congealed sufficiently to permit a 
younger, petrologically distinctive body of magma to 
work its way up to similar shallow depths, while still 
retaining its compositional identity. 


RELATION OF ASH-FLOW ERUPTIONS AND CALDERA 
SUBSIDENCE 


An essentially one-to-one relationship exists between 
major eruptions of ash flows and subsidence of calderas in 


the San Juan volcanic field. Unresolved is the volume of 
ash required to make this maxim operative. Most of the 
ash-flow sheets we have mapped have either very small 
(<10 km3) or moderate (100-500 km3) to large (>500 km3) 


volumes; caldera subsidence is known or suspected to have 
been associated with all the moderate-volume sheets and 
invariably accompanied the large-volume sheets. Several 
of the calderas associated with moderate-volume ash-flow 
sheets did not form complete circular collapse structures, 
but subsided as trapdoors hinged on one side. Such 
calderas generally were not resurgently domed after 
subsidence. Calderas associated with large-volume sheets, 
on the other hand, generally are complete subcircular 
structures, and commonly were resurgently domed after 
collapse. 


All large-volume ash-flow units are much thicker 
within the calderas, typically by an order of magnitude, 
than in the surrounding outflow areas. This relationship 
is most easily explained by subsidence concurrent with 
eruption. Many of the large-volume units are compo
sitionally zoned from early rhyolite to later quartz latite. In 
most, the rhyolite is confined to the base of the outflow 
sheet, commonly near the source, and the exposed intra
caldera tuff is entirely quartz latite. This suggests that by 
the time ash-flow eruptions had removed sufficent magma 
to cause collapse, the rhyolitic material at the top of the 
chamber was usually exhausted. Alternatively, initiation 
of collapse may have disrupted the vent systems and caused 
tapping of deeper, less differentiated parts of the magma 
chamber. No generalization can be made concerning the 
beginning of subsidence relative to composition of the ash 
being erupted, however, as the relative volumes of 
rhyolitic versus quartz-latitic ash vary widely from one 
sheet to another. At the extremes, no rhyolite at all has 
been found at the base of the Fish Canyon Tuff, which 
forms the largest sheet in the San Juan field, whereas 
rhyolite dominates in both the outflow and intracaldera 
facies of the large-volume Sapinero Mesa and Carpenter 
Ridge Tuffs. 


DIFFERENTIATION IN LOCAL CUPOLAS 


Evidence for independent differentiation at separate 
volcanic source areas supports the idea that the successive 
.calderas developed above local cupolas that projected 
above the general top of the batholith. This postulate is 
inherent in our interpretation of the development of the 
widely scattered early calderas, but appears valid for the 
clustered calderas in the western and central San Juan 
complexes as well. 


In the western San Juan caldera complex, contrasting 
phenocryst-rich quartz-latitic Ute Ridge Tuff and 
phenocryst-poor rhyolitic Blue Mesa Tuff were erupted 
sequentially from calderas only a few kilometres apart, 
and individual magma chambers with separate 
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RESURGENCE differentiation seem required. The later series of eruptions 
of rhyolitic Dillon Mesa and Sapinero Mesa Tuffs, 
progressively more mafic lavas and breccias of the Burns Two broad types of magmatic uplift and general uplift 
and Henson Formations, and rhyolitic Crystal Lake Tuff, related to calderas in the San Juan volcanic field have been 


recognized-in one, the uplift was closely confined to the all from within the confines of the San Juan-
caldera and the immediately adjacent area and occurred Uncompahgre-Silverton caldera cluster, chronicle the 


sequence of depletion of the differentiated magma at the soon after collapse; in the other, however, broader uplift 
top of one major cupola, establishment of another cupola, involved major segments of the roof of the batholith and 


occurred over an extended period. These two types of further differentiation, and, finally, renewed eruptions of 
regenerated rhyolite. Inasmuch as only about 2 m.y. magmatic uplift merge and are, in places, difficult to 


distinguish. intervened between eruptions of the Ute Ridge and Crystal 
Lake Tuffs, these sequential high-level magmatic Virtually none of the smaller calderas in the San Juan 
processes must have progressed rapidly. volcanic field show evidence of resurgent doming after 


· subsidence. Fairly clear-cut relations indicating no 
The major La Garita caldera in the central San Juan resurgent doming are found at the Summitville, Ute 


Mountains occupied much of the roof of the eastern Creek, Silverton, and Cochetopa Park calderas, as well as 
segment of the batholith. The associated ash flows show at the buried or postulated Lost Lake, Mammoth 
virtually no evidence of compositional zoning; evidently, Mountain, and Wason Park calderas. Of these, the 
little highly silicic material had accumulated at the top of Silverton, Cochetopa Park, and probably the Ute Creek 
the broad magma chamber that supplied the enormous calderas subsided as trapdoor blocks with horseshoe
quantities of ash for the Fish Canyon Tuff. The magma shaped incomplete ring-fracture zones interrupted by 
chambers that developed successively along the west side monoclinal hinges on one side; the buried Lost Lake 
of the La Garita caldera, however, were strongly caldera possibly may have subsided in a similar manner. 
differentiated. Rhyolite is a major constituent in the The Summitville caldera is deeply buried by a fill of 
Carpenter Ridge, Mammoth Mountain, and Wason Park andesite flows, and the postulated Mammoth Mountain 
Tuffs, which followed in succession from closely and Wasson Park calderas were largely or completely 
associated source areas. Each of these units has distinctive destroyed by younger subsidences. 
phenocryst characteristics requiring separate develop- Most major San Juan calderas were resurgently domed 
ment, and the first two are strongly compositionally zoned shortly after subsidence. The Platoro, La Garita, Bachelor, 
upward from phenocryst-poor rhyolite to phenocryst-rich . San Luis, Creede, and Lake City calderas display such 
quartz latite. All three of these units evidently developed doming particularly well, and the Bonanza caldera may 
under conditions that permitted local differentiation belong to this group. These are the typical resurgent 
within sequentially formed restricted chambers. cauldrons so well described by Smith and Bailey (1968), in 


The later Rat Creek, Nelson Mountain, Cochetopa 
Park, and Snowshoe Mountain Tuffs are from more 
widely scattered centers, for which local cupolas can 
readily be postulated. Except for the rhyolitic Rat Creek 
Tuff, these units are mostly composed of closely similar 
phenocryst-rich quartz latite, although the Cochetopa 
Park Tuff has some rhyolitic ash at its base. The overlap in 
time of the areally separate San Luis and Cochetopa Park 
caldera cycles also indicates concurrently developing, 
separated cupolas containing individually differentiated 
batches of magma. 


Considering the number of calderas that developed 
sequentially within the approximately 4 m.y. of ash-flow 
activity above the San Juan batholith, differentiation must 
have been relatively rapid to generate silicic magma at the 
tops of the individual cupolas. This is particularly true for 
the succession of Fish Canyon, Carpenter Ridge, 
Mammoth Mountain, and Wason Park Tuffs, where the 
related calderas and source areas apparently overlap and 
the individual high-level magma chambers had to develop 
and differentiate in sequence. 


which uplift was a definite stage in the caldera cycle (stage 
V) and was closely confined to the collapsed block and a 
narrow belt around the margin. Uplift clearly seems to 
have resulted from the rise of a central pluton beneath the 
subsided block, and often was accompanied by escape of 
magma along the marginal ring-fracture zones. The 
uplifted blocks within these calderas range from nearly 
symmetrical domes cut by tensional fractures (the Creede, 
Lake City, San Luis, and probably La Garita and Bachelor 
calderas) to tilted trapdoor blocks (the Platoro caldera). 


Less well defined is the long-continued uplift of the area 
of the western San Juan caldera complex. Although some 
typical resurgence-in the sense described by Smith and 
Bailey (1968)-of both the San Juan and Uncompahgre 
calderas may have taken place, the main uplift was of long 
duration and involved an oval-shaped area that included 
both calderas. It began shortly after collapse of the San 
Juan and Uncompahgre calderas, continued through 
filling by locally derived lavas and sediments of the Burns 
and Henson Formations, eruption of the Crystal Lake tuff 
and resultant subsidence of the Silverton caldera, and 
further filling by ash flows from intracaldera sources in 
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the central San Juan Mountains. Quite possibly the total 
period of recurrent uplift spanned a million or more years. 
This long-continued activity may have resulted in part 
from general buoyant uplift by the major magma chamber 
that underlay the whole western caldera complex. 


Another example of late general uplift is the Mount 
Hope caldera. We saw no evidence for postcollapse 
resurgence, and the succeeding Fish Canyon Tuff appears 
to have passively filled a deep depression. After filling, 
however, the whole area of the caldera was broadly 
upwarped, and so several of the overlying ash-flow sheets 
wedged out laterally against a low dome in the caldera 
area. Again, slight buoyant uplift above either a persisting 
cupola of magma, or a later renewed incursion of magma, 
would account for the relations seen. This type of uplift, 
and to a lesser extent that displayed in the Uncompahgre 
and San Juan calderas in the western part of the volcanic 
field, seems transitional to the broad buoyant uplift that 
affected the whole eastern part of the shallow batholith, as 
described in the section on "Late magmatic uplift." 


MINERALIZATION 


Only about a third of the calderas in the San Juan 
volcanic field are significantly mineralized (Steven, 
Luedke, and others, 1974). These calderas all had complex 
postsubsidence histories involving recurrent intrusion 
and extrusion of magma along the ring-fracture zones and 


related grabens. Some mineralization may have taken 
place during terminal stages of the associated caldera 
cycle, but the association of mineralization with a given 
caldera cycle generally seems tenuous, and the caldera 
seems principally to have provided fractures that guided 
later igneous intrusion and hydrothermal activity. 


The Creede mining district occupies a radial graben on 
the north side of the Creede caldera. Faulting began 
during resurgence of the Bachelor caldera, and was 
reactivated several times later during the volcanic history 
of the area. The last faulting took place either late in the 
Creede caldera development cycle or shortly thereafter, 
when a generally equidimensional area 5-6 km across just 
outside the Creede caldera wall was broken, probably by 
intrusion of a stock at depth (Steven and Eaton, 1975). 
Important silver, lead, zinc, copper, and gold ores were 
deposited widely in fractures in the heart of the broken 


area (Steven and Ratt{, 1965 ). The Creede caldera subsided 
about 26.5 m.y. ago, whereas the ores were deposited about 
24.6 m.y. ago (M.A. Lanphere, P.M. Bethke, and P. B. 
Barton, written commun., 1973). These dates are perhaps 
too widely separated for the mineralization to be 
considered a terminal phase of the Creede caldera cycle of 
development and should, instead, be considered a later, 
unrelated event. 


Mineralization around the nested Platoro and Summit
ville calderas is even less closely tied to the caldera cycles. 


The calderas formed 29-30 m.y. ago in response to the 
repeated ash-flow eruptions of the Treasure Mountain 
Tuff (Lipman and Steven, 1970; Lipman, 197 5a). The 
ring-fracture zones of these calderas were the sites of 
repeated igneous intrusion that began shortly after caldera 
subsidence and continued to about 20 m.y. ago. 
Significant mineral deposits seem to be concentrated 
where ring fractures of the Summitville and Platoro 
caldera complex intersect a regional northwest-trending 
fault zone (fig. 1) in the Summitville, Stunner, and Platoro 
mining districts. Other mineralized areas in or near this 
complex, at Crater Creek, Jasper, and Cat Creek, are also 
localized by caldera-margin faulting and igneous activity. 
The ores at Summitville have been dated by K-Armethods 
as 22.4 m.y. old (Mehnert, Lipman, and Steven, 1973b), 


; and thus are much too young to be tied to the main caldera 
cycles. 


The western San Juan Mountains have a complex 
history of mineralization with several distinct periods of 
ore deposition extending over an interval of about 15 m.y. 
in late Tertiary time (Lipman and others, 1976). In the 
Lake City area, scattered mineral deposits, currently of 
limited economic significance, occur in the intrusive cores 
of intermediate-composition stratovolcanoes that were 
active between 35 and 30 m.y. ago, before any of the ash
flow eruptions that resulted in caldera collapses. 
Significant vein and disseminated mineralization 
occurred within northern parts of the Uncompahgre 
caldera after it collapsed about 28 m.y. ago, but before 
collapse of the Lake City . caldera during eruption of the 
Sunshine Peak Tuff 22.5 m.y. ago. This timing is 
indicated by mineralized areas cut off by the younger 
subsidence and fragments of mineralized rock in land
slide debris within adjacent parts of the Lake City caldera 
fill. Additional vein and disseminated mineralization 
occurs within and adjacent to the Lake City caldera, and is 
therefore younger than 22.5 m. y. old. 


Major veins that follow faults of the Eureka graben (fig. 
13) between the Lake City and Silverton calderas seem also 
to have formed after collapse of the Lake City caldera, 
although the graben faults existed as pre-Lake City 
structures. Later mineralization seems indicated by the 
following field relations: (1) We saw no altered rocks or 
vein fragments in landslide breccias within the Lake City 
caldera adjacent to the Eureka graben, although veins and 
mineralized rocks along graben faults extend to the 
structural margin of the caldera. (2) At Engineer Pass on 
the northwest side of the Eureka graben, silicic quartz 
porphyry intrusions that cut the Sunshine Peak Tuff, 
which was erupted from Lake City caldera, occur at the 
junction of a hydrothermally altered breccia pipe with 
associated mineralized veins and have yielded K-Ar and 
fission-track ages of 15-22 m.y. (H. H. Mehnert and C. N. 
Naeser, written commun., 1974). These silicic quartz 
porphyry intrusives, which form a well-defined northeast
trending belt extending about 40 km from northwest of 
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Silverton to north of Lake City, range from quartz latite to 
silicic rhyolite and granite. They are petrologically 
distinct from dated intrusions of the main cycle of ash 
flows and caldera collapse, which occurred at about 28 
m.y., but they have close petrographic affinities to 
magmas of the 22.5-m.y. Lake City cycle. 


In the productive Red Mountain district, on the west 
side of the Silverton caldera, intense alteration and 
breccia-pipe mineralization are similarly associated with 
silicic quartz-porphyry intrusions that have been dated at 
22-23 m.y. (H. H. Mehnert and C. N. Naeser, written 
commun.,_ 1974), suggesting that mineralization in this 
area is young and genetically unrelated to the Silverton 
caldera cycle. The ages of the major vein systems south
east and northwest of the Silverton caldera are less certain, 
but at least some of the major veins southeast of Silverton 
cut quartz-porphyry intrusions similar to those in the 
Engineer Pass and Red Mountain areas, and replacement 
ores associated with the rich veins on the northwest side of 
the Silverton caldera have yielded adularia K-Ar ages of Il
l 7 m. y. (F. S. Fisher and H. H. Mehnert, written commun., 
1974). Thus, much-perhaps all-of the productive 
mineralization structurally associated with the Silverton 
caldera appears to have occurred at least 6-10 m.y. later 
than formation of the caldera 28 m.y. ago. The caldera 
appears to have acted mainly as a structural control, with 
some mineralization genetically associated with quartz
porphyry intrusions that are petrologically distinct from 
volcanic rocks erupted during the caldera-forming 
process. 


The primary function of calderas in mineralization thus 
appears to be the preparation of zones of weakness in the 
roofs of major magma~hambers. If conditions at depth are 
favorable, som~ of t~ese zones are the sites of recurrent 
igneous intrusion and extrusion, locally accompanied by 
hydrothermal activity and mineralization. Whether this 
activity is the terminal stage of a specific caldera cycle, or is 
later and generally independent, seems accidental at our 
present incomplete state of knowledge. 
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Executive Summary 1 


On August 5, 2015, a field investigation of the Gold King Mine 
(GKM) near Silverton, CO, inadvertently triggered an estimated 
release of 3 million gallons of acidic, mine-impacted waters into 
the Animas River. These waters had been dammed by a 
collapsed mine structure and rock at the mine entrance, causing 
the waters to back up and become pressurized. This report is a 
scientific evaluation that focuses on understanding the river 
conditions before the GKM release; the movement of the GKM 
release through the river system; and what has happened to the 
river since the time of the event.  


Specifically, EPA looked at: (a) the GKM effects on water 
quality after the release; (b) whether or not the water quality 
returned to pre-event conditions; (c) whether or not there was a 
second wave of contamination following storms and/or spring 
snow melt when high flows could remobilize deposits; and (d) 
whether or not any remaining GKM impacts could be detected 
given the legacy contamination from historic mining in the 
region. 


The initial GKM release first flowed into nearby Cement Creek. 
Cement Creek flows 12.5 km (8 mi) into the Animas River near 
Silverton, CO. The Animas River then flows 203 km (126 mi) 
where it joins the San Juan River near Farmington, NM. The San 
Juan river flows 347 km (215 mi) until it flows into Lake Powell 
in Utah. The GKM release crossed three state lines and three 
tribal lands over a 9-day period for an approximate total distance 
of 550 km (342 mi). This river system has a long history of 
leaking mine waste contamination from hundreds of old and 
abandoned mines throughout the region. Acid mine waste 
contamination historically has settled along these river banks 
and in the sediment beds. High river flow or snow melt can 
remobilize the contaminants, impacting water quality throughout 
the river system to Lake Powell. 


Historically, mine waste had been piled up outside the Gold 
King mine entrance for many years. The initial load of metals 
contained in the GKM release increased significantly as the 
mine water traveled down the hillslope and along Cement Creek, 
picking up additional metals from the waste pile and streambed 
along the way. EPA estimates that approximately 490,000 kg 
(close to 540 tons) of metals, mostly iron and aluminum, entered 
into the Animas River over the 9-hour period of the release.  


GKM Release 
9 hours of pressurized mine 
impacted waters scoured the 
hillside with approximately 1% 
total metal load coming from 
inside the mine and 99% total 
metal load from a waste pile 
located on the hillslope outside 
the mine. 


EPA estimates that approximately 
490,000 kg (close to 540 tons) of 
metals, dominated by iron and 
aluminum, entered into the 
Animas River over the 9-hour 
period of the release.   


The total amount of metals 
entering the Animas River 
following the release was 
comparable to the amount of 
metals carried by the river in one 
to two days of hig h spring runoff. 
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The iron and aluminum reacted with the river water to cause 
the characteristic bright yellow color that was visible for days 
as the plume traveled down the river system. 


EPA estimates that one percent of the metals came from inside 
the mine itself while 99 percent of the metals were scoured 
from the waste pile on the hillslope and the Cement Creek 
streambed. Approximately 15,000 kg, or 3 percent, of the 
original total metal mass was initially in dissolved form and 
475,000 kg was in a fine, clay-like solid form. Generally, 
dissolved metals are considered more toxic, more reactive, and 
more mobile than solid metals.  


EPA analyzed data from samples collected by EPA, states and 
tribes from the affected rivers during and after the GKM 
release to estimate where and when the plume passed, and 
what happened to the metal contaminants as it flowed, like 
historic acid mine contamination, through the river system to 
Lake Powell. To allow for a robust comparison to historic 
conditions, EPA scientists reviewed U.S. Geological Survey 
(USGS) historic studies of acid mine drainage under similar 
high flow scenarios. According to the analysis, the volume of 
the GKM release was equivalent to four to seven days of 
ongoing GKM acid mine drainage. The total amount of metals 
entering the Animas River following the release was 
comparable to the amount of metals carried by the river in one 
to two days of high spring runoff; however, the concentration 
of metals during the peak of the plume passage was much 
higher than historic spring runoff conditions. 


As the plume traveled downstream, the metal concentrations 
within the plume decreased as it was diluted by river water and 
as some of the metals in the plume settled to the river bed. 
EPA estimates that approximately 90 percent of the solid metal 
load initially settled in the Animas River bed and that 
dissolved metal concentrations decreased to pre-event 
conditions by the time the plume flowed into the San Juan 
River. Although the GKM metal deposits were highly visible 
as a bright yellow color, they were on average similar to 
existing metal concentrations stored in the river sediments 
from years of mining activity in the region. 


The GKM plume flowed into the sediment-rich San Juan River 
where the small amount of remaining solid metals mixed with 
the large existing sediment load. The San Juan River bed 
naturally has low metal concentrations; however, the river has 
a very large amount of mobile sediment during storms and 


Historical Sampling Data 


EPA researchers analyzed hundreds of 
water quality samples and approximately 
50 sediment samples provided by USGS 


Post Gold King Mine Release Data 


EPA researchers analyzed: 


• 1758 total and dissolved water samples
collected by EPA, states and tribes
through August 2016


o Approximately 56% of samples
came from the Animas River and
44% from the San Juan River


• 963 sediment samples collected by
EPA, states and tribes through
September 2016


o Approximately 66% of samples
came from the Animas River and
34% from the San Juan River and
Lake Powell


• Samples were collected from 294 sites
throughout the total River system.


Animas River in Colorado 
(River km 0 to 150):  


• returned to pre-event levels in the
weeks after the release


• stayed at pre-event levels through the
winter


Animas River in New Mexico 
(River km 150 to 192):  


• Initially returned to pre-event levels
after 15 days


• Most dissolved metals increased after
the August 2015 storm


San Juan River  
(River km 193 to 540) 


• Increased Aluminum and Iron in Animas
were carried into San Juan
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high flow events. Because of this, water quality in the San Juan River is strongly related to the 
amount of sediment in the water; the concentrations of metals in the sediment in the San Juan 
River can exceed the concentrations of all the metals found in the GKM plume. On the day the 
GKM plume passed, lead and arsenic were found to be elevated relative to background levels of 
the San Juan River. Relatively higher levels of lead, and to a lesser extent arsenic, were 
characteristic of the GKM release metals. Although elevated, these metals were not uniquely 
higher than what is typically seen in high flow periods such as a major storm or spring snowmelt. 


Data indicate that water quality returned to pre-event conditions within two weeks after the 
GKM plume passed. Three weeks after the mine release, a large storm centered in Aztec, NM, 
flushed some of the deposited GKM metals from the lower Animas River and the San Juan River 
to Lake Powell. After the storm flushed these deposits, water sampling showed elevated levels of 
dissolved aluminum and iron in both rivers that persisted through the 2015 fall months. During 
this time, the dissolved metals exceeded tribal aluminum human contact-related criteria, and 
Utah aquatic chronic criteria, and New Mexico irrigation criteria.  


Samples collected did not exceed EPA’s recreational screening levels. Some metal 
concentrations contributed to sporadic exceedances of state and tribal water quality criteria at 
times for nine months in some locations. EPA and states establish water quality standards based 
on the use of the water to protect human health and aquatic life. In addition to these factors, tribal 
standards also consider tribal cultural uses, and are often more stringent than state or federal 
standards. Thus, tribal standards were exceeded more often, even during average flow periods 
because of historical background contamination. Metals from the GKM release also may have 
contributed to some exceedances during the 2016 spring snow melt. Other exceedances may 
reflect longstanding issues of mining wastes in the region as well as natural levels of common 
elements such as aluminum and iron in soils and rocks in the area. EPA will continue to work 
with states and tribes to interpret and respond to these findings. 


There were no reported fish kills in the affected rivers, and post release surveys by multiple 
organizations have found that other aquatic life do not appear to have suffered harmful short-
term effects from the GKM plume. Longer-term monitoring continues to evaluate potential 
chronic impacts from the GKM release deposits that may have been added to ongoing 
impairment from legacy mining activity. 


As part of the monitoring study, EPA explored whether or not the metals from the GKM release 
could have potentially contaminated water supply wells in the floodplain aquifers of the Animas. 
There are hundreds of water supply wells located in the floodplain of the Animas River in 
Colorado and New Mexico. EPA analysis showed that only a small number of wells potentially 
draw in water from the river because groundwater in this area generally flows into the river, 
rather than the river water flowing into the wells. The concentrations of metals in well-water 
samples collected after the plume passed did not exceed federal drinking water standards. 


The 2016 spring snowmelt period remobilized metals that had settled in the sediment in the river 
system. EPA’s analysis showed concentrations of metals in the water and sediment were elevated 
throughout the Animas and San Juan Rivers. While some of the metals in the upper Animas were 
expected from regional acid mine drainage contamination as established by the USGS in earlier 
studies, there was strong evidence that a portion of the metals came from recent streambed 
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deposits associated with the GKM release. Concentrations were low, but the duration of 
snowmelt strongly implies that the mass of GKM metals that had settled in the river beds was 
moved downstream to Lake Powell by the end of the snowmelt period. Monitoring through the 
summer and fall of 2016 shows that metal concentrations in water and sediment have returned to 
pre-event conditions throughout the Animas and San Juan Rivers. Monitoring throughout spring 
2017 should confirm our finding that, similar to historic acid mine contamination, the remaining 
contamination from GKM has flowed through the river system to Lake Powell. The USGS and 
state partners will be studying core samples from Lake Powell to evaluate metal contamination in 
the sediments. 


Summary of key findings from the fate and transport of the GKM event: 


• This river system has a long history of leaking mine waste contamination from hundreds
of old and abandoned mines throughout the region.


• EPA analysis indicates as of Fall 2016 contamination of metals from the GKM release
have been transported through the Animas and San Juan River system to Lake Powell.


• The GKM release included aluminum, iron, manganese, lead, copper, arsenic, zinc,
cadmium, and a small amount of mercury.


• The Gold King Mine release was equivalent to four to seven days of ongoing GKM acid
mine drainage. The total amount of metals entering the Animas River following the 9-
hour release was comparable to the amount of metals carried by the river in one to two
days of high spring runoff. However, the concentrations of metals were higher than
historical acid mine drainage.


• Samples collected did not exceed EPA’s recreational screening levels. Some metal
concentrations contributed to exceedances of state and tribal water quality criteria at
times for 9 months in some locations. EPA and states establish water quality standards
based on the use of the water to protect human health and aquatic life. In addition to these
factors, tribal standards also consider tribal cultural uses, and are often more stringent
than state or federal standards. Thus, tribal standards were exceeded more often, even
during average flow periods because of historical background contamination. Metals
from the GKM release also may have contributed to some exceedances during the 2016
spring snow melt. Other exceedances may reflect longstanding issues of mining wastes in
the region as well as natural levels of common elements such as aluminum and iron in
soils and rocks in the area. EPA will continue to work with states and tribes to interpret
and respond to these findings.


• The 2016 spring snowmelt remobilized the metals that had settled in the sediment
throughout the river system. This was expected based on historic observations. Some of
the metals were due to the GKM release. Concentrations of metals in both sediment and
water returned to pre-event concentrations by the end of the snowmelt period.


• Ground water modeling suggests that a few wells located in the floodplain within 100
meters of the Animas River had the potential to draw river water, possibly including
dissolved metals, during the time the GKM release plume passed. Most ground water in
the affected area flows towards the river rather than from the river toward the wells. The
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concentrations of metals in well-water samples collected after the plume passed did not 
exceed federal drinking water standards. 


• Results from this analysis will inform future monitoring by EPA, states and tribes,
including decisions about what is monitored; where monitoring takes place; and when
monitoring takes place.


• EPA is committed to working with States and Tribes in the areas affected by the Gold
King Mine release to ensure the protection of public health and the environment.












Thousands of abandoned hard-rock
metal mines (such as gold, copper,
lead, and zinc) have left a dual legacy
across the Western United States.
They reflect the historic development
of the West, yet at the same time
represent a possible threat to human
health and local ecosystems. 


Abandoned Mine Lands (AML) are
areas adjacent to or affected by
abandoned mines. AML’s often
contain unmined mineral deposits,
mine dumps (the ore and rock
removed to get to the ore deposits),
and tailings (the material left over


from the ore processing) that contam-
inate the surrounding watershed and
ecosystem. For example, streams
near AML’s can contain metals and
(or) be so acidic that fish and
aquatic insects cannot live in them.


Many of these abandoned hard-rock
mines are located on or adjacent to
public lands administered by the
Bureau of Land Management,
National Park Service, and U.S.
Forest Service. These Federal land
management agencies and the USGS
are committed to mitigating the
adverse effects that AML’s can have
on water quality and stream habitats. 


The USGS AML Initiative began in
1997 and will continue through 2001
in two pilot watersheds - the Boulder 


River basin in southwestern Montana
and the upper Animas River basin in 
southwestern Colorado. The USGS is
providing a wide range of scientific
expertise to help land managers
minimize and, where possible,
eliminate the adverse environmental
effects of AML’s. USGS ecologists,
geologists, water quality experts,
hydrologists, geochemists, and
mapping and digital data collection
experts are collaborating to provide
the scientific knowledge needed for an
effective cleanup of AML’s.


Goals of the USGS AML Initiative: 


• Develop a watershed-based
approach to provide scientific infor-
mation needed for cost effective
cleanup of AML’s.


The USGS Abandoned Mine Lands Initiative
Protecting and Restoring the Environment Near Abandoned Mine Lands


U.S. Department of the Interior
U.S. Geological Survey


USGSFact Sheets 095-99
January 1999


The Abandoned Mine Lands
Initiative is part of a larger
strategy of the U.S. Department
of the Interior and the U.S.
Department of Agriculture to
clean up Federal lands contam-
inated by abandoned mines.


Silverton Colo., at the mouth of the Upper Animas River, surrounded in the background by the headwaters of the Animas
watershed where over 1,500 abandoned mines may be affecting downstream water and ecosystem quality.


Tailings filling the High Ore Creek valley, Boulder River 
watershed southwestern Montana in 1997. The creek eroded
a channel through the tailings, washing them down to the
Boulder River and enriching the water with metals.







• Determine the physical, biological
and chemical processes that control
the environmental effects of AML’s. 


• Provide scientific information for
the design and implementation of
AML cleanup methods.


• Transfer scientific methods devel-
oped in the two pilot watershed
studies to other AML’s nationwide.


• Demonstrate the ability of science
to solve an important national envi-
ronmental problem in a timely
fashion.


• Develop effective working relation-
ships with stakeholders, land manage-
ment age n c i e s , and reg u l at o ry age n c i e s .


USGS Research Is Making A
Difference


• Tracer tests, in which a harmless
tracer, such as dye, is put into a stream
and its downstream movement meas-
ured and modeled, are successfully
identifying the largest sources of
AML contamination and enabling
efficient targeting of cleanup
activities.


• Measurements of water quality and
quantity in both pilot watersheds have
made possible the study of seasonal
and other temporal variations in the
movement of contaminants. For
example, these studies showed that


on approximately 354 days a year
zinc levels in the upper Animas
River exceeded the standards
proposed by the Colorado Water
Quality Control Division.


• Metal concentrations in fish and
invertebrates in the two pilot
watersheds were found to be higher
than in the surrounding water and
bottom sediments. These measure-
ments show that metals (some of
which are toxic) are accumulating
in the local food chain. Researchers
have also determined how these
metals (such as cadmium, copper,
lead, and zinc) move downstream to
settle and accumulate in the bottom
sediment of rivers and streams.


• In some cases, water quality near
AML’s was affected by the natural
weathering of mineral deposits before
mining occurred. Because of this,
scientists are working to determine
the environmental conditions that
existed before mining began in
order to establish realistic cleanup
goals for an area.


• Mapping of the two pilot AML sites
has identified those areas where land
surfaces and stream channels have
been affected by historic mining
activities.


The Future of AML Initiative
Research


USGS AML Initiative activities will
conclude in the year 2001 with a
summary of lessons learned for
successful implementation of a
watershed approach to characterize
contamination from AML. Land
managers will then be able to apply
these lessons to remediate AML sites
in other watersheds. One lesson
already learned by the USGS is that
the success of this initiative depends
upon an interdisciplinary team of
scientists working together with
Federal land managers to provide
science-based solutions to AML
reclamation.


Information


For more information on Abandoned
Mine Lands research at the USGS,
please visit our Web sites at
http://amli.usgs.gov/amli/ and
http://www.usgs.gov.


A natural spring in Prospect Gulch, upper Animas
watershed in southwestern Colorado. Its red iron coloring
and metals enrichment are caused by ground water coming
in contact with naturally occurring minerals present as a
result of ancient volcanic activity in the area.


Biologists collecting samples of aquatic insects from a site impacted by mining activity.
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The Animas River watershed is one 
of many watersheds in the western United 
States where historical mining has left a 
legacy of acid mine drainage that results 
in elevated concentrations of potentially 
toxic trace elements. Many inactive mine 
sites are located on or directly affect 
Federal lands. Cleaning up these Federal 
lands and restoring the watersheds 
will require a substantial investment of 
resources and many years of work before 
the aquatic ecosystem can recover. As 
part of a cooperative effort with Federal 
land-management agencies, State natural 
resource agencies, the U.S. Environmental 
Protection Agency, and concerned local 
citizens, the U.S. Geological Survey 
(USGS) implemented the Abandoned 
Mine Lands Initiative in 1997. USGS 
scientists have since completed a compre-
hensive study to understand processes and 
assess sites in the watershed for reme-
diation. These data, coupled with those 
collected from private sites by the Animas 
River Stakeholders Group, State of 
Colorado, Bureau of Land Management, 
and USDA Forest Service, will be used by 
regulatory agencies having the responsi-
bility for watershed cleanup.


Results of this investigation, pub-
lished in USGS Professional Paper 1651, 
include studies of geology, rock and sedi-
ment geochemistry, surface- and ground-
water geochemistry, a mine inventory, 
district production and milling history, 
and distribution and health of aquatic 


and riparian biota. An environmental 
risk assessment for trout summarizes the 
biological impact of historical mining on 
aquatic fishery resources. Viable trout 
populations are present in some tributaries 
and parts of the Animas River upstream 
from the confluence with Mineral Creek, 
suggesting some overall improvement of 
aquatic habitat quality. However, little 
to no aquatic life occurs in the upper 
Animas River upstream of Animas Forks, 
the entire length of Cement and Mineral 
Creeks, and several smaller tributaries. 
Historically, parts of Cement and Mineral 
Creeks, the two major tributaries in the 
study area, were always acidic, contained 
high metal loads, and likely did not sup-
port any aquatic life other than species of 
algae that can tolerate those acidic condi-
tions (pH<4). Finally, the Professional 
Paper outlines the potential for long-term 
monitoring as a means to document 


ecological recovery following remedia-
tion implemented in the past decade by 
Sunnyside Gold, Inc., the Federal and 
State land-management agencies, and 
the Animas River Stakeholders Group. 
A compact disc of data collected during 
the study accompanies the volume.


Setting and Geology


The Animas River watershed study 
area (fig. 1), approximately 145 square 
miles, covers the northern portion of the 
Animas River drainage basin upstream 
of Silverton, Colo.; it also includes an 
extension south to Elk Park. Upstream 
from Silverton, the drainage basins 
of the three main tributaries, Mineral 
Creek, Cement Creek, and Animas River, 
delineate a rugged montane basin, rang-
ing in elevation from 9,305 ft at Silverton 
to more than 13,800 ft in the surrounding 
mountains. Elevations of the three Red 
Mountains (banner photo at top) range 
from 12,219 to 12,747 ft; these three 
peaks form the northwest boundary of 
the study area. The study area is accessi-
ble by U.S. Highway 550, from Durango 
on the south or from Ouray on the north.


The study area is underlain by 
Precambrian and Paleozoic rocks that 
were intruded and overlaid by the 
Oligocene Silverton Volcanics in a major 
caldera-forming event. Ring fractures 
control the course of the Animas River 
and Mineral Creek upstream from 
Silverton. Mineralization in the watershed 
was extensive, comprising at least five 
different periods beginning in the Oligo-
cene, 30 million years ago, and ending 
about 5 million years ago. Hydrothermal 
alteration has resulted in widespread 
areas of disseminated pyrite throughout 
the study area, weathering of which has 
resulted in large barren, iron-stained 
areas (banner photo) that release large 
amounts of acid and metals to surface and 
ground water.


The U.S. Geological Survey has completed an extensive environmental study of the  
 effects of historical mining on water and sediment quality and aquatic and riparian  
 habitat in the Animas River watershed upstream from Silverton, Colorado. Results  
 from this study are being used by Federal and State agencies and by the local  
 watershed stakeholders group to implement remediation and cleanup activities.


The Watershed Approach provides an effective means to rank and evaluate 
environmental impact of historical mining throughout a region: The mining-related 
sites that, upon evaluation, are shown to cause the greatest impact can become 
the subjects of remediation planning and implementation. This process helps land 
managers evaluate risk and focus remediation efforts on sites that may be the most 
deleterious to water quality and aquatic and riparian habitat.


Figure 1. General location map of study 
area, southwestern Colorado, U.S.A.







The Mining Era


Sometime during the 1700s, 
Spanish explorers discovered placer 
gold in Arrastra Creek, a tributary of the 
upper Animas River. Serious mineral 
exploration began in the early 1870s fol-
lowing discovery of placer gold by the 
Baker reconnaissance scouting team for 
the U.S. Army. Mining began in 1872 
following a treaty with the Ute Tribe 
and continued through 1991—when 
the last remaining site, the Sunnyside 
mine, closed. Mineral deposits include 
copper- and silver-rich breccia-pipe 
deposits associated with subeconomic 
porphyry copper-molybdenum depos-
its, and base- and precious-metal vein 
deposits containing silver, lead, zinc, and 
gold in hydrothermal vein deposits. The 
most productive mineral deposits were 
vein deposits mined primarily for their 
silver content.


Silver, lead, and gold were the 
primary commodities. Zinc was produced 
in minor quantities prior to World War I, 
but it became a major commodity follow-
ing the introduction of pre-flotation pro-
cessing in 1915. Zinc production expanded 
after the Sunnyside Eureka flotation mill 
opened in 1917, until the Great Depression 
forced the mine and mill to close. Much 
of the total mineral wealth extracted from 
the gold-bearing vein deposits came from 
the Shenandoah-Dives and Sunnyside 
mines in the upper Animas River basin. 
Total mineral production from the area 
is estimated at 18.1 million short tons 
of ore.


Mining and milling processes in 
the Animas River watershed are typi-
cal of those practiced throughout the 
West during the 19th and 20th centuries. 
Beginning in 1872, vein deposits were 
mined underground by small crews who 
selectively mined high-grade ore. Ore 
was hand-sorted and sent to smelters 
by mule pack train and later by wagon. 
Waste rock was discarded in open mine 


stopes or on mine-waste dumps outside 
the portal where the hand sorting was 
done. As more efficient methods of min-
ing and milling were developed and rail 
transport became available, increasingly 
larger amounts of lower grade ore were 
mined and processed. Waste rock was 
disposed of on mine-waste dumps outside 
the mine portal, and mill wastes were 
deposited into the nearest stream course. 
By 1930, before it closed due to falling 
metal prices during the Depression, 
the Sunnyside Eureka Mill (fig. 2) was 
processing more than 1,000 short tons of 
ore per day. Mill wastes were disposed of 
on the riparian zone of the Animas River 
and were periodically washed down-
stream by high spring runoff. Begin-
ning about 1935, mill wastes from the 
Shenandoah-Dives mine were retained 
in tailings ponds at the Mayflower Mill 
site. An estimated 8.6 million short tons 
of mill waste, about 47.5 percent of the 
total ore produced, were discharged 
into surface streams between 1872 and 
about 1935.


Environmental Effects


Historical mining occurred during 
a time when environmental effects of 
mining were poorly understood and of 
little understanding or concern to much 
of society. Effects of mining are notice-
able throughout the watershed (fig. 3). 
In many stream reaches, elevated trace-
element concentrations are the direct 
result of historical mining exemplified 
by zinc (fig. 4). Other potentially toxic 
trace elements (Al, Cd, Cu, Pb, and Mn) 
in both water and sediment resulting 
from historical mining activity show the 
same general distribution patterns. The 
presence of Paleozoic carbonate rocks as 
well as the carbonate in propylitic hydro-
thermal alteration in the upper Animas 
River basin resulted in good near-neutral 
water in the Animas River and many 
of its west-flowing tributaries (fig. 5). 
Tracer studies conducted in the watershed 
indicate that the Animas River upstream 
from Cement Creek contributes the larg-
est portion of the manganese. In contrast, 
water from Mineral Creek contributes 


Figure 3. View looking downstream (southwest) from confluence of Cement Creek (right) 
with Animas River (left). Iron colloids precipitate from more acidic surface water in Cement 
Creek (pH ≈ 3.5) upon mixing with more neutral water of Animas River. Some of the iron and 
much of the toxic metal load in Cement Creek are the result of historical mining in the Cement 
Creek basin.


Figure 2. Animas River valley at Eureka. Foundation 
of Sunnyside Eureka Mill is on hill at far left above 
road. Riparian zone downstream from the mill site was 
completely obliterated by discharge and storage of mill 
tailings during the mill’s operation (1917–1930). About 
1 meter of sediment accumulated on the flood plain as 
a result of disposal of mill tailings in the Animas River. 
The site was remediated by Sunnyside Gold, Inc., in 1996. 
Photograph by Kirk Vincent (1999).
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the largest portion of the copper load and 
Cement Creek the largest portion of the 
zinc and aluminum loads (fig. 6).


Not all of the poor water quality, 
degraded habitat, and acidic streams 
resulted from mining activities (fig. 4). 
Water chemistry and the colorful land-
scape in the western part of the water-
shed resulted from the weathering of 
altered pyritic rock (banner photograph). 
Weathering of pyrite in hydrothermally 
altered areas of the watershed prior 
to mining also results in significantly 
degraded water quality. The presence 


Figure 4. Zinc concentrations in A, pre-mining sediment, and B, modern sediment.


of numerous ferricrete deposits in both 
Cement and Mineral Creeks directly 
associated with extensive hydrothermal 
alteration in the western part of the study 
area is indicative of this process. For 
example, dissolved zinc concentrations 
measured in surface water vary widely 
throughout the watershed (fig. 5) and 
are also directly correlated with areas 
of extensive hydrothermal alteration. 
Releases of cadmium and copper from 
weathering of hydrothermally altered 
rock also limited viable aquatic habitat 
prior to mining.


Ecological impairment and habitat 
degradation are reflected through reduced 
abundance and diversity of aquatic inver-
tebrates, and in some cases, the absence of 
a viable fish community. Native cutthroat 
trout have been largely eliminated from 
study area streams with the exception of 
a few tributaries, and brook trout are now 
the only widespread fish species. Suitable 
winter habitat for trout is limited by the 
availability of deep pools; many of these 
have been filled or shallowed by the large 
sediment loads dumped into the surface 
drainage by historical mills. Biological 
data collected during this study allowed 
the assessment of current stream health 
and established a pre-remediation baseline 
for benthic macroinvertebrate popula-
tions and trout. Combining these data with 
hydrothermal alteration mapping, stream-
sediment geochemical data, and ground- 
and surface-water quality data provided a 
basis for a risk assessment for trout in the 
Animas River watershed (fig. 7). The dis-
tribution of fish and benthic macroinverte-
brates in the watershed generally reflected 
estimated toxicity risks associated with 
concentrations of aluminum, cadmium, 
copper, and zinc, which occurred at poten-
tially toxic concentrations in acidic stream 
reaches, although risks varied widely in 
neutral waters. Toxicity risk was greatest 
during late winter at base flow, especially 
in stream reaches where seasonal acidifica-
tion took place.


Figure 5. Distribution of dissolved zinc 
in surface water at low flow (late fall).
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Mine-Site Remediation
and Monitoring


As of 2004, funding for 20 reme-
diation projects was provided by Echo 
Bay, the parent company of Sunnyside 
Gold, Inc., prior to their release from their 
surface-water discharge permits. Many 
former mine sites operated by Sunnyside 
Gold, Inc., and its predecessors were 
cleaned up; draining mine adits were 
plugged; and mill tailings and mine wastes 
were moved to the Mayflower repository. 
Applying the watershed approach, Federal 
land-management agencies have remedi-
ated nine sites that contributed large metal 
loads to surface waters. The Animas River 
Stakeholders Group has secured funding, 
largely in the form of NPS 319 grants 
from EPA, to conduct remediation work 
on nine sites on private land. Remedia-
tion work is ongoing and will continue for 
many years.


Monitoring is an important tool 
for documenting the effectiveness of 
any remediation effort and assessing the 
recovery of ecological systems. With 
properly collected monitoring data, land 
managers can be more objective about 
the success of projects undertaken and 
remediation goals met, and they can learn 
from application of new remediation and 
reclamation technologies. Monitoring 
data are currently being collected by the 
Animas River Stakeholders Group and 
the Federal land-management agencies.


Figure 7. Zinc toxicity map showing 
categories of risk to aquatic life.


For further information contact:•	  Stan Church, USGS, Denver, Colo. (303) 236-1900 or schurch@usgs.gov, or visit the project 
website: URL: http://amli.usgs.gov/


For the complete report see:•	  Church, S.E., von Guerard, Paul, and Finger, S.E., eds., 2007, Integrated investigations of 
environmental effects of historical mining in the Animas River watershed, San Juan County, Colorado: U.S. Geological Survey 
Professional Paper 1651, 1,096 p. plus CD–ROM. URL: http://pubs.usgs.gov/pp/2007/1651/


This Fact Sheet is available online at: •	 http://pubs.usgs.gov/fs/2007/3051/


Any use of trade, product, or firm names is for descriptive purposes only and does not imply endorsement by the U.S. Government.


Figure 6. Percent of the total dissolved 
load of Al, Mn, Cu, and Zn calculated 
from tracer data, Animas River, Cement 
Creek, Mineral Creek, and Elk Creek.
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Introduction
The Animas River watershed is one of many watersheds 


in the western United States where historical mining has left 
a legacy of acid mine drainage and elevated concentrations of 
potentially toxic trace elements. Many abandoned mine lands 
are located on or directly affect Federal land. Cleaning up 
these Federal lands and restoring these watersheds will require 
a substantial investment of resources and many years of work. 
As part of a cooperative effort with Federal land-management 
agencies, the U.S. Geological Survey implemented an 
Abandoned Mine Lands Initiative in 1997. The two watersheds 
studied under the initiative are the Animas River watershed in 
Colorado and the Boulder River watershed in Montana (fig. 1). 
The goal of the initiative was to use the watershed approach 
to develop a strategy for gathering and communicating the 
scientific information needed to formulate effective and cost-
efficient remediation of affected lands in a watershed. The 
major premise of the watershed approach is that contaminated 
sites having the most profound effect on water and ecosys-
tem quality within an entire watershed should be identified, 
characterized, and ranked for remediation (Buxton and others, 
1997). Remediation of watersheds affected by historical mining 
should be done in phases and should be followed by sufficient 
monitoring to document the improvement of the aquatic and 
riparian habitat.


The watershed approach provides an effective means 
to evaluate the overall status of the Nation’s natural resources 
and to communicate these results to the public. Land- and 
resource-management agencies are faced with evaluating 
risks associated with thousands of historical mine sites in 
many watersheds on Federal lands, particularly in the west-
ern United States. The level of scientific study conducted 
for the Animas River watershed will not be feasible for 
every watershed affected by historical mining; however, 
the detailed scientific studies described herein can help 
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Federal land-management agencies decide which charac-
terization efforts would be most useful in evaluating other 
such watersheds. The watershed approach helps to focus 
remediation activities at sites where restoration will have 
the most overall benefit. We implemented the following in 
this investigation:


During this study, the watershed approach resulted in • 
the collection of extensive information on the geology 
and geochemistry of rock and sediment, the hydrol-
ogy and water chemistry of streams and ground water, 
and the diversity and health of aquatic and terrestrial 
organisms.


We inventoried historical mines and characterized • 
draining adits and mine and mill wastes.


We defined geologic conditions that control acidity • 
and release of potentially toxic trace elements.


We collected and chemically analyzed hundreds • 
of water, rock, sediment, and mine- and mill-waste 
samples.


We conducted toxicity tests, assessed fish distribution • 
and habitat, and analyzed fish tissue and biofilm.


We examined benthic macroinvertebrates and mapped • 
their distribution to evaluate ecosystem health.


We defined hydrological regimes, measured chemical • 
and physical parameters to define conditions of stream-
flow, and evaluated plausible sources of trace elements 
to streams.


We provide these data, along with the GIS cover-• 
ages developed during the study, in the database on 
the enclosed CD-ROM (Sole and others, this volume, 
Chapter G).







Study Area
The Animas River watershed study area is the northern-


most headwaters of the Animas River watershed in San Juan 
County, Colo. (fig. 1). It encompasses the drainage basins of 
the Animas River at and upstream from Silverton, Colo., its 
two main tributaries, Cement and Mineral Creeks, and a short 
reach of the Animas River downstream from the confluence 
with Mineral Creek (fig. 2). Gold was first discovered in the 
study area at the site of the Little Giant mine in Arrastra Creek 
in 1871, although the presence of an arrastre in Arrastra Creek 


indicates that Spanish explorers found some free-milling gold 
at this site more than a century earlier. Mineral exploration did 
not begin until after the signing of the Bernot Treaty with the 
Ute Tribe in 1873. Franklin Rhonda, a topographer with the 
1874 Hayden Survey, worked in the study area within a year 
after the establishment of the town of Silverton and described 
the water in both Cement and Mineral Creeks as iron sulfate 
waters that were undrinkable (Rhonda, 1876). Large quartz 
veins containing sulfide minerals are exposed at the surface in 
the study area. Studies of the complex geology and subsequent 
mineralization have been conducted in the area for more than a 
century (for example, Ransome, 1901; Burbank, 1933; Varnes, 
1963; Burbank and Luedke, 1968, 1969; Lipman, 1976; 
Lipman and others, 1976; Casadevall and Ohmoto, 1977; 
Bove and others, 2001). The terrain is rugged: the elevation 
of the town of Silverton is 9,305 ft, and some of the mountain 
peaks in the headwaters rise to more than 13,800 ft (fig. 2). 
Elevations of the three Red Mountains shown on the cover 
photograph range between 12,219 and 12,747 ft and form the 
northwest boundary of the study area at the headwaters of 
Mineral Creek.


The findings from studies that characterized the geologic 
setting, defined the structural, mineralogical, and hydrother-
mal characteristics of the mineral deposits, and summarized 
the mining history of the watershed are as follows:


Much of the study area is in a late Oligocene volcanic • 
center that erupted many cubic miles of lava and vol-
canic tuff and formed the Silverton caldera. The study 
area was subsequently extensively mineralized (Lipman, 
1976; Lipman and others, 1976; Bove and others, 2001; 
Yager and Bove, this volume, Chapter E1, pl. 1).


Multiple episodes of hydrothermal activity produced • 
widespread areas of alteration and caused exten-
sive mineralization following the formation of the 
Silverton caldera (Bove and others, 2001). Previous 
geologic mapping of the study area, compiled by 
Yager and Bove (this volume, pl. 1), provides a geo-
logic framework for subsequent interpretation of study 
results.


Bove and others (this volume, Chapter E3) mapped • 
zones of hydrothermal alteration using the data 
acquired by the Airborne Visible and Infrared Imaging 
Spectrometry (AVIRIS) instrument (Dalton and others, 
this volume, Chapter E2). Field testing of AVIRIS 
results and verification of the hydrothermal alteration 
suites by detailed field mapping and X-ray defraction 
results were used to develop the final maps. These field 
tests were used to refine the identification of hydro-
thermal mineral suites identified using the computer 
algorithms developed for AVIRIS data reduction 
(Clark and others, 2003; Dalton and others, 2004). As 
a result, AVIRIS spectroscopy has been shown to be a 
cost-effective tool for mapping hydrothermal mineral 
assemblages at the watershed scale.


Figure 1. Index map of the western United States showing 
the two watersheds studied during the U.S. Geological Survey 
Abandoned Mine Lands Initiative. Enlarged view shows Animas 
River watershed in southwestern Colorado.
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Five different hydrothermal alteration assemblages • 
were identified and the different water chemistry from 
each was characterized (Bove and others, this vol-
ume). A substantial component of the elevated metal 
concentrations and acidity in water can be attributed 
to weathering of hydrothermally altered rock. For 
example, the Red Mountains area (cover photograph) 
was heavily altered and mineralized, and the soil 
and surface water are so acidic that vegetation in the 
hydrothermally altered zones is sparse below tree line 
(Dalton and others, this volume; Mast and others, this 
volume, Chapter E7).


Airborne magnetic and electromagnetic surveys • 
show the crustal structure at three different depths 
(Smith and others, this volume, Chapter E4, pls. 3 
and 4). Buried plutons, mineralized structures, and 
fractures carrying conductive ground water were 
identified in the subsurface by use of geophysical data. 
These fractured aquifers have important implications 
for future remediation activities in the Animas River 
watershed.


Magnetic boundaries and changes in electrical con-• 
ductivity are associated with faults, veins, and buried 
plutons. Detailed analysis of the geophysical signatures 
of geologic structures by McDougal and others (this 
volume, Chapter E13) shows that a significant number 


of the veins and structures identified by the geophysical 
data (36 percent) have not been evaluated for mineral 
resources.


Predictive models (McDougal and others, this volume) • 
utilize the geophysical data to infer plausible ground-
water flow paths or barriers that need to be incorpo-
rated into any proposed remediation plans.


Silver, lead, free-milling gold, and later zinc and cop-• 
per were produced from more than 300 mines in the 
study area (Church, Mast, and others, this volume, 
Chapter E5). Beginning about 1890, mineral produc-
tion in the study area averaged about 200,000 short 
tons of ore per year for a century (Jones, this volume, 
Chapter C). The Sunnyside mine, the last operating 
mine in San Juan County, closed in 1991. Total produc-
tion of mines in the Animas River watershed study area 
between 1871 and 1991 is estimated at 18.1 million 
short tons of ore.


Many of these historical mines are on public land, adminis-
tered by both the U.S. Bureau of Land Management (BLM) 
in the Department of the Interior and the U.S. Department of 
Agriculture (USDA) Forest Service, and they have been aban-
doned by those who originally worked the properties. Others 
are on patented claims and are owned by private citizens or are 
orphaned properties held by San Juan County for delinquent 
taxes. Remediation objectives for the watershed face a number 


Figure 2. Animas River downstream of Silverton taken from U.S. Highway 550 looking north-northeast, 
Sept. 26, 1997. Confluence of Mineral Creek (left foreground) with Animas River (far right) is in foreground. 
Town of Silverton sits on flood plain area known as Bakers Park downstream from Cement Creek, which 
flows through Silverton from left background and enters Animas River upstream of Mineral Creek 
confluence. Rugged mountainous terrain in background typifies majority of the Animas River watershed 
study area.







of difficult challenges: issues of land ownership and financial 
liability, technical approaches needed to mitigate acid mine 
drainage without resorting to costly treatment facilities, and 
the need for adequate space to build new repositories to move 
those mine wastes that cannot be mitigated in place are but a 
few. These issues must be successfully addressed by consensus 
in the Silverton community, where much of the local economy 
for decades has been built around tourism in a historical min-
ing district.


Environmental Effects
Historical mining began in an era of little concern for 


or understanding of the effects of mining on the environment. 
Development of our abundant mineral resources was one of 
the public policies used by Federal Government to populate 
the West following the Civil War. The lure of adventure and the 
promise of wealth were the motivating factors to entice people 
to emigrate west and settle the frontier. Following the initial 
phase of development and the completion of the Silverton 
narrow-gauge railroad in July 1882, mining in the basin 
progressively became more mechanized as milling technol-
ogy rapidly improved. Mill waste was dumped in the lakes, 
rivers, and streams until about 1935, when the waste from the 
Mayflower Mill was retained. Once milled, most sulfide con-
centrates were shipped to Durango, Colo., for smelting (Sloan 
and Skowronski, 1975). Of the 18.1 million short tons of ore 
produced in the basin, an estimated 8.6 million short tons of 
mill waste (about 48 percent) was discharged directly into sur-
face streams prior to about 1935 (Jones, this volume).


Determining the effects of historical mining in the Animas 
River watershed study area necessarily involved many detailed 
and specific scientific studies to quantify aspects of the envi-
ronmental effects attributable to historical mining and milling. 
Individual chapters in this volume are briefly summarized in 
von Guerard and others (this volume, Chapter B) so that the 
reader may select those studies that address the problem of 
concern or specific area of interest. The basic findings in this 
report are listed under four broad headings.


Sources of Trace Elements
Several sources of trace elements and acidity affect 


surface streams in the watershed study area. Of the greatest 
concern are those that can be attributed directly to historical 
mining and that can and perhaps should be addressed through 
some remedial action.


Studies of various aspects of water quality in the • 
watershed (1996–2000) showed that historical min-
ing has resulted in water-quality degradation (Kimball 
and others, this volume, Chapter E9; Wright, Simon, 
and others, this volume, Chapter E10; Walton-Day 
and others, this volume, Chapter E24).


Sources of contaminants, both anthropogenic and • 
natural or undisturbed, were detected by the numerous 
tracer studies completed along many of the reaches 
of the major surface streams and some tributaries. 
Much of the metal loading, which is summarized in 
Kimball and others (this volume), can be attributed 
to 24 specific areas in the watershed, although numer-
ous other sources were identified. Major structures, 
hydrothermally altered areas, and major draining adits 
are among these sources.


Numerous mine sites, both on public and on private • 
land, have been identified as sources of metals and 
acidity from these tracer studies (Kimball and others, 
this volume). Metal loading from mine sites is summa-
rized by Mast and others (this volume).


Mine sites and mill-tailings piles are obvious candidates • 
for sources of potentially toxic trace elements and acid-
ity. Nash and Fey (this volume, Chapter E6) studied 
and ranked more than 100 mine and mill sites located 
on public lands. Of these, about 40 mine and mill sites 
were found to be of sufficient size, to have enough 
adit discharge, and (or) to have sufficient mine waste 
to be considered significant sources of trace elements 
and acidity at the watershed scale. Mines located on 
private land were not considered or ranked in the study 
by Nash and Fey (this volume) because access to these 
sites generally was not granted by the property owners.


Most large mine sites in the study area are located on • 
private land or on land with mixed private/Federal own-
ership. Data from mine and mill sites located on private 
land were provided by State agencies and a local citi-
zens group, the Animas River Stakeholders Group, and 
are discussed and separately ranked in Wright, Simon, 
and others (this volume).


Water-quality measurements from 75 inactive historical • 
mines indicated that most mine water was dominated 
by calcium sulfate, had variable pH ranging from 2.35 
to 7.8, and had highly variable chemistry (Mast and 
others, this volume; Nash and Fey, this volume).


The fact that water chemistry from flowing adits has an • 
essentially constant chemical makeup throughout the 
years of our study demonstrated that adit-water chem-
istry is not diluted by ground water coming into a mine 
pool during spring runoff, but rather that a large supply 
of water-soluble salts exists in the mines, and that these 
salts dissolve and saturate the fresh water added by 
infiltration by snowmelt each year. Thus, mine-adit flow 
is a constant source of contaminants and acidity to sur-
face streams (Church, Mast, and others, this volume).


Isotopic studies of sulfate in adit water demonstrated • 
that both oxidation of pyrite and dissolution of gyp-
sum, anhydrite, and calcite control the sulfur and oxy-
gen systematics of mine water (Nordstrom and others, 
this volume, Chapter E8).
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Accelerated weathering of the large volumes of freshly • 
crushed rock present in mine-waste and mill-tailings 
sites (Church, Mast, and others, this volume; Fey and 
others, 2000) has resulted in the release of elevated 
concentrations of cadmium, copper, and zinc into sur-
face streams (Kimball and others, this volume; Wright, 
Simon, and others, this volume; Mast and others, this 
volume).


Not all sources of metals and acidity in the study • 
area are anthropogenic. Weathering of hydrother-
mally altered rock not associated with historical mine 
sites also results in the release of trace elements and 
acidity that degrade water quality (Bove and others, 
this volume). The annual freeze-thaw cycle each 
winter exposes fresh mineral surfaces to the weather-
ing process. Weathering of pyrite, the ubiquitous iron 
sulfide present in hydrothermally altered and mineral-
ized rock, results in the release of sulfuric acid and trace 
elements that potentially are toxic to aquatic life. This 
weathering process takes place whether or not a mineral 
deposit has been mined or the ground disturbed.


Values of pH in surface streams today at low flow range • 
from less than 3.5 to near neutral. Trace elements are in 
solution at low pH values, but as pH increases, different 
trace elements precipitate from solution and are seques-
tered by the iron-oxyhydroxide colloidal fraction. For 
example, a map of the concentrations of zinc in surface 
water at low flow (fig. 3) shows high dissolved zinc 
concentrations in some stream reaches.


Trace elements are mobilized and acidity introduced • 
into streams by water flowing through mine work-
ings (Bove and others, this volume; Mast and others, 
this volume; Church, Mast, and others, this volume), 
across mine-waste dumps (Nash and Fey, this volume; 
Kimball and others, this volume), and over and through 
mill tailings disposed of on the flood plain (Vincent 
and Elliott, this volume, Chapter E22) and in stream 
reaches (Kimball and others, this volume; Wright, 
Simon, and others, this volume).


Water most affected by historical mining will have a pH • 
<3 with elevated concentrations of iron, aluminum, cad-
mium, copper, lead, zinc, arsenic, and nickel. Using the 
dissolved sum-of-metals as a measure of trace-element 
contamination from historical mining sites, Wirt and 
others (this volume, Chapter E17) showed that the 
dissolved sum-of-metals exceeded 1,200 μg/L in the 
Prospect Gulch subbasin on upper Cement Creek 
(fig. 3).


Trace elements are partitioned between the dissolved • 
and the colloidal phase in surface streams. Transport 
of colloids (fig. 4) results in variable concentrations of 
metals in the dissolved and suspended phases during 
different seasons of the year (Church and others, 1997; 


Fey and others, 2002). Settling of colloids onto the 
streambed is one mechanism of natural attenuation that 
caused changes in the distribution and bioavailability 
of some, but not all metals to aquatic biota (Kimball 
and others, this volume; Besser and Brumbaugh, this 
volume, Chapter E18, Besser and others, this volume, 
Chapter D).


Premining Geochemical Studies
One of the fundamental questions in the study of the 


effects of historical mines on the environment is always: What 
were conditions prior to mining? We specifically focused efforts 
on this question to provide data that could be used to establish 
reasonable remediation target concentrations for potentially 
toxic trace elements.


Water quality in undisturbed background sites in the • 
study area is controlled by the hydrothermal alteration 
assemblages (fig. 3; Bove and others, this volume; 
Mast and others, this volume; Kimball and others, this 
volume).


Detailed statistical, mass-balance, and inverse model-• 
ing approaches were used to determine the percentage 
of potentially toxic trace-element loads that could be 
attributed to weathering of undisturbed areas within 
discrete subbasins (Bove and others, this volume). 
These studies had mixed results, and interpretation 
of the data was complicated by the geologic complex-
ity of the area, density of historical mines and mills, 
distribution of mill tailings, and uncertainty about the 
ground-water contributions.


Detailed studies of ferricrete distribution (Yager and • 
Bove, this volume, pl. 2), classification, and age 
constraints (Verplanck and others, this volume, 
Chapter E15) show that ferricrete deposits mark areas 
of emergence of the paleo ground-water table (Wirt 
and others, this volume). Ferricrete deposits are spa-
tially distributed down slope from areas of extensive 
pyrite-rich hydrothermal alteration. Active ferricrete 
deposition occurs down gradient of changes in slope 
that force low-pH ground water to the surface in sedge 
grass marshes and iron bogs (fig. 5).


The presence of schwertmannite (a hydrous iron • 
sulfate) in iron deposits in iron bogs and ferricrete 
deposits can be used to constrain the water chemistry 
of paleo ground water to a pH range of about 3.5 to >4 
in acid-sulfate water (Wirt and others, this volume; 
Stanton, Yager, and others, this volume, Chapter E14). 
Ferricrete deposits therefore provide a record of the 
type and chemistry of ground water being supplied to 
the surface drainage basins prior to mining.
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Oxidation of ferrous iron to ferric iron by atmo-• 
spheric and biogenic molecular oxygen lowered pH 
and resulted in the precipitation of both amorphous 
iron oxyhydroxides and sulfates. The primary differ-
ence between these deposits and ferricrete deposits 
is largely the site of deposition. Both iron bogs and 
wetlands represent both a source of dissolved trace 
elements to surface streams and a transient sink for 
metals that were precipitated and trapped in these 
deposits. However, once these iron-rich deposits 
become inactive (that is, they become bog iron or 
ferricrete deposits), they are subject to erosion (fig. 5). 
They then become a source of trace-element-rich iron 
sediment that contributes to the active streambed sedi-
ment budget. Erosion rates of these ferricrete deposits 
are slow, as they also contain substantial amounts of 
amorphous silica (Wirt and others, this volume).


Geomorphological studies of the Cement Creek valley • 
(Vincent and others, this volume, Chapter E16, pl. 5) 
clearly showed how the last glacial retreat has sig-
nificantly influenced landforms, how those landforms 
controlled surface and ground-water flow and stream 


gradient, and how they affected the distribution of 
sedge marshes and ferricrete deposits in the Cement 
Creek valley.


Wood found in ferricrete deposits was always post-• 
glacial in age. Wood preserved in peat deposits and 
in stumps in growth position in ferricrete was dated 
using 14C methods (Verplanck and others, this volume; 
Vincent and others, this volume), and these ages were 
used to calculate rates of accumulation of peat and 
estimate rates of erosion in the Cement Creek valley 
(Vincent and others, this volume).


Geochemical studies of sediment from premining ter-• 
race deposits (Church, Fey, and Unruh, this volume, 
Chapter E12), constrained by the 14C age data, indicate 
that premining geochemical conditions in Cement 
Creek were not very different than they are today. The 
observations of Rhonda (1876) indicating that, in 1874, 
the water in Cement Creek was “so strongly impreg-
nated with mineral ingredients as to be quite unfit for 
drinking” confirm our conclusions.


Studies of both paleo and active iron bogs (Stanton, • 
Yager, and others, this volume) and of wetlands 
(Stanton, Fey, and others, this volume, Chapter E25) 
indicate that these sites are also sources of acidic water 
and elevated trace-element concentrations that affect 
water quality (fig. 5).


Church, Fey, and Unruh (this volume) present data • 
from both modern and premining terraces that clearly 
show that historical mining has had an effect on the 
distribution and concentration of trace elements in 
streambed sediment (for example, zinc, fig. 6). The 
source of these metal anomalies can be correlated 
directly to mining and milling through studies of the 
isotopic signature of the lead from mill waste and in 
sediment. Since water-quality data are not available 
from 1871 when mining began, the data from stream 
sediment preserved in premining terraces provide the 
best evidence of the state of the aquatic habitat when 
mining began. Anecdotal data indicate that native trout 
could be caught in the Animas River prior to mining 
(von Guerard and others, this volume), and the report 
by Rhonda (1876) indicates that water quality in the 
Animas River was good prior to mining.


No newspaper accounts exist that document fish living • 
in either Cement Creek or Mineral Creek upstream of 
the confluence with South Fork Mineral Creek. Data 
from springs in unmined areas (Mast and others, this 
volume), stream-sediment data from terraces (Church, 
Fey, and Unruh, this volume), and the absence of 
paleontological evidence for a viable aquatic ecosystem 
at the time the terrace deposits formed suggest that a 
viable macroinvertebrate community probably did not 
exist in either Mineral Creek upstream from the conflu-
ence with South Fork Mineral Creek or in Cement 
Creek prior to mining (Church and others, 1999).


Figure 4. View of mixing zone looking downstream 
(southwest) from confluence of Cement Creek (right) with 
Animas River (left). Iron colloids precipitate from more 
acidic surface water in Cement Creek (pH ≈3.5) upon mixing 
with more neutral water of Animas River. Photograph taken 
May 1998, by Briant A. Kimball.







Watershed Conditions (1996–2000)
The following is a summary of current conditions in the 


Animas River watershed study area as shown by our studies.


Investigations of the aquatic habitat throughout the • 
study area indicate that brook trout are surviving in 
some stream reaches of the Animas River (Besser and 
Brumbaugh, this volume; Besser and Leib, this vol-
ume, Chapter E19).


Besser and others (this volume) provide an ecological • 
risk assessment focused on fish and aquatic inverte-
brates of the Animas River watershed on the basis of 
their exposure to aluminum, cadmium, copper, and 
zinc. This study was based on water-quality measure-
ments made during low flow in the years 1996–2000. 
For evaluating ecological risks, Besser and others 
focused on aquatic resources (that is, fish and benthic 
macroinvertebrates), and the effects of metals on the 
food web. In particular, they conclude:


Dissolved and colloidal-bound metals pose the 1. 
greatest risk to benthic macroinvertebrates and 
trout.


The risk to stream biota associated with zinc 2. 
toxicity in surface streams (fig. 7) and of 
the other trace elements studied occurred at 
potentially toxic levels in all acidic stream 
reaches (pH <4.5). However, risks to stream 
biota in near-neutral stream reaches (pH >6.5) 
varied widely.


Copper posed the greatest risk to aquatic life, 3. 
but that risk diminished downstream from the 
source in near-neutral stream reaches.


Sources of risk to stream biota were ranked 4. 
in terms of severity and indicate where 
remediation efforts would produce the most 
immediate and lasting results.


Food-web studies indicate different risks of toxicity • 
to stream biota. Concentrations of copper and cad-


indicating dietary exposure of toxic trace elements. 
Copper concentrations in invertebrate diets and in 
trout liver suggested chronic copper toxicity in stream 
reaches where brook trout survived.


Figure 5. Upper Cement Creek just south of Gladstone (fig. 3), showing iron colloids covering 
streambed; looking south across Cement Creek. Ferricrete deposits form the banks of the stream; older 
inactive deposits are dry and dark brown. Acidic water drains from the sedge grass marsh, through a 
small iron bog and into the creek. Note pronounced change in vegetation at break in slope in background. 
Shallow pools in the creek accumulate iron-rich colloidal sediment that sequesters trace elements.
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Figure 7. Zinc toxicity map showing categories of risk to aquatic life (Besser and others, this volume, fig. 4).
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Larison and others (2000) documented the toxic effects • 
of cadmium accumulation in white-tailed ptarmigan 
(Lagopus leucrus) in the study area in conjunction with 
our work, showing that elevated cadmium levels in 
bone in the ptarmigan resulted in physiological effects.


Studies of the variations in flow and surface-water • 
chemistry measured at the gauging stations on each 
of the tributaries and downstream of the confluence 
of Mineral Creek on the Animas River indicate that 


the poorest water quality occurs during low flow in 
January and February. Toxicity tests of water and 
sediment using sensitive aquatic test organisms 
showed that this was the critical period for highest 
toxicity (Besser and Leib, this volume). Elevated 
concentrations of zinc during this period were highly 
toxic to amphipods and early life stages of brook trout, 
less toxic to fathead minnows, and least toxic to adult 
brook trout. Both fathead minnows and brook trout 


12  Environmental Effects of Historical Mining, Animas River Watershed, Colorado







Summary and Conclusions  13


showed significant toxicity effects due to the elevated 
concentrations of copper and toxicity, which approach 
the LC50 value for fathead minnows. These toxicity 
tests were used to establish the chronic toxicity thresh-
olds for early life stages of brook trout.


Documentation of changes of instream loads of cad-• 
mium, copper, and zinc throughout the year indicated 
that different stream reaches contributed different 
portions of the trace-element loads throughout the year 
(Besser and Leib, this volume; Leib and others, this 
volume, Chapter E11).


The physical habitat in the streams also has been • 
degraded as a result of historical mining. Those changes 
currently limit over-winter survival of trout because 
of the aggradation of sediment, infiltration of voids in 
gravel-bottomed streams by fine-grained iron-rich sedi-
ment, loss of willow thickets that stabilize the river-
banks, and subsequent loss of deep pools (Milhous, this 
volume, Chapter E21; Vincent and Elliott, this volume).


As a direct result of milling at Eureka, sheets of gravel • 
accumulated downstream in the braided reach at rates 
estimated to be 50 to several thousand times that prior 
to mining. Historical photographs of the riparian zone 
(Vincent and Elliott, this volume), along with analysis 
of the recovery of this braided reach downstream from 
the large Sunnyside Eureka Mill documented using 
aerial photographs of this reach taken in each decade 
since the 1950s, show that some recovery of the ripar-
ian habitat has resulted from natural erosion processes. 
Substantial amounts of the mill tailings originally 
disposed of in this reach (70–80 percent, Vincent and 
Elliott, this volume) have been transported downstream 
and dispersed in historical stream deposits (Church, Fey, 
and Unruh, this volume). An additional 10 percent of the 
mill tailings in this reach were removed by Sunnyside 
Gold, Inc., during remediation in 1996, and an estimated 
10 percent of the mill tailings remain as discrete deposits 
in the braided reach downstream of Eureka.


Studies of the premining geomorphology indicate that • 
the Eureka reach was not a meandering single-thread 
channel prior to mining. Riparian zone recovery has 
taken place at the lower end of the braided reach 
immediately upstream of Minnie Gulch, and surface 
water quality is improved there (fig. 3). However, com-
plete recovery of the riparian zone likely would take 
many centuries if no remediation were done (Vincent 
and Elliott, this volume).


Studies of premining sediment quality in this reach • 
clearly show elevated zinc concentrations prior to min-
ing downstream from Eureka (fig. 6A), but the effects 
of milling at Eureka are very evident from the contrast 
of zinc concentrations in modern streambed sediment 
(fig. 6B).


Potential for Restoration of Functional 
Aquatic Habitat


Finger and others (this volume, Chapter F) address 
the effects of remediation and monitoring of recovery of 
stream biota in the streams as that process continues. A 
large number of remediation projects and activities have 
been undertaken, largely by Sunnyside Gold, Inc., at their 
own properties. Sunnyside Gold, Inc. also has done remedia-
tion at other sites in the watershed to reduce metal loading, 
under an agreement with the Colorado Department of Public 
Health and Environment. Additional remediation projects 
have been done by the U.S. Bureau of Land Management 
and the USDA Forest Service where they have clear owner-
ship and liability under the Federal Water Pollution Control 
Act, revised by Congress in 1972 into the Clean Water Act 
(P.L. 92–500). The goals of the Clean Water Act include “the 
discharge of pollution into navigable waters be eliminated by 
1985,***the discharge of toxic pollutants in toxic amounts 
be prohibited, and an interim goal of water quality, which 
provides for the protection and propagation of fish, shell-
fish, and wildlife, and***creation in and on the water***by 
July 1, 1983” [P.L. 92–500, §101(a), 33 U.S.C. §1251(a)]. 
The local community stakeholders group and individual 
property owners in Silverton, with funding from Non Point 
Source (NPS) 319 grants (EPA) and severance tax funds 
provided through the State of Colorado, have also com-
pleted remediation projects (Finger and others, this volume). 
Remediation projects completed through 2003 are summa-
rized in figure 8. Remediation work done at the Silver Wing 
mine (fig. 9) is an excellent example of the public/private 
collaboration that will be required to achieve lasting success 
in reducing the metal loads to the watershed. The property 
owner has secured a 319 NPS grant from EPA for a passive 
treatment system to treat water draining from the mine, and 
he has diverted the adit flow away from the mine-waste pile 
in front of the mine adit. Similar types of activities have 
been conducted by Sunnyside Gold, Inc., and by the Federal 
land-management agencies in cooperation with the local 
stakeholders, to reduce and divert acid mine drainage away 
from mine-waste piles, remove highly reactive mine and mill 
wastes from the environment, and improve water quality in 
the Animas River watershed study area. Aspects of our work 
that provide a basis for evaluating the effectiveness of reme-
diation efforts are listed following:


Loading patterns for metals determined from the vari-• 
ous tracer studies (Kimball and others, this volume) 
document loading of metals in surface streams and 
provide important constraints on remediation activities 
that need to be evaluated to improve water quality in 
the watershed.
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Figure 8. Sites where remediation work has been done (through 2003) in the study area (Finger and others, this volume, fig. 1). 
Sites are coded by types of funding used (private; public, that is NPS 319 grants through EPA, severance tax funds through the State 
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Various remediation scenarios have been evaluated in • 
four stream reaches using the tracer data in a chemical 
model (OTIS) that accounts for changes in chemistry 
by in-stream chemical processes (Walton-Day and 
others, this volume) in Cement Creek and the Animas 
River, and in Mineral Creek (Runkel and Kimball, 
2002). The goal was to ascertain whether large anthro-
pogenic sources of contamination could be effectively 
remediated.


Although large amounts of metals and acidity could • 
be removed by remediation of sources in the upper 
Cement Creek basin, changes in metal loads at the 
mouth of Cement Creek would be small because much 
of the metal loading comes from ground-water-fed iron 
bogs and sedge marshes (fig. 5).


Remediation scenarios in the upper Animas River basin • 
are promising, and reduction of dissolved zinc con-
centrations to below aquatic life standard for sensitive 
aquatic organisms may be possible.


Prior to the remediation of the Lackawanna Mill site, • 
the U.S. Bureau of Land Management in 2000 asked 
the U.S. Geological Survey (Wright, Kimball, and 
Runkel, this volume, Chapter E23) to assess the impact 
of the May Day mine site on water quality in Cement 
Creek. These data provide a geochemical baseline 


needed to evaluate the effect of the repository subse-
quently built at the May Day mine site for tailings from 
the Lackawanna Mill.


Phased remediation of the most significant sources of • 
metals and acidity in the watershed (as identified in 
Nash and Fey, this volume; Wright, Simon, and others 
this volume) is recommended and will allow real-time 
assessment of remediation efforts (Finger and others, 
this volume).


Benchmark benthic macroinvertebrate data collected • 
in the Animas River watershed provide a quantitative 
evaluation of the benthic community structure and 
health prior to remediation (Anderson, this volume, 
Chapter E20).


Monitoring of the recovery of sensitive macroinver-• 
tebrates along with improvements of water quality 
as remediation proceeds is a proposed method for 
monitoring functional recovery of the aquatic commu-
nities (Anderson, this volume; Finger and others, this 
volume).


Benthic macroinvertebrates are present in tributary • 
streams and will reinhabit mainstem reaches upon res-
toration of water and sediment quality to levels where 
aquatic life can persist (Besser and Brumbaugh, this 
volume; Anderson, this volume).


Figure 9. Silver Wing mine, a privately held, inactive mine site on east side of Animas River. 







References Cited


Bove, D.J., Hon, Ken, Buddington, K.E., Slack, J.F., Snee, 
L.W., and Yeoman, R.A., 2001, Geochronology and geology 
of late Oligocene through Miocene volcanism and miner-
alization in the Western San Juan Mountains, Colorado: 
U.S. Geological Professional Paper 1642, 30 p.


Burbank, W.S., 1933, Vein systems of Arrastre Basin and 
regional geologic structure in the Silverton and Telluride 
quadrangles, Colorado: Colorado Scientific Society Pro-
ceedings, v. 13, p. 135–214.


Burbank, W.S., and Luedke, R.G., 1968, Geology and ore 
deposits of the San Juan Mountains, Colorado, in Ridge, 
J.D., ed., Ore deposits of the United States, 1933–1967 (the 
Graton-Sales Volume): New York, American Institute of Min-
ing, Metallurgical, and Petroleum Engineers, p. 714–733.


Burbank, W.S., and Luedke, R.G., 1969, Geology and ore 
deposits of the Eureka and adjoining districts, San Juan 
Mountains, Colorado: U.S. Geological Survey Professional 
Paper 535, 73 p.


Buxton, H.T., Nimick, D.A., von Guerard, Paul, Church, S.E., 
Frazier, Ann, Gray, J.R., Lipin, B.R., Marsh, S.P., Woodward, 
Daniel, Kimball, Briant, Finger, Susan, Ischinger, Lee, 
Fordham, J.C., Power, M.S., Bunck, Christine, and Jones, 
J.W., 1997, A science-based, watershed strategy to support 
effective remediation of abandoned mine lands: Proceedings 
of the Fourth International Conference on Acid Rock Drain-
age, Vancouver, B.C., May 31–June 6, 1997, p. 1869–1880.


Casadevall, Thomas, and Ohmoto, Hiroshi, 1977, Sunnyside 
mine, Eureka mining district, San Juan County, Colorado—
Geochemistry of gold and base metal ore deposition in a vol-
canic environment: Economic Geology, v. 92, p. 1285–1320.


Church, S.E., Fey, D.L., Brouwers, E.M., Holmes, C.W., and 
Blair, Robert, 1999, Determination of pre-mining geochemi-
cal conditions and paleoecology in the Animas River water-
shed, Colorado, in Morganwalp, D.W., and Buxton, H.T., 
eds., U.S. Geological Survey Toxic Substances Hydrology 
Program—Proceedings of the Technical Meeting, Charleston, 
South Carolina, March 8–12, 1999, Volume 1, Contamina-
tion from hard-rock mining: U.S. Geological Survey Water-
Resources Investigations Report 99–4018A, p. 19–30.


Church, S.E., Kimball, B.A., Fey, D.L., Ferderer, D.A., 
Yager, T.J., and Vaughn, R.B., 1997, Source, transport, 
and partitioning of metals between water, colloids, and bed 
sediments of the Animas River, Colorado: U.S. Geological 
Survey Open-File Report 97–151, 135 p.


Clark, R.N., Swayze, G.A., Livo, K.E., Sutley, S.J., Dalton, 
J.B., McDougal, R.R., and Gent, C.A., 2003, Imaging 
spectroscopy—Earth and planetary remote sensing with 
USGS Tetracorder and expert systems: Journal of Geophysi-
cal Research, v. 108(E12), no. 5,131, p. 5–1 to 5–44.


Dalton, J.B., Bove, D.J., Mladinich, C.S., and Rockwell, B.W., 
2004, Identification of spectrally similar materials using the 
USGS Tetracorder algorithm; the calcite-epidote-chlorite 
problem: Remote Sensing of Environment, v. 89, p. 455–466.


Fey, D.L., Desborough, G.A., and Church, S.E., 2000, Com-
parison of two leach procedures applied to metal-mining 
related wastes in Colorado and Montana and a relative 
ranking method for mine wastes, in ICARD 2000; Proceed-
ings of the Fifth International Conference on Acid Rock 
Drainage, Volume 2: Society for Mining, Metallurgy, and 
Exploration, Inc., p. 1477–1487.


Fey, D.L., Wirt, Laurie, Besser, J.M., and Wright, W.G., 2002, 
Water quality and aquatic toxicity data of 2002 spring thaw 
conditions in the upper Animas River watershed, Silverton, 
Colorado: U.S. Geological Survey Open-File Report 02–488, 
31 p.


Larison, J.R., Likens, G.E., Fitzpatrick, J.W., and Crock, J.G., 
2000, Cadmium toxicity among wildlife in the Colorado 
Rocky Mountains: Nature, v. 406, p. 181–183.


Lipman, P.W., 1976, Caldera-collapse breccias in the western 
San Juan Mountains, southwestern Colorado: Geological 
Society of America Bulletin, v. 87, p. 1397–1410.


Lipman, P.W., Fisher, F.S., Mehnert, H.N., Naeser, C.W., 
Luedke, R.G., and Steven, T.A., 1976, Multiple ages of mid-
Tertiary mineralization and alteration in the western San Juan 
Mountains, Colorado: Economic Geology, v. 71, p. 571–588.


Ransome, F.L., 1901, A report on the economic geology of the 
Silverton quadrangle, Colorado: U.S. Geological Survey 
Bulletin 182, 265 p.


Rhonda, Franklin, 1876, Report on the topography of the San 
Juan Country, in Hayden, V.F., Annual Report of the United 
States Geological and Geographical Survey of Territories 
embracing Colorado and parts of adjacent territories; being 
a report of progress of the exploration for the year 1874: 
p. 451–496.


Runkel, R.L., and Kimball, B.A., 2002, Evaluating remedial 
alternatives for an acid mine drainage stream—Application 
of a reactive transport model: Environmental Science & 
Technology, v. 36, p. 1093–1101.


Sloan, R.E., and Skowronski, C.A., 1975, The Rainbow Route, 
an illustrated history of the Silverton Railroad, the North-
ern Silverton Railroad, and the Silverton, Gladstone, & 
Northerly Railroad: Denver, Colo., Sundance Publications 
Limited, 416 p.


Varnes, D.J., 1963, Geology and ore deposits of the South 
Silverton mining area, San Juan County, Colorado: 
U.S. Geological Survey Professional Paper 378–A, 56 p.


16  Environmental Effects of Historical Mining, Animas River Watershed, Colorado





		B 1-2

		C 3-16






The Animas River Watershed, San Juan 
County, Colorado


By Paul von Guerard, Stanley E. Church, Douglas B. Yager, and John M. Besser


Chapter B of
Integrated Investigations of Environmental Effects of Historical 
Mining in the Animas River Watershed, San Juan County, Colorado
Edited by Stanley E. Church, Paul von Guerard, and Susan E. Finger


Professional Paper 1651


U.S. Department of the Interior
U.S. Geological Survey







Contents


Introduction...................................................................................................................................................19
Acknowledgments .......................................................................................................................................20
Description of the Study Area ...................................................................................................................21


Hydrologic Setting ..............................................................................................................................21
Biologic Setting ...................................................................................................................................25
Geologic Setting ..................................................................................................................................26
Remediation Activities .......................................................................................................................29


Overview of This Volume ............................................................................................................................30
References Cited..........................................................................................................................................37


Figures
 1. Index map showing the Boulder and Animas River watersheds ........................................20
 2. Shaded relief map and location map of Animas River watershed study area .................22
 3. Streamflow hydrograph for years 1995–2000 .........................................................................24
 4. Map showing generalized geology of the Colorado part of the Animas River 


watershed ....................................................................................................................................27
 5. Generalized geologic map of Silverton caldera, Animas River watershed


study area and vicinity ...............................................................................................................28







Introduction
Thousands of inactive hard-rock mines have left a legacy 


of acid drainage and toxic metals across mountain watersheds 
in the western United States. More than 40 percent of the 
watersheds in or west of the Rocky Mountains have headwater 
streams in which the effects of historical hard-rock mining are 
thought to represent a potential threat to human and ecosys-
tem health. In many areas, unmined mineral deposits, waste 
rock, and mill tailings in abandoned mine lands (AML) may 
increase metal concentrations and lower pH, thereby affect-
ing the surrounding watershed and ecosystem. Streams near 
abandoned inactive mines can be so acidic or metal laden that 
fish and aquatic insects cannot survive and some bird species 
are negatively affected by the uptake of metals through the 
food chain. Although estimates of the number of AML sites 
vary, observers agree that the scope of this problem is huge, 
particularly in the western United States where public lands 
contain thousands of inactive mines.


Numerous AML sites are located on or adjacent to 
public lands or affect aquatic or wildlife habitat on Federal 
land. In 1995, personnel from a U.S. Department of the 
Interior and U.S. Department of Agriculture interagency task 
force, including the Bureau of Land Management (BLM), 
National Park Service (NPS), U.S. Department of Agriculture 
(USDA) Forest Service, and U.S. Geological Survey (USGS) 
developed a coordinated strategy for the cleanup of environ-
mental contamination from AML associated with Federal 
lands. As part of the interagency effort, the USGS imple-
mented an Abandoned Mine Lands Initiative to develop 
a strategy for gathering and communicating the scientific 
information needed to formulate effective and cost-efficient 
remediation of abandoned mines on Federal land. Objectives 
of the AML Initiative included


Characterize watersheds and individual sites• 


Understand the effect and extent of natural sources• 


Communicate these results to stakeholders, land • 
managers, and the general public


Transfer technologies developed within the AML • 
Initiative into practical methods at the field scale and 
demonstrate their applicability to solve this national 
environmental problem in a timely manner within the 
framework of the watershed approach


Develop working relationships with the private sector, • 
local citizens, and State and Federal land-management 
and regulatory agencies, and


Establish a scientific basis for consensus and an • 
example for future investigations of watersheds 
affected by inactive historical mines.


The combined interagency effort has been conducted 
in two pilot watersheds, the Animas River watershed study 
area in Colorado (fig. 1) and the Boulder River water-
shed study area in Montana (Nimick and others, 2004). 
Comprehensive scientific investigations conducted in both 
watersheds clearly indicate that remediation of Federal lands 
affected by inactive mines will require substantial investment 
of resources.


Land-management and regulatory agencies face two fun-
damental questions when they approach a region or watershed 
affected by inactive or abandoned mines. First, with potentially 
hundreds of contaminated AML sites dispersed throughout 
a watershed, how should resources for prioritizing, charac-
terizing, and restoring the watershed be invested to achieve 
cost-effective and efficient cleanup? Second, how can realistic 
remediation targets be identified, considering


The potential for adverse effects from unmined miner-• 
alized deposits adjacent to existing inactive or aban-
doned mines (including any effects that may have been 
present before premining activity and that still may 
persist from unmined deposits)


The possible impact of incomplete cleanup of specific • 
inactive historical mine sites


Other factors—some possibly as yet unidentified—• 
that may limit sustainable development of desired 
ecosystems.
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To answer these questions, the Abandoned Mine Lands 
Initiative adopted a watershed approach, rather than a site-
by-site approach, to characterize and remediate AML sites 
(Buxton and others, 1997). This approach is based on the 
premise that acid mine drainage affecting watersheds in a State 
or region should be prioritized on the basis of its effect on the 
biological resources of the watershed so that the resources 
spent on remediation will have the greatest benefit on affected 
streams. Within these watersheds, contaminated sites that have 
the greatest impact on water quality and ecosystem health 
within the watershed would then be identified, characterized, 
and ranked for remediation. The watershed approach estab-
lishes a framework of interdisciplinary scientific knowledge 
and methods that can be employed at similar inactive mine 
sites throughout the Nation. The watershed approach


Gives high priority to actions likely to most signifi-• 
cantly improve water quality and ecosystem health


Enables assessment of the cumulative effect of multiple • 
and (or) nonpoint sources of contamination


Encourages collaboration among Federal, State, and • 
local levels of government and stakeholders


Provides information that will assist the siting of mine-• 
waste disposal areas


Accelerates remediation and reduces total cost com-• 
pared to remediating on a site-by-site basis


Enables consideration of revenue generation from • 
selected sites to supplement overall watershed reme-
diation costs.


This report provides detailed review of field and labora-
tory work conducted in the Animas River watershed during 
1996–2000. The objectives of this work were the following:


Estimate premining geochemical baseline (background) • 
conditions


Define current geochemical baseline conditions• 


Characterize processes affecting contaminant dispersal • 
and effects on ecosystem health


Develop remediation goals on the basis of scientific • 
study of watershed conditions


Transfer useful data and information to users in a • 
timely and effective manner.


Expertise in water quality, hydrology, geology, geochem-
istry, geophysics, biology, mapping, and database manage-
ment was applied during these investigations. Investigations 
were coordinated with the Animas River Stakeholders Group, 
Colorado Division of Wildlife, Colorado Department of Public 
Health and Environment, Colorado Division of Mines and 
Geology, Colorado Geological Survey, U.S. Environmental 
Protection Agency, USDA Forest Service, and U.S. Bureau of 
Land Management, all of which are coordinating the design and 
implementation of remediation activities within the watershed.
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Description of the Study Area
The Animas River watershed study area, hereinafter 


called the study area, is located in southwestern Colorado, 
about 40 miles north of Durango (fig. 1). Four candidate 
watersheds were nominated in Colorado on the basis of analy-
sis of geologic factors, metal loading, the status of ongoing 
remediation activities, general knowledge of the candidate 
watersheds, and extent of Federal lands within the watershed. 
The study area was chosen as one of two pilot watersheds for 
the AML Initiative in May 1996.


The study area, as defined herein, is the drainage area 
of three tributaries: Mineral and Cement Creeks, and the 
Animas River upstream from Silverton. The study area for 
some studies was extended downstream from the confluence 
of Mineral Creek to an area known as Elk Park, just above 
the confluence of the Animas River with Elk Creek (fig. 2). 
Most of the study area is in four mining districts: the Silverton 
district, which covers the southeastern part of the study area 
from South Fork Mineral Creek to north of Howardsville; the 
Eureka district, which covers the northern part of the Mineral 
and Cement Creek basins as well as the upper Animas River 
basin from Eureka north (Davis and Stewart, 1990); the Red 


Mountain district, which extends up the Mineral Creek basin 
from Ohio Peak to the north, largely outside the study area; 
and the Ice Lake district, which is in the headwaters of South 
Fork Mineral Creek (Church, Mast, and others, this volume, 
Chapter E5). During watershed studies, some additional sam-
pling and investigations were conducted downstream of the 
study area to document the extent of enriched trace-element 
concentrations in the downstream reach and to provide refer-
ence localities unaffected by historical mining.


The watershed is mountainous; elevations range from 
about 9,300 feet at Silverton to more than 13,800 feet above sea 
level. The terrain is rugged, with U-shaped and hanging valleys 
carved out during the last glaciation. Mean annual precipitation 
is about 24 to 40 in./yr (ftp://ftp.ftw.nrcs.usda.gov/pub/ams/
prism/maps/co.pdf/). Although the population changes season-
ally as temporary summer residents move into and out of the 
area, about 400 people live in the study area year-round.


Hydrologic Setting


Streamflow in the study area is typical of mountain 
streams throughout the southern Rocky Mountains. Stream-
flow is dominated by snowmelt runoff, which typically occurs 
between April and July. Snowmelt runoff is augmented by rain 
during the summer from July through September. Streamflow 
typically peaks in May or June and decreases in July. Low-
streamflow conditions are typical from late August to March. 
Rainfall runoff during the summer monsoon season (frontal 
systems and thunderstorms) can cause increased streamflow in 
the area (fig. 3). Base streamflow in the study area is main-
tained by ground-water flow. Fractures that are densely spaced, 
interconnected, and unfilled by mineralization processes help 
to focus near-surface ground-water flow at the local or sub-
basin scale. The USGS streamflow-gauging station 09359020, 
Animas River below Silverton (fig. 2B, A72; period of record 
1991–2003, drainage area of 146 mi2) is 0.7 mi downstream 
from the confluence of Mineral Creek. Streamflow gauges are 
also located at the mouth of the major tributaries in the study 
area: 09358000, Animas River at Silverton (A68; period of 
record 1991–1993 and 1994–2003, drainage area 70.6 mi2); 
09358550, Cement Creek at Silverton (C48; period of record 
1991–1993 and 1994–2003, drainage area 20.1 mi2); and 
09359010, Mineral Creek at Silverton (M34; period of record 
1991–1993 and 1994–2003, drainage area 52.5 mi2). These 
three gauges represent 98 percent of the drainage area at the 
streamflow-gauging station of the Animas River downstream 
from Silverton. The State of Colorado operates a streamflow-
gauging station 09357500, Animas River at Howardsville 
(A53; period of record 1935–2002, drainage area 55.9 mi2). 
Real-time and historical streamflow data are available on the 
Internet at http://co.water.usgs.gov. Data are also published in 
the U.S. Geological Survey annual data report, Water Resources 
Data Colorado, volume 2, Colorado River Basin, and the 
Colorado Division of Water Resources annual publication, 
Streamflow for Colorado.







Figure 2. Animas River watershed study area labeling the Animas River and the main tributaries, Mineral and Cement Creeks, 
affected by historical mining. A, shaded relief map; B. location of features in text. Study area boundary in black.


The study area (fig. 2A) is subdivided into three large 
basins, the Mineral Creek and Cement Creek basins (52.5 mi2 
and 20.1 mi2) and the upper Animas River basin (70.6 mi2). 
Drainage basin areas of tributary streams to the mainstem 
drainages are referred to as “subbasins.” Subbasins discussed 
in some of the chapters in section E include the headwaters 
area of the upper Animas River upstream from Eureka; Ross 
Basin, which is the headwaters area of Cement Creek; South 
Fork Mineral Creek subbasin, which extends outside the 
Silverton caldera margin to the west and is underlain by a 


large volume of Mesozoic and Paleozoic sedimentary rocks; 
and Mineral Creek upstream from the confluence with South 
Fork Mineral Creek.


Ground-water flow in the Animas River watershed is 
largely controlled by topography, distribution of unconsoli-
dated Quaternary deposits that overlie bedrock units, and 
the decreasing hydraulic conductivity of geologic units with 
depth. Topography strongly controls direction of ground-
water flow and location of discharge areas. Recharge occurs 
on topographic highs, with greater amounts of recharge on 
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Figure 2—Continued. Animas River watershed study area. B, location of features in text. Small triangle, streamflow gauging station.


areas with the greatest precipitation and hydraulic conduc-
tivity. Ground-water discharge, in the form of numerous 
seeps and small springs, occurs in topographic lows and 
at breaks in land-surface slope. Ground-water flow paths, 
from recharge to discharge areas, are short (commonly less 
than a few thousand feet). Regional ground-water flow is 
limited by the very low permeability of the bedrock. The 


upper, thin unit of unconsolidated deposits has the high-
est hydraulic conductivity. The uppermost, fractured and 
weathered zone in the igneous bedrock has a lower hydrau-
lic conductivity than the unconsolidated deposits. Fractures 
are the major conduits for ground-water flow in bedrock, 
with more flow in the uppermost zone where the fractures 
are weathered and open.
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Biologic Setting


The Animas River watershed study area consists entirely 
of alpine and subalpine habitats. The headwaters and tribu-
taries of the three principal basins (upper Animas River, 
Cement Creek, and Mineral Creek) originate in treeless alpine 
regions, where vegetation cover ranges from essentially none 
(especially in highly mineralized areas of the Cement and 
Mineral Creek basins) to relatively lush alpine meadows. 
Streams follow high-gradient, narrow glaciated valleys, with 
the exception of a few low-gradient areas, such as the Animas 
River between Eureka and Howardsville, Mineral Creek near 
Chattanooga, and Bakers Park, the open wide valley where 
Silverton is located (Blair and others, 2002). Vegetation on 
valley walls is restricted in many areas by extensive areas of 
exposed rock and talus, but some areas of sparse coniferous 
Engelmann spruce forest occur on north-facing slopes and in 
valley bottoms, where deciduous trees also occur. Riparian 
vegetation is limited along many stretches of the high-gradient 
streams, but low-gradient reaches typically contain extensive 
areas of beaver ponds and associated willow thickets—except 
where limited by mining activity and mill tailings disposal (for 
example, Vincent and Elliott, this volume, Chapter E22).


The native fish community of the watershed, before 
European settlement, was restricted by climate and hydrology, 
and by barriers to upstream movement of fish in the Animas 
River canyon, downstream of Silverton. The only native fish 
species known to occur in the watershed is the Colorado River 
cutthroat trout (Oncorhynchus clarkii pleuriticus), although 
one account suggests that the mottled sculpin (Cottus bairdi), 
a species that occurs commonly in downstream reaches, may 
have occurred in portions of the upper watershed (Peter Butler, 
Robert Owen, and William Simon, Unpublished report to 
Colorado Water Quality Control Commission, Animas River 
Stakeholders Group, 2001).


Accounts of the aquatic biota of the Animas River 
watershed before the most active period of mining are few and 
far between. Noted ichthyologist David Starr Jordan (1891) 
visited the Animas River watershed in 1889 and made the fol-
lowing references, based on second-hand accounts:


In the deep and narrow “Cañon de las Animas 
Perdidas” [Animas canyon] are many deep pools, 
said to be full of trout.


Above its cañon of “Lost Souls,” it is clear, shallow, 
and swift, flowing through an open cañon with a 
bottom of rocks. In its upper course it is said to be 
without fish, one of its principal tributaries, Mineral 
Creek, rising in Red Mountain and Uncompahgre 
Pass, being highly charged with iron.


The distribution of cutthroat trout in the Animas River 
watershed study area before settlement is unknown. Trout 
may have been prevented from colonizing portions of the 
watershed by poor water quality downstream of Mineral and 
Cement Creeks, or by the physical barrier of the waterfall 


at Rockwood, downstream of Cascade Creek. Newspaper 
accounts suggest that the Animas River upstream of Silverton 
did not support trout before brook trout were stocked in 
March 1885 into the upper Animas River “and the non mineral 
bearing streams emptying into it,” including Cunningham 
Creek, Arrastra Creek, and Boulder Gulch (La Plata Miner, 
March 21, 1885). However, the existence of water quality and 
habitat suitable for trout is indicated by subsequent newspaper 
reports of good populations of stocked trout in artificial ponds 
near Silverton and in the Animas River upstream of Silverton.


Surveys by Federal and State agencies in the 1960s and 
1970s indicate that the many decades of mining and mill-
ing activity had a significant adverse effect on stream biota. 
The reach of the Animas River upstream of Silverton, which 
had supported trout in previous years, yielded only a single 
trout in an electrofishing survey in 1968 (U.S. Department 
of the Interior, 1968). N.F. Smith (unpublished aquatic 
inventory: Animas–La Plata project, Colorado Division of 
Wildlife, Durango, Colorado, 1976) declared this reach of 
the Animas River to be “essentially dead.” The Colorado 
Division of Wildlife stocked rainbow trout, brook trout, and 
brown trout in the watershed between 1973 and 1993. There 
is no evidence that either rainbow or brown trout were able to 
reproduce upstream from the Animas River canyon reach, but 
brook trout, which are more tolerant of low pH and elevated 
toxic-metal concentrations than the other species, were more 
successful. Brook trout is the predominant fish species in the 
study area, despite no documented stocking of this species 
since 1985.


Recent surveys of fish and benthic invertebrate com-
munities (Besser and Brumbaugh, this volume, Chapter E18; 
Unpub. report to Colorado Water Quality Control Commission, 
ARSG, 2001) indicate that effects of poor water quality on 
stream communities vary widely among the three basins and 
suggest that stream biota have responded to some improve-
ments in water quality. The headwaters of the upper Animas 
River, the entire length of Cement and Mineral Creeks, and 
several smaller tributaries support little or no aquatic life due 
to the effects of mining and of naturally acidic water drain-
ing from hydrothermally altered areas (Bove and others, this 
volume, Chapter E3). The South Fork Mineral Creek and 
several tributaries of the upper Animas River, which drain 
basins that provide substantial acid-neutralizing capacity, 
support viable populations of brook trout and a even few cut-
throat trout. The Animas River between Maggie Gulch and the 
mouth of Cement Creek in Silverton supports brook trout and 
a substantial invertebrate community, suggesting that substan-
tial improvements in water quality have occurred in this reach 
since the 1970s. Impacts of degraded water quality on stream 
biota persist in the Animas River into the Animas River canyon 
downstream of Silverton, although some evidence of recovery 
of fish and invertebrate communities has been seen since the 
Sunnyside mine closed in 1991 and remediation efforts in the 
watershed began in 1993.







Geologic Setting


The geology of the rugged western San Juan Mountains is 
exceptional in that many diverse rock types representing every 
geologic era from the Proterozoic to Cenozoic are preserved. 
It is also an area that has high topographic relief, providing 
excellent bedrock exposures. The general stratigraphy of the 
San Juan Mountains near Silverton consists of a Precambrian 
crystalline basement overlain by Paleozoic to Tertiary sedimen-
tary rocks and by voluminous Tertiary volcanic rocks (fig. 4).


Precambrian rocks are exposed south of Silverton along 
the Animas River and in upper Cunningham Creek and are 
part of a broad uplifted and eroded surface (fig. 4). The 
Precambrian section near the study area consists primarily of 
amphibolite, schist, and gneiss. South and west of Silverton, 
gently dipping Paleozoic to Tertiary age sedimentary strata of 
varying lithologies overlie Precambrian basement rocks. The 
sedimentary section, which crops out in subbasins above South 
Fork Mineral Creek and in other subbasins south of Silverton, 
comprises primarily marine and terrestrial limestone and 
mudstone in addition to terrestrial deposits of sandstone, silt-
stone, and conglomerate (fig. 4). Many of these units contain 
calcite and are therefore important for their acid-neutralizing 
potential. A thick section of Tertiary volcanic rock caps the 
sedimentary rocks west and southwest of Silverton and cov-
ers most of the central part of the study area. The majority 
of study area streams and tributaries have their headwaters 
in Tertiary volcanic and silicic (high silica content) intrusive 
rocks that have been deposited or emplaced in the area defined 
by Mineral Creek on the west and by the Animas River on the 
east, north of Silverton (fig. 5).


Thus, much interest in this study has focused on the 
Tertiary volcanotectonic history and mineralization events that 
have contributed to present water-quality issues. A discussion 
of this important aspect of the volcanotectonic geologic his-
tory follows.


Onset of volcanism in the study area commenced 
between 35 and 30 Ma: eruption of intermediate-composition 
(52 to 63 percent SiO


2
) lava flows and deposition of related 


volcaniclastic sedimentary rocks resulted in the construction 
of a plateau that covered much of the San Juan Mountains area 
to an average thickness of about 1 km (Lipman and others, 
1976). Following the early phase of intermediate-composition 
volcanism, silicic calderas began to form throughout the entire 
San Juan Mountains region. A caldera is a volcanic subsid-
ence feature and develops when the central core of a volcanic 
edifice catastrophically collapses. The mechanism for collapse 
is the void space created by partial to complete emptying of 
the subterranean magma chamber beneath the upper surface or 
“roof” of the volcano. The volcano roof subsides into the void 
created as magma is simultaneously ejected from an arcu-
ate ring-shaped fault on the volcano periphery. Caldera ring 
faults, also known as the structural margin, are pervasive and 
can extend into the crust to several kilometers depth. Calde-
ras are roughly circular to elliptical in map view and, in the 
western San Juan Mountains, are typically several kilometers 
across. Calderas frequently resurge as new magma pushes the 


collapsed caldera floor upward. Resurgent magma intrudes 
the caldera core, causing uplift and extensive faulting that may 
later produce flow paths for mineralizing fluids.


Two calderas formed in the study area between about 28 
and 27 Ma (fig. 5): eruption of the late Oligocene (27.6 Ma) 
Silverton caldera created a large semicircular depression 
approximately 13 km (8 miles) in diameter, which is nested 
within the older (28.2 Ma) San Juan caldera (Lipman and oth-
ers, 1976; Yager and Bove, this volume, Chapter E1 and pl. 1). 
The central part of the San Juan caldera is partially filled 
by ash-flow tuff and by later intermediate-composition lava 
flows, volcaniclastic sedimentary rocks, and igneous intrusive 
rocks. Ash-flow tuff is a volcanic rock containing pumice, 
broken crystals, and wall rock fragments in a matrix of ash-
size material ejected from the ring fracture zone of an actively 
forming caldera. Eruption of intermediate-composition lava 
flows and related volcaniclastic rock filled the San Juan 
caldera volcanic depression and hosted the majority of the 
mineralization processes in the study area. Granitic igneous 
magmas intruded the southern margins of the Silverton and 
San Juan calderas shortly after the Silverton caldera formed. 
The intrusions south of Silverton have formed along the calde-
ras’ structural margins and are centered near the area between 
Sultan Mountain and peak 3,792 m, in lower Cunningham 
Creek from Howardsville to lower Maggie Gulch, and near 
the mouth of Cement Creek.


An extensive bedrock fracture and fault network has 
developed in response to the caldera-related volcanotectonic 
history of the region (fig. 5). Structures related to caldera 
formation not only influence the hydrologic system today, 
but also are largely responsible for controlling where post-
caldera hydrothermal fluids altered the country rock and 
focused the emplacement of mineral deposits. Important 
faults related to caldera formation include the arcuate faults 
that form the caldera structural margin (fig. 5). In addition, 
northeast-southwest-trending faults and veins that make up 
the Eureka graben and that cross the central core of the caldera 
are extensively mineralized prominent features mined for base 
and precious metals (Casadevall and Ohmoto, 1977; Yager 
and Bove, this volume, pl. 1). Northwest-southeast-trending 
faults and veins that are radial to the caldera ring fault zone 
have also been extensively mineralized. Caldera-related faults, 
which in places were only partially closed by later mineraliza-
tion, can extend laterally and vertically from tens of meters 
to a few kilometers. The structures related to the San Juan–
Uncompahgre and Silverton calderas are pervasive features 
that were not sealed by mineralizing fluids and may provide 
important ground-water flow paths at the basin-wide scale.


Pre- and post-caldera crustal stresses have also resulted 
in an extensive near-surface fracture network. Fractures at 
the outcrop scale commonly are spaced from 1 centimeter to 
several meters apart and have developed either as volcanic 
rocks cooled forming cooling joints, or in response to regional 
and local tectonic stresses. Fractures that are densely spaced, 
interconnected, and unfilled by later mineralization processes 
help to focus near-surface ground-water flow at the local or 
subbasin scale.
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Figure 4. Generalized geology of the Colorado part of the Animas River watershed (digitized from Tweto, 1979).
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Multiple hydrothermal alteration and mineralization 
events that span a 20 m.y. history from about 27 Ma to 10 Ma 
are the culmination of a complex cycle of volcanotectonic 
events that have affected the region (Lipman and others, 1976; 
Bove and others, 2000). The first episode of hydrothermal 
alteration formed during the cooling of the San Juan caldera 
volcanic fill, when lava flows cooled, degassed, and released 
large quantities of water and CO


2
 (carbon dioxide) as well 


as other volatile constituents such as SO
2
 (sulfur dioxide). 


Geologic mapping and airborne geophysical surveys suggest 
that regional alteration extended from the surface to depths 
as great as 1 km (Smith and others, this volume, Chapter E4; 
McDougal and others, this volume, Chapter E13). This event 
altered the primary mineral assemblage of the lava flows, and 
formed an alteration assemblage that includes calcite, epidote, 
and chlorite (Burbank, 1960). This mineral suite is part of the 
pre-ore propylitic hydrothermal assemblage, which has a high 
acid-neutralizing capacity (Desborough and Yager, 2000). 
Near-surface spring and surface water that has interacted 
mainly with propylitic rocks is found to have a pH range from 
6.0 to 7.5 (Mast, Evans, and others, 2000).


Mineralization events that postdated the pre-ore propyl-
itic hydrothermal assemblage contained sulfur-rich hydrother-
mal fluids and metals that produced various vein and alteration 
mineral assemblages, all of which include abundant pyrite 
(Burbank and Luedke, 1968; Casadevall and Ohmoto, 1977). 
Host-rock alteration in many places throughout the study area 
effectively removed the acid-neutralizing mineral assemblage 
of calcite-epidote-chlorite from these subsequently altered 
areas. This phase of mineralization was contemporaneous 
with emplacement of multiple silicic intrusions, which likely 
provided the heat sources for the mineralizing fluids.


Surface-water quality that results from weathering of 
highly altered areas is notable. One of many such examples 
is centered near peak 3,792 m between South Fork Mineral 
Creek and Middle Fork Mineral Creek northwest of Silverton. 
Headwater tributaries that form to the west of peak 3,792 m 
have a near neutral pH between 6.5 and 6.8, and originate in 
propylitically altered volcanic and volcaniclastic rocks. As 
surface water and ground water interact with assemblages con-
taining abundant pyrite downstream, however, pH drops below 
3.5 (Mast, Verplanck, and others, 2000; Yager and others, 
2000; Mast and others, this volume, Chapter E7). Because of 
the combined effects of hydrothermal alteration that is directly 
associated with the mineral deposits and the widespread distri-
bution of historical mine sites throughout the basin, it is diffi-
cult to attribute low pH values and high trace-metal concentra-
tions exclusively to either source. The pH of samples collected 
at background sites ranged from 2.58 to 8.49, compared to pH 
at mine sites, which ranged from 2.35 to 7.77 (Mast, Evans, 
and others, 2000).


Late Tertiary erosion was important in exposing large sur-
face areas of hydrothermally altered rocks in the study area to 
weathering processes. Younger, Pleistocene glaciation further 


sculpted the landscape, creating the classic U-shaped valleys, 
carving the cirque headwater subbasins, and depositing glacial 
moraine that is partly responsible for the spectacular scenery 
seen near Silverton. Multiple surficial deposits, including 
alluvium, talus, and landslide deposits (Yager and Bove, this 
volume, pl. 1) formed during and subsequent to glaciation 
and have covered more than 25 percent of the bedrock of the 
study area with a veneer of porous and permeable sediment 
(Blair and others, 2002; Vincent and Elliott, this volume). A 
several-thousand-year history of acidic drainage is recorded in 
many of the surficial deposits, where iron-rich ground water 
derived from weathering of pyrite has infiltrated these deposits 
and cemented them with oxides of iron, forming what is called 
ferricrete (Yager and Bove, this volume, pl. 2; Verplanck 
and others, this volume, Chapter E15; Wirt and others, this 
volume, Chapter E17). These recent geologic events have 
exposed mineral deposits to surface weathering prior to the 
mining era (Church and others, 2000). As a result, weathering 
reactions with these more intensely altered rocks produce acid-
ity and release metals to the surface and ground water (Bove 
and others, 2000; Mast, Verplanck, and others, 2000; Yager 
and others, 2000). Springs draining ground water from these 
intensely altered rocks have pH values in the range of 2.7 to 
4.0 (Mast and others, this volume).


More than 100 years of historical mining activity created 
many miles of underground workings and produced large vol-
umes of mine-waste rock that have been pulverized to remove 
sulfide ore (Jones, this volume, Chapter C). These mine 
workings provide flow paths for ground water that has reacted 
with mineralized rock, producing acidic waters that flow from 
mine adits. The increase in the surface area and exposure of 
large amounts of pyrite to oxidation in the waste-rock piles has 
resulted in large anthropogenic sources of acidic drainage that 
affect water quality and aquatic and riparian habitats in the 
watershed. This process and its results add to the cumulative 
water-quality effect that weathering of intensely altered rock 
has on the watershed. Changes in the different drainage basins 
resulting directly from historical mining activities can be seen 
by the comparison of the streambed-sediment geochemical 
baseline prior to mining and today (Church and others, 2000). 
As a result, both a loss of productive aquatic and riparian 
habitat and a reduction in recreational and esthetic values have 
occurred. Further, the increased acidity and metal loading 
constitute a potential threat to downstream drinking water 
supplies.


Remediation Activities


Many of the inactive historical mine sites in the Animas 
River watershed study area have been inventoried for the State 
and Federal land-management agencies. These inventories 
include some data on water quality and chemistry of tailings 
and have been used to rank inactive mine sites that are likely 
candidates for remedial activities.







Interest in reducing the environmental effects of the 
many inactive mines and prospects in the study area increased 
in the 1990s. In 1991–1992, preliminary watershed analy-
sis was coordinated by the Colorado Department of Health 
and Environment. The Colorado Division of Mines and 
Geology, USDA Forest Service, and the U.S. Bureau of Land 
Management inventoried and ranked inactive mines in the 
study area. The following unpublished reports of mine inven-
tories in various parts of the watershed from the Colorado 
Division of Mines and Geology (CDMG) and the Colorado 
Geological Survey (CGS) were used to supplement our data:


Jonathan Lovekin, Michael Satre, William Sheriff, and 
Matthew Sares, Unpublished abandoned mine land 
inventory report for San Juan Forest, Columbine 
Ranger District (Colorado Geological Survey, 1997);


Jim Herron, Bruce Stover, Paul Krabacher, and 
Dave Bucknam, Unpublished Mineral Creek feasibil-
ity investigations report, Upper Animas River Basin 
(Colorado Division of Mines and Geology, 1997);


Jim Herron, Bruce Stover, and Paul Krabacher, 
Unpublished Cement Creek reclamation feasibil-
ity report, Upper Animas River Basin (Colorado 
Division of Mines and Geology, 1998);


Jim Herron, Bruce Stover, and Paul Krabacher, Unpub-
lished Upper Animas River reclamation feasibil-
ity report, Upper Animas River Basin (Colorado 
Division of Mines and Geology, 1999);


Jim Herron, Bruce Stover, and Paul Krabacher, 
Unpublished Lower Animas River reclamation fea-
sibility report, Upper Animas River Basin (Colorado 
Division of Mines and Geology, 2000).


The Animas River Stakeholders Group and Federal 
land-management agencies began planning for cleanup activi-
ties in the mid-1990s. Since 1991, Sunnyside Gold, Inc., has 
completed numerous remediation projects including removal 
of tailings deposits in the Animas River between Eureka and 
Howardsville, removal of mine dumps at the Longfellow mine 
and the Koehler tunnel, construction of hydrologic controls to 
prevent surface runoff from flowing overland through dump and 
tailings piles, and plugging of the numerous portals and adits 
(Finger and others, this volume, Chapter F). Remediation activi-
ties by BLM include mine drainage collection and diversion 
at the Joe and Johns mine, acid mine drainage collection and 
hydrologic controls at the Lark mine, acid mine drainage col-
lection and passive wetland treatment at the Forest Queen mine, 
hydrologic controls and capping of the mine dump at the May 
Day mine, acid mine drainage collection and removal of waste 
rock at the Bonner mine, and the removal of tailings from the 
Animas River flood plain at the Lackawanna Mill site. Other 
remediation work has been done by the San Juan Resource and 
Conservation District, Silver Wing Mining Company, Gold 
King mine, Office of Surface Mining, Salem Minerals, and 
Mining Remedial Recovery (William Simon, coordinator of 
the Animas River Stakeholders Group, written commun., 2002).


Overview of This Volume
Chapters in this volume are arranged from general 


conclusions to more specific detailed and technical studies. 
Chapter A, Summary and Conclusions from Investigation 
of the Effects of Historical Mining in the Animas River 
Watershed, San Juan County, Colorado, by U.S. Geological 
Survey, provides an overview and summary of this volume for 
those who have limited time or are unaware of which subjects 
presented in the volume would be most applicable to their 
interests. Historical mining has elevated the concentrations of 
cadmium, copper, and zinc in surface water of the study area. 
Weathering of mine wastes, and particularly of mill tailings 
in the study area, has also resulted in elevated concentrations 
of cadmium, copper, lead, and zinc in streambed sediment, 
resulting in stream reaches that have not historically sup-
ported aquatic life. Research by local citizen groups, the State, 
Federal land managers, and the USGS has led to some collab-
orative remediation activities carried out by Sunnyside Gold, 
Inc., the State of Colorado, the USDA Forest Service, and the 
U.S. Bureau of Land Management, and by the ARSG through 
funding from EPA grants that have resulted or should result in 
improvements in water quality and stream habitat.


Chapter C, History of Mining and Milling Practices 
and Production in San Juan County, Colorado, 1871–1991, 
by William R. Jones, describes the historical development of 
mining in the Animas River watershed with emphasis on the 
role that technological development had on mining practices, 
production, and mine-waste disposal. The four historical 
periods of development are identified: (1) The Smelting Era, 
1871–1889; (2) The Gravity Milling Era, 1890–1913; (3) The 
Early Flotation Era, 1914–1935; and (4) The Modern Flotation 
Era, 1936–1991. The chapter documents the progression of 
milling technology and its effect on mining and milling prac-
tices in the study area. Historical photographs document the 
evolution of these practices. Total metal production increased 
as advances in mining technology made it possible to mine 
and mill larger volumes of ore, at increasingly lower grade, 
more efficiently. Total metal production generally exceeded 
200,000 short tons (2,000 pounds/ton) of ore per year in the 
periods 1895–1910, 1924–1930, 1933–1952, 1966–1977, 
1981–1984, and 1987–1990. Mining and production at the 
Shenandoah-Dives mine and the Mayflower Mill dominated 
district production from 1933 to 1952 when the Shenandoah-
Dives mine closed. Mining and production from the Sunnyside 
mine and its new flotation mill at Eureka dominated district 
production from 1917 until Sunnyside closed in 1930. Discov-
ery of new ore reserves at the Sunnyside mine spurred a new 
development and it again dominated production from 1966 to 
1991, with a brief hiatus in production caused by the collapse 
of the mine workings and draining of Lake Emma, largely 
through the Gladstone portal, in 1978.


Mill tailings were disposed of in surface streams until 
legal action pushed the mining industry to change this practice. 
Charles Chase, superintendent of the Mayflower Mill, was 
one of the industry leaders in building successful mill tailings 
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repositories at the Mayflower Mill in the mid-1930s. Total 
ore production for the entire period of historical production 
from 1871 to 1991 was 18.1 million short tons of ore. Jones 
estimates that during the period prior to retention of mill tail-
ings (that is, up until about 1935) about 8.6 million short tons 
of mill tailings entered the Animas River and its tributaries. 
Knowledge of the historical practices during a century of min-
ing helps to provide a clearer understanding of potential effects 
of mining on the environment. Such valuable historical context 
will aid land managers in evaluating the effects of historical 
mining, effects that are observed today in the study area.


Chapter D, Impacts of Historical Mining on Aquatic 
Ecosystems—An Ecological Risk Assessment, by John M. 
Besser, Susan E. Finger, and Stanley E. Church, is a synthesis 
of the combined hydrologic, geologic, and biologic studies 
conducted in the study area. This chapter is based on the prin-
ciples of ecological risk assessment, which compares levels 
of exposure of aquatic biota to metals or other stressors with 
levels demonstrated to cause adverse ecological effects. This 
approach is used to identify physical and chemical characteris-
tics that are most likely to adversely affect aquatic biota under 
current conditions in the watershed and to evaluate prospects 
for remediation and recovery at the watershed level. The 
chapter analyzes short-term (acute) and long-term (chronic) 
exposure of fish and invertebrate communities to metals, based 
on concentrations of lead, cadmium, copper, iron, zinc, and 
aluminum in water, sediment, and diet. These exposure levels 
are compared to site-specific toxicity thresholds determined 
for high-priority species, such as brook trout, Salvelinus 
fontinalis, and to State and Federal water-quality standards 
for these metals. Results of this analysis are interpreted both 
in terms of the current geographic extent and severity of 
ecological risks and a prospective assessment of the effects 
of ongoing and planned remediation efforts in the watershed.


Chapter E groups 25 reports that provide the scientific 
basis for conclusions and recommendations made in this 
volume. These reports describe detailed studies focused on 
particular aspects of the Animas River watershed study.


Chapter E1, Geologic Framework, by Douglas B. Yager 
and Dana J. Bove, summarizes the geology of the study area 
and focuses on the extensive Tertiary volcanic events. It 
includes two oversize plates. Plate 1 is a geologic map of the 
study area at a scale of 1:48,000. Pre-caldera Tertiary con-
glomerates and volcanic rocks overlie Precambrian crystalline 
and Paleozoic and Mesozoic sedimentary rocks in the Animas 
River watershed. Caldera volcanism began 28.2 Ma with the 
formation of the San Juan caldera. Subsequently, the Silverton 
caldera formed at 27.6 Ma. Regional propylitic alteration 
affected all the lavas within the caldera. Subsequent multiple 
episodes of mineralization resulted in overprinting of four dis-
tinct types of hydrothermal alteration having different mineral 
assemblages and occurrences: weak sericite-pyrite alteration, 
vein-related quartz-sericite-pyrite alteration, quartz-sericite-
pyrite alteration, and acid-sulfate alteration. The regional 
propylitic alteration provides some acid-neutralizing capacity 
whereas the others are all acid-generating mineral assemblages. 
The study area was extensively glaciated, producing U-shaped 


river valleys (Blair and others, 2002) and exposing fresh 
mineralized rock surfaces to weathering. Weathering of rock 
containing acid-producing alteration assemblages resulted in 
the formation of acid and the release of metals prior to histori-
cal mining. Plate 2 of this report (scale 1:48,000) maps the 
distribution of ferricrete, a conglomerate that is cemented by 
iron-oxide minerals, and shows photographs of these deposits.


Chapter E2, Imaging Spectroscopy Applied to the 
Animas River Watershed and Silverton Caldera, by J. Bradley 
Dalton, Dana J. Bove, Carol S. Mladinich, and Barnaby W. 
Rockwell, is a study that mapped the distribution of minerals 
in the watershed using AVIRIS (Airborne Visible and 
Infrared Imaging Spectrometer) technology. This technology 
allows preparation of maps using data acquired by high-
altitude aircraft. The detector is flown over the study area 
and light reflected from the ground surface is acquired using 
a 254-channel recorder. The dominant minerals at the sur-
face (AVIRIS measures surface reflectance) from each 17-m 
by 17-m AVIRIS pixel were identified by comparison to a 
spectral library (Clark and others, 2003), and the images were 
corrected for optical distortions to produce a series of mineral 
maps. This procedure allows the uniform preparation of maps 
showing mineral assemblages across the study area, where 
the ground surface is not obscured by vegetation or snow. The 
resultant mineral assemblages were then verified in the field 
before they were used to construct maps of the hydrothermal 
mineral assemblages of the watershed. This methodology was 
used to provide a spatial assessment of acid-generating and 
acid-neutralizing areas within the study area (Dalton and oth-
ers, 2004). Propylitically altered rocks dominate the east side 
of the caldera, whereas acid-sulfate and quartz-sericite-pyrite 
altered areas are spatially more limited and occur on the west 
side of the caldera. Surface water pH in the western subbasins 
is generally less than 4.5. The chapter demonstrates a method 
to obtain maps showing hydrothermal alteration at a scale 
needed for the assessment of acidity and metals contributed 
by weathering processes.


Chapter E3, Major Styles of Mineralization and 
Hydrothermal Alteration and Related Solid- and Aqueous-
Phase Geochemical Signatures, by Dana J. Bove, M. Alisa 
Mast, J. Bradley Dalton, Winfield G. Wright, and Douglas B. 
Yager, describes the hydrothermal alteration and mineraliza-
tion of five discrete periods: regional propylitic alteration of the 
lavas in the Silverton caldera, which make up 90 percent of the 
altered rock in the study area; porphyry Cu-Mo mineralization 
(26–25 Ma) and its associated quartz-sericite-pyrite altera-
tion zone on the west side of the Silverton caldera centered 
on peak 3,792 m; acid-sulfate alteration and mineralization 
in the Red Mountain and Ohio Peak–Anvil Mountain areas 
(23 Ma); northeast-trending polymetallic vein mineralization 
associated with the Eureka graben (18–10 Ma) and associated 
vein quartz-sericite-pyrite alteration; and the northwest- and 
northerly-trending veins and associated alteration associated 
with the south Silverton area along the caldera margin. Water 
from mine adits is compared with that from springs in each of 
these altered areas. Mine-adit discharge consistently contains 







higher metal content than the springs, but water from altered 
but unmined areas in each of the hydrothermally altered areas 
reflects the geochemistry of the mineral assemblage. Water 
from the acid-sulfate and quartz-sericite-pyrite mineral assem-
blages is acidic, whereas that from the propylitic assemblage 
is near neutral. Water from the propylitic rocks, which contain 
calcite, chlorite, and epidote, provides alkalinity that contributes 
acid-neutralizing capacity to surface water in streams and thus 
may mitigate some of the effects caused by historical mining.


Chapter E4, Helicopter Electromagnetic and Magnetic 
Surveys, by Bruce D. Smith, Robert R. McDougal, 
Maryla Deszcz-Pan, and Douglas B. Yager, summarizes the 
new helicopter geophysical data and the data reduction method 
used to produce geophysical maps for the study area. A plate 
showing the draped helicopter magnetic data (pl. 3, a high-
pass-filtered, reduced-to-the-pole, color-shaded relief of the 
total-magnetic field map at a scale of 1:48,000) overlies the 
topographic map of the study area and provides a geophysical 
image of the upper 200 m of the crust. Three different frequen-
cies were separated to produce maps of magnetic features at 
depths of 200 to 1,300 m below the surface. Interpretations of 
the primary spatial and linear magnetic features are given and 
compared with the geologic map (pl. 1, Yager and Bove, this 
volume). A second plate (pl. 4, an apparent conductivity map 
at 4,310 Hz, color-shaded relief map, scale 1:48,000) is draped 
over the topographic map of the study area and shows the elec-
trical conductance characteristics of the crust in the study area. 
Spatial and linear features in this data set are also interpreted 
using the geologic and magnetic data to provide insight into 
the interpretation of ground-water flow and possible buried 
and unexplored features that may be mineralized.


Chapter E5, Mine Inventory and Compilation of Mine-
Adit Chemistry Data, by Stanley E. Church, M. Alisa Mast, 
E. Paul Martin, and Carl L. Rich, is an inventory of the sig-
nificant mines, mills, and mill-tailings sites in the study area. 
Three hundred seventy-three historical and inactive mine, mill, 
and mill-tailings sites were accurately located using digi-
tal orthophoto quadrangles (DOQ) and verified in the field. 
Prospect pits were too numerous to list, but more than 
5,000 mine features were located on early USGS topographic 
maps. Detailed site characterization, including flowing adits, 
their pH and water chemistry, and the size and distribution of 
mine and mill waste, was compiled into a relational database. 
Tables of adit-flow chemistry are provided for evaluation of 
the effect of mine adit drainage on surface water. Observa-
tions on changes in flow rate and water chemistry from seven 
mines monitored monthly for a year or more are discussed in 
terms of their potential effects on remediation strategies. Water 
chemistry from these mines did not change much during the 
year, but flow rate increased during spring runoff in some of 
them, indicating that the increased flow results from increased 
infiltration into the mine pool during snowmelt.


Chapter E6, Mine Adits, Mine-Waste Dumps, and Mill 
Tailings as Sources of Contamination, by J. Thomas Nash and 
David L. Fey, provides data on metals from 97 mine-waste 
sites, 18 mill-tailings sites, and 60 flowing adits located on 


Federal lands in the study area. Because remediation of private 
sites is outside the public purview, these studies focused on 
sites where public funds may be spent to reduce their impact 
on water quality within the watershed. Geochemical and 
observational data were used to rank sites on the basis of their 
potential to affect surface water in the watershed. Most of 
the mines examined on Federal land were distant from major 
streams and had minimal effect on surface water. Also, most 
of the disturbed sites in the watershed on Federal lands are 
small prospect pits with less than 50 tons of disturbed rock. 
Three factors—acid generation, metals released in leach tests, 
and size of the mine or mill wastes—were used to rank solid 
materials, whereas copper and zinc loading and acidity were 
used to rank adit drainage. Of the more than 500 sites identi-
fied on Federal lands, only about 40 sites had sufficient size, 
adit discharge, and mine-waste chemistry to be considered 
significant sources of metal contamination. On the basis of the 
work reported here and the analysis presented by the Animas 
River Stakeholders Group (Unpub. report to Colorado Water 
Quality Control Commission, ARSG, 2001), which included 
data from private mine sites, the majority of the metal contam-
ination in the watershed comes from privately held mine sites 
or from sites with mixed private-public ownership.


Chapter E7, Characterization of Background Water 
Quality, by M. Alisa Mast, Philip L. Verplanck, Winfield G. 
Wright, and Dana J. Bove, characterizes water quality from 
unmined sites in the study area. Water quality in historical 
mining districts is affected by metal-rich drainage from 
inactive mines and by weathering of mineralized bedrock in 
unmined areas. One hundred and forty-six streams and springs 
minimally affected by mining (background sites) were sam-
pled during low-flow conditions in 1997–1999. The primary 
factor controlling the chemistry of background sites was the 
degree of bedrock alteration. Drainage from propylitically 
altered rock produced neutral surface water with low dis-
solved metal concentrations, whereas drainage from quartz-
sericite-pyrite altered rock generated surface water with low 
pH and elevated dissolved metal concentrations. Drainage 
from 75 inactive mine sites and 95 mining-affected surface-
water sites were sampled for comparison with background 
water quality. Comparison of background samples with mine 
drainage samples showed statistically significant differences 
in concentrations for all the major ions and many dissolved 
metals, including barium, copper, iron, manganese, strontium, 
and zinc. Higher concentrations of all metals except barium 
were from the mine sites. Estimation of metal contributions 
from background sources on a watershed scale was compli-
cated by a number of factors including the large number of 
mining-related features, rugged topography, complex geology, 
and contributions of ground water from unknown sources. 
Several different approaches were explored to estimate 
background water quality in the study area on different scales 
including statistical descriptions, mass-balance calculations, 
isotopic applications, and rare-earth-element geochemistry. 
The results demonstrate that metals released from weathering 
of altered rock from unmined areas are significant in some 
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stream reaches and must be taken into account when water-
quality standards and remediation goals are established for 
the study area.


Chapter E8, Aqueous-Sulfate Stable Isotopes—A Study 
of Mining-Affected and Undisturbed Acidic Drainage, by 
D. Kirk Nordstrom, Winfield G. Wright, M. Alisa Mast, 
Dana J. Bove, and Robert O. Rye, is the summary of stable 
isotope data (sulfur in pyrite and sulfur and oxygen in aque-
ous sulfate and sulfate minerals) from more than 100 samples, 
including water, pyrite, gypsum, and anhydrite, that were 
collected and analyzed to evaluate processes of mineral dis-
solution and pyrite oxidation on aqueous sulfate from both 
mined and unmined but mineralized areas. The combined 
results from major ion chemistry and sulfur isotopes show 
three dominant processes affecting water quality: (1) gypsum 
and anhydrite dissolution, (2) pyrite oxidation, and (3) calcite 
dissolution. Gypsum and anhydrite are primarily shown to 
be hypogene in origin whereas sulfur in pyrite has a signifi-
cantly lighter signature (δ34S= –7 to 2.5 per mil). Distinct 
trends of mixing between aqueous sulfate in water dominated 
by gypsum/anhydrite dissolution and in water dominated by 
pyrite oxidation are apparent from the data. A tendency for 
aqueous sulfate in water samples from unmined areas to have 
slightly heavier δ18O relative to aqueous sulfate in water from 
mined areas is also apparent in the data, although these data 
exhibit considerable overlap. Factors such as evaporation, 
mixing of pyrite oxidation-dominated water with gypsum/
anhydrite-dominated water and dilution or mixing of water 
after the site of pyrite oxidation are important in the interpreta-
tion of oxygen isotopic data in aqueous sulfate.


Chapter E9, Quantification of Metal Loading by Tracer 
Injection and Synoptic Sampling, 1996–2000, by Briant A. 
Kimball, Katherine Walton-Day, and Robert L. Runkel, is a 
compilation of efforts to characterize metals loading and trace- 
and major-element sources in the watershed. This chapter 
presents the hydrologic framework, established by conduct-
ing a series of tracer-injection studies, for the study of metal 
loading in the study area. Each study used the tracer-dilution 
method to quantify stream discharge in conjunction with 
synoptic sampling to provide downstream profiles of pH and 
solute concentration. Discharge and concentration data were 
then used to develop mass-loading curves for the various sol-
utes. The discharge and load profiles (1) identify the principal 
sources of solute load to the streams; (2) demonstrate the scale 
of unsampled, dispersed subsurface inflows; and (3) estimate 
the amount of solute attenuation resulting from physical, 
chemical, and biological processes. Mass-loading analysis 
indicates that at low flow, Mineral Creek basin dominates 
the contribution of total copper load in the study area. The 
Mineral Creek basin contributes 60 percent, Cement Creek 
basin contributes 30 percent, and the upper Animas River 
basin contributes 4 percent of the cumulative instream copper 
load in the watershed. The remaining 6 percent is from sources 
downstream from these basins. Cement Creek had the great-
est contribution of total zinc load: 40 percent of the cumula-
tive instream load at the A72 gauging station, downstream 
from Silverton, was from the Cement Creek basin, 31 percent 


was from the upper Animas River basin, and 24 percent was 
from Mineral Creek basin. The contribution of aluminum and 
iron loads from Cement and Mineral Creek basins was more 
substantial than for copper and zinc. Mass-loading results 
indicate that 9 percent of the aluminum load was from the 
upper Animas River basin, 43 percent from Cement Creek 
basin, and 42 percent from Mineral Creek basin. The contribu-
tion of iron from the upper Animas River basin was 4 percent, 
from Cement Creek basin 49 percent, and from Mineral Creek 
basin 43 percent. Manganese loading differed from the other 
metals because the greatest percentage, 49 percent, came from 
the upper Animas River basin, while 31 percent came from 
Cement Creek basin, and 15 percent came from Mineral Creek 
basin. The greater loads from Cement and Mineral Creek 
basins correspond to geologic patterns of hydrothermal altera-
tion. Within these basins, 24 locations have been identified 
that account for 73 and 87 percent of the total mass loading of 
these selected metals. These locations include both mined and 
unmined areas. This detailed snapshot of mass loading during 
low flow can be used to guide remediation decisions and to 
quantify processes affecting metal transport.


Chapter E10, Distribution of pH Values and Dissolved 
Trace-Element Concentrations in Streams, by Winfield G. 
Wright, William Simon, Dana J. Bove, M. Alisa Mast, and 
Kenneth J. Leib, describes dissolved trace-metal concentra-
tions and pH values in streams throughout the study area. 
Dissolved trace-metal concentrations and pH values were 
highly variable and depended on factors such as hydrothermal 
alteration, acid-neutralizing capacity of the rocks, and mixing 
of different waters. Hydrothermal alteration was the primary 
control on distribution of dissolved trace-metal concentrations 
in streams because the rocks in the study area have a wide 
range of mineral assemblages. Maps of the spatial distribu-
tion of dissolved trace-element concentrations and pH are 
presented for low-flow and high-flow conditions. Ribbon maps 
show different pH ranges and dissolved trace-metal concentra-
tions in study area streams. The distribution maps also display 
areas of hydrothermal alteration and locations of selected 
historical mine sites. There are numerous mines, prospect pits, 
and mining-related features in the study area, many of which 
do not affect water-quality conditions. Therefore, a subset of 
mines was selected representing draining adits, mine-waste 
dumps, and permitted mine and mill sites that may affect the 
dissolved trace-element concentrations. Because of the com-
bined effects of hydrothermal alteration and historical mines, 
it is difficult to attribute low pH values and high trace-metal 
concentrations to either source. However, the highest concen-
trations of metals were in headwater streams near high-ranking 
historical mines and drainage from those areas clearly affects 
the streams. Flows from several iron- and manganese-rich 
springs cause low pH values and high trace-metal concentra-
tions in streams, for example, in Mineral Creek near peak 
3,792 m, in upper Cement Creek, and in California Gulch.


Chapter E11, Characterization of Mainstem Streams 
Using Water-Quality Profiles, by Kenneth J. Leib, M. Alisa 
Mast, and Winfield G. Wright, characterizes the seasonal pat-
tern of toxic trace-metal concentrations and loads for the major 







tributaries in the study area. These tributaries are Mineral 
Creek on the west, Cement Creek, and the upper Animas River 
upstream from the gauge below Silverton (fig. 2B). Seasonal 
patterns in water quality are estimated using water-quality 
profiling, which allows for the assessment of priority areas to 
be targeted for characterization and (or) remediation by quan-
tifying the timing and magnitude of contaminant occurrence. 
Streamflow and water-quality data were collected at 15 sites 
in the upper Animas River basin during water years 1991–99. 
Water-quality regression models were developed to estimate 
hardness and dissolved cadmium, copper, and zinc concentra-
tions based on streamflow and seasonal terms. Results from 
the regression models were used to calculate water-quality 
profiles for streamflow, constituent concentrations, and loads. 
The water-quality profiles are used, along with mass account-
ing, to quantify the portion of metal loading in the segment 
derived from uncharacterized sources during different seasons. 
Results indicated that metal sources in the study area may 
change substantially with season.


Chapter E12, Trace Elements and Lead Isotopes in 
Modern Streambed and Terrace Sediment—Determination 
of Current and Premining Geochemical Baselines, by 
Stanley E. Church, David L. Fey, and Daniel M. Unruh, is 
a study of the streambed-sediment chemistry in the major 
streams and tributaries in the watershed study area and the 
effect of historical mining on sediment quality. Concentra-
tions of arsenic, copper, lead, and zinc in modern streambed 
sediments exceed published sediment-quality guidelines 
downstream from historical mine sites. Following the geo-
morphological studies of the watershed (Blair and others, 
2002), terrace deposits were sampled to determine premining 
geochemical baseline concentrations of potentially toxic 
metals. In comparison with the premining sediment data, 
concentrations of arsenic, copper, lead, zinc, cadmium, silver, 
manganese, iron, and aluminum are elevated at sites down-
stream from historical mines and mills. The effect of these 
elevated metal concentrations can be seen in sediment down-
stream to Elk Park at the southern boundary of the study area. 
Ribbon maps showing the concentration of metals and their 
lead isotopic signatures indicate that the majority of the metals 
in streambed sediment in the Animas River upstream of the 
confluence with Cement Creek are from a single site, the flota-
tion mill, Sunnyside Eureka Mill, which discharged more than 
500 tons of tailings per day of mill waste from 1917 to 1930 
(Vincent and others, 1999).


Chapter E13, Topographic, Geophysical, and Mineralogical 
Characterization of Geologic Structures Using a Statistical 
Modeling Approach, by Robert R. McDougal, Anne E. 
McCafferty, Bruce D. Smith, and Douglas B. Yager, is an analy-
sis of the potential of the airborne magnetic and electromag-
netic data to predict additional veins and structures that could 
influence the flow of ground water or control undiscovered 
mineralized rock in the subsurface. Faults and veins shown by 
geologic mapping and the topographic features determined by 
the convexity of the digital elevation model are compared with 
the magnetic and electromagnetic data and their derivative maps 


to evaluate the predictive capability of these two methods to find 
buried or concealed faults and veins. Blind tests of the model 
showed a high probability for identification of known structures. 
Faults and veins are characterized by moderately high electrical 
resistivities that are interpreted to indicate that these structures 
are quartz filled. Numerous undiscovered structures should exist 
in areas where they are concealed by alluvium or colluvium. The 
model predicts that 36 percent of the structures in the caldera are 
not exposed. The predictive model based on the topographic data 
also predicts that numerous features extend beyond their mapped 
extent. Electrical resistivity gradient maps showed a preferred 
orientation of east-west structures that appear to be poor conduc-
tors and may act as barriers to ground-water flow. Ground-water 
flow modeling must incorporate the findings of this model to 
accurately predict subsurface flow.


Chapter E14, Formation and Geochemical Significance 
of Iron Bog Deposits, by Mark R. Stanton, Douglas B. Yager, 
David L. Fey, and Winfield G. Wright, describes the occur-
rence and geochemistry of several iron bogs in the study area. 
Iron bogs form when oxygen-poor ground water discharges to 
the surface. Ground-water chemistry is controlled by leach-
ing of metals present in the hydrothermally altered rock up 
gradient of the iron bogs. Dissolution of pyrite results in 
ground water rich in dissolved iron and sulfate with some 
trace elements. This process has been ongoing since at least 
the end of the last glacial period 12,000 years B.P. Following 
discharge, subsequent oxidation of ferrous to ferric iron results 
in the lowering of pH and the precipitation of iron oxyhydrox-
ides (schwertmannite and goethite) forming the iron bogs. 
More than 50 percent of the solids precipitated are amorphous. 
Geochemically active microbes and plants influence the for-
mation, growth, and persistence of the iron bogs themselves. 
Cyanobacteria and algae were observed in these iron bogs; 
they act as traps for iron oxyhydroxide precipitates. Iron and 
aluminum concentrations as high as 46.0 and 12.1 weight 
percent were measured in these chemical precipitates. Maxi-
mum concentrations of copper (110 ppm), lead (60 ppm), zinc 
(660 ppm), and arsenic (5,000 ppm) were detected in sediment 
from the iron bogs. Retention of these metals in iron bogs is 
both pH dependent and probably flow-rate dependent. Thus, 
the iron bogs represent both sources of metals and acidity to 
streams and transient reservoirs of potentially toxic metals 
concentrations and acidity to basin streams in the study area. 
Although the iron bogs studied resulted from natural processes 
of weathering, some sites immediately down gradient from 
historical mines or adits rely on these processes to remove 
metals from acidic adit flow. Modern iron-oxide-cemented 
deposits are present in mine-waste dumps, indicating that they 
can form over tens of years.


Chapter E15, Ferricrete Classification, Morphology, 
Distribution, and Carbon-14 Age Constraints, by Philip L. 
Verplanck, Douglas B. Yager, Stanley E. Church, and 
Mark R. Stanton, provides descriptions of the methods used 
to classify and map the distribution of ferricrete in the study 
area. Ferricretes are stratified iron oxyhydroxide deposits, 
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or clastic sedimentary deposits cemented by stratified iron 
oxyhydroxide, and they represent the sites in the watershed 
where paleo ground water emerged. The ferricrete map is an 
important component that aids in the understanding of premin-
ing conditions in the watershed (Yager and Bove, this volume, 
pl. 2). Three deposit types were distinguished: (1) those that 
contained essentially no clasts and are formed by iron springs 
or in iron bogs, (2) those that contain monolithic angular to 
subrounded clasts and are cemented colluvium, and (3) those 
that contain subrounded to rounded clasts of several differ-
ent lithologies and are cemented alluvium. Ferricrete deposits 
were not found to be uniformly distributed throughout the 
watershed; instead, they are concentrated in areas where 
hydrothermal alteration was most intense. Mineralogical 
data show that these deposits commonly contain goethite, 
schwertmannite, and amorphous iron oxides. Schwertmannite 
was found in actively forming (wet) ferricrete deposits and 
iron bogs as well as in ancient (dry) bog iron deposits, indicat-
ing that schwertmannite, although a relatively unstable mineral 
and once formed, subject to alteration, may persist in depos-
its that range in age from modern to thousands of years B.P. 
A subclass of ferricrete, manganocrete, was distinguished by 
the occurrence of black cement and manganese content that 
exceeded 5 weight percent. Manganocrete is primarily associ-
ated with weathering of manganiferous ore deposits in the 
Eureka graben. Thirty-five 14C dates from stumps in growth 
position or from logs in the alluvial deposits cemented by 
ferricrete gave ages ranging from 9,150 years B.P. to modern. 
Most ages are less than 5,000 years B.P. Because the wood 
fragments were incorporated into the clastic sediment at the 
time of sedimentation, these fragments represent a maximum 
age of cementation.


Chapter E16, Geomorphology of Cement Creek and its 
Relation to Ferricrete Deposits, by Kirk R. Vincent, Stanley E. 
Church, and Laurie Wirt, is a detailed geomorphic study of 
the lower 6.2-mile reach of Cement Creek shown on plate 5 
(scale 1:6,000). The data provide a context for timing of 
Holocene events and an interpretation of processes that control 
the formation of ferricrete. Glaciers have had a major influence 
on the drainage and landforms that control the movement and 
emergence of ground water. Thick deposits of ferricrete at the 
mouths of Cement and Mineral Creeks and Blair Gulch rep-
resent glacial outwash gravel deposited in Bakers Park during 
the last glacial period about 10,000 years B.P. and incision of 
these deposits about 6,000 years B.P. The distribution of clastic 
ferricrete deposits relative to bogs and standing water in sedge 
marshes indicates that the geomorphology of the Cement Creek 
drainage provides important controls on the formation of fer-
ricrete. Contemporary rates of flow at base flow are not useful 
predictors of the occurrence of ferricrete. The 14C dates provide 
age control on the incision and aggregation of alluvium and 
thus constrain the maximum age of formation of ferricrete.


Chapter E17, Geochemical and Hydrologic Processes 
Controlling Formation of Ferricrete, by Laurie Wirt, Kirk R. 
Vincent, Philip L. Verplanck, Douglas B. Yager, Stanley E. 
Church, and David L. Fey, is a study of processes that are 


analogous to acid mine drainage and that provide a baseline 
for premining conditions near unmined mineral deposits. 
Ferricrete forms down gradient from areas of hydrothermal 
alteration and is a long-term sink for elevated concentrations 
of iron, sulfate, copper, zinc, and arsenic. The occurrence of 
schwertmannite in ferricrete deposits provides evidence that 
premining water chemistry had a pH in the range of 3–4.5, 
which is too acidic to support aquatic life. Ferricrete forms 
when reduced, acidic ground water comes in contact with 
oxygen, causing the precipitation of iron oxyhydroxide miner-
als. Weathering of hydrothermally altered rock results in the 
formation of acid-sulfate type ground water that concentrates 
copper and zinc by 100 fold. As extreme as this natural acid-
sulfate water is, it is not as enriched in trace elements as water 
from areas affected by historical mining. Areas most heavily 
affected by mining have water with pH less than 3 and sum 
of metals (arsenic, cadmium, cobalt, copper, nickel, and zinc) 
greater than 1,200 µg/L (micrograms per liter).


Chapter E18, Status of Stream Biotic Communities 
in Relation to Metal Exposure, by John M. Besser and 
William G. Brumbaugh, summarizes recent studies of the 
fish and macroinvertebrate communities of the study area. 
Both fish and invertebrate communities show trends that are 
apparently related to the location and severity of contribu-
tions of acidity and toxic metals associated with historical 
mining activities and weathering of hydrothermally altered 
rock. Cement Creek and the mainstem of Mineral Creek 
were devoid of fish (trout are present in South Fork Mineral 
Creek). The chapter summarizes trends in distribution and 
density of populations of brook trout and trends in abundance 
and number of taxa of aquatic macroinvertebrates, as they are 
related to concentrations of metals (cadmium, copper, lead, 
and zinc) in tissues of fish, invertebrates, and attached algae 
tissue communities (periphyton). Associations between metal 
concentrations and population status of fish and invertebrates 
are used to indicate which metals have the greatest potential 
for causing adverse effects on stream ecosystems in the study 
area. Chronic copper toxicity appears to be an important limit-
ing factor for the distribution and abundance of brook trout in 
the watershed.


Chapter E19, Toxicity of Metals in Water and Sediment 
to Aquatic Biota, by John M. Besser and Kenneth J. Leib, 
summarizes results of field and laboratory toxicity studies 
and presents models of seasonal patterns of toxicity of stream 
water. The toxicity of stream water and fine-grained streambed 
sediment to fish and invertebrates was evaluated in several 
studies conducted on-site and in the laboratory between 
1997 and 1999. Additional laboratory studies using brook 
trout and a freshwater amphipod, Hyalella azteca, character-
ized the toxicity of dissolved copper and zinc in test waters 
representative of water-quality conditions in the Animas River 
at Silverton. Toxicity thresholds for copper and zinc were 
combined with models of seasonal variation of water hardness 
and dissolved metals concentrations to predict seasonal varia-
tion in toxicity of stream water at three streamflow gauging 







stations near Silverton. Seasonal patterns of toxicity predicted 
by these models were consistent with observed seasonal 
differences in toxicity and with differences in resident fish 
and invertebrate communities, suggesting that toxicity models 
could be used to predict improvements in aquatic biota follow-
ing remediation.


Chapter E20, Effects of Mining on Benthic 
Macroinvertebrate Communities and Monitoring Strategy, 
by Chester R. Anderson, characterizes the species compo-
sition, taxa richness, density, and diversity of the benthic 
macroinvertebrate community in the Animas River watershed 
during 1996 and 1997. Results of these surveys indicate that 
reaches of the Animas River affected by mining had lower 
densities and lower numbers of taxa of aquatic macroinver-
tebrates, relative to reference streams. Both density and taxa 
richness also showed longitudinal patterns relative to mining-
affected tributaries, with low values upstream of Eureka Gulch 
and downstream of Cement and Mineral Creeks, and increases 
in the Animas River reach between Eureka and Silverton, and 
in the Animas River canyon downstream of Mineral Creek. 
These data document current ecological conditions in the 
watershed and provide a biological baseline for assessing 
future changes in water and habitat quality due to remediation 
efforts in the watershed. This chapter highlights the importance 
of intensive monitoring of the recovery of the benthic macro-
invertebrate community following remediation, and includes 
methods and strategies for evaluation of its effectiveness.


Chapter E21, Application of Physical Habitat Simulation 
in the Evaluation of Physical Habitat Suitability, by Robert T. 
Milhous, describes the suitability of stream habitat for survival 
of trout by applying a physical habitat simulation model to 
measurements of stream velocity, channel depth, and nature 
of substrate from the Animas River. Results from the model 
suggest that available winter habitat in the upper Animas River 
can limit survival of adult trout populations and that overall 
habitat suitability may reduce their reproductive success in the 
fall. The analysis also suggests that increased stream velocities 
associated with high-flow events may limit the density of trout 
populations in some years. This chapter provides information on 
the potential for physical habitat quality to limit recovery of a 
trout fishery in the study area.


Chapter E22, Response of the Upper Animas River 
Downstream from Eureka to Discharge of Mill Tailings, by 
Kirk R. Vincent and John G. Elliott, is a detailed study of the 
effects of extensive mill tailings disposal on the flood plain. 
To establish the impact of mill waste discharge, the authors 
used geologic mapping and stratigraphic and sedimentological 
studies of a 984-ft long trench across the Animas River flood 
plain 0.4 mi downstream from the mill site, combined with 
analysis of the geomorphological development of the flood 
plain, which was documented through use of historical photo-
graphs, chronometry developed from artifacts, and 14C dating. 
Milling essentially ceased at the site by 1930. Using aerial 
photographs taken in nearly every decade since 1945, the 
authors document the recovery of the flood-plain vegetation 
and presumably the rate of “natural” recovery from the effects 


of high metal concentrations in flood-plain sediment. Prior 
to mining, the reach of the Animas River immediately down-
stream of the mills at Eureka was a braided meandering stream 
containing willow thickets. Metal concentrations in premining 
sediment, although elevated, apparently did not impair the 
growth of plants or prevalence of beaver ponds. At the end of 
the period of milling, no well-defined river channels existed. 
The increased sediment load contributed by the discharge of 
mill waste on the flood plain had caused about 3.3 ft of aggra-
dation. Willow thickets and beaver ponds were essentially 
nonexistent. Subsequent to cessation of milling, sediment 
transport by floods and normal meandering of the river across 
the flood plain has resulted in steady improvement of the 
flood plain and recovery of willows along its banks in lower 
reaches downstream. Analysis of the flood plain downstream 
of the mill site at Eureka suggests that a substantial portion, 
about 76 percent, of the original 2,500,000 yd3 of mill tail-
ings released has been removed by erosion. Estimates of the 
volume of tailings remaining in the flood plain following the 
removal of about 120,000 yd3 of highly contaminated flood-
plain sediment by Sunnyside Gold, Inc., indicate that about 
12 percent of the tailings released, or about 240,000 tons, 
remain in the flood plain, dispersed in river gravel immedi-
ately downstream from the mill site.


Chapter E23, Effects of the May Day Mine Site 
on Stream-Water Quality in the Cement Creek Basin, 
August 2000, by Winfield G. Wright, Briant A. Kimball, and 
Robert L. Runkel, presents results of a detailed tracer-injection 
study done in the reach of Cement Creek that included Illinois 
Gulch and the May Day mine site. Water-quality samples 
were collected from stream sites, tributaries, springs, and 
seeps within the study reach. The May Day mine does not 
have any obvious mine drainage discharging from the adit; 
therefore, well points were installed down gradient from 
the May Day mine to further characterize flow paths from the 
site. Dissolved-constituent concentrations fluctuated through-
out the study reach, but the dissolved concentrations decreased 
most noticeably downstream from Illinois Gulch due to dilu-
tion by the large inflow. The inflows in Cement Creek reach 
affected by the May Day mine site had low pH values but also 
had low discharges; hence, the pH of the stream was not sub-
stantially affected by the inflows. Total-constituent (unfiltered) 
concentrations increased in the reach affected by the May 
Day mine. Cumulative inflow loads were less than cumulative 
instream loads, indicating that diffuse ground-water sources 
were contributing loads to the study reach. Sources of water 
to the study reach were explored using light stable isotopes 
of hydrogen and oxygen in water and principal components 
analysis. Mineral saturation calculations indicated supersatu-
ration of iron and sulfate phases downstream from Illinois 
Gulch.


Chapter E24, Using the OTIS Solute-Transport Model 
to Evaluate Remediation Scenarios in Cement Creek and the 
Upper Animas River, by Katherine Walton-Day, Suzanne S. 
Paschke, Robert L. Runkel, and Briant A. Kimball, presents 
results of solute-transport modeling used to simulate ambient 
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conditions and remediation scenarios for four subbasins in the 
study area. Results from water-quality sampling during metal-
loading studies conducted in Cement Creek, and in the Animas 
River from Eureka to Howardsville and from Howardsville to 
Silverton, were used to calibrate the solute-transport models. 
Remediation targets simulated in each subbasin included either 
the largest sources of loading, the largest sources of loading 
that occurred on Federal land, or sources of mining-related 
loading. Results of the simulations indicate that remediation is 
likely to effect the greatest water-quality improvement in areas 
where loading is limited to a small number of distinct sources, 
such as in the upper Cement Creek reach. Remediation will 
have a smaller effect in streams where a substantial proportion 
of the load is supplied from diffuse sources of seepage and 
ground water such as in a lower Cement Creek reach.


Chapter E25, Processes Affecting the Geochemical 
Composition of Wetland Sediment, by Mark R. Stanton, 
David L. Fey, Stanley E. Church, and Charles W. Holmes, 
presents the results from studies in four different wetlands 
in the study area to determine processes and geochemical 
attributes of these depositional environments. Geochemical 
and radioisotope profiles provide a chronological record that 
can be used to calculate depositional fluxes of metals in the 
wetlands. A detailed study was conducted in the Forest Queen 
wetlands to determine the role of sulfate reduction and seques-
tering of metals from acidic drainage from the Forest Queen 
mine. In contrast with iron bogs, the wetlands are dominated 
by deposits rich in organic material and have wide ranges in 
metal concentrations. Metal fluxes varied prior to mining as 
well as during mining. Sequestering of metals in monosulfide 
minerals is spotty and variable. Sorption of metals by organic 
material is an important mechanism for metal sequestration 
where the flux is limited by seasonal variation in surface-
water flow. Near-surface sediment in some wetlands contains 
abundant iron oxyhydroxides that sequester metals, but this is 
a seasonal phenomenon associated with lowered water tables 
and precipitation of metal-bearing iron oxyhydroxides at the 
wetland surface.


Chapter F, Potential for Successful Ecological 
Remediation, Restoration, and Monitoring, by Susan E. 
Finger, Stanley E. Church, and Paul von Guerard, describes 
the potential for successful recovery of the aquatic commu-
nity in the study area. Successful restoration is influenced 
by both the removal of the residual levels of contamination 
and the establishment of physical or chemical conditions that 
will support desired or realistic biological communities. Any 
restoration action involves a certain amount of risk of failure 
including the realities of natural environmental variability, 
the scale of the restoration effort, and external catastrophic 
influences such as flood or drought. Although the desire of 
land-management agencies may be for ecological recovery 
to a preexisting baseline condition, this is often not feasible. 
Numerous factors must be considered before the restoration 
alternative that has the highest probability of success can be 
identified. The success of any restoration effort can be best 
documented via a well-designed monitoring program that 


collects physical, chemical, and biological information to 
provide a comparison with conditions prior to cleanup activi-
ties. Necessary monitoring activities are developed to chart 
the progress of aquatic recovery following these remediation 
efforts.


Chapter G, Digital Databases and CD-ROM for the 
Animas River Watershed, by Tracy C. Sole, Matthew Granitto, 
Carl L. Rich, David W. Litke, and Richard T. Pelltier, describes 
the content and format of the data and information contained 
on the accompanying CD-ROM. Included are a relational 
database, a GIS database, and various map, image, and graphic 
products created during the study. The relational database con-
tains sample site data collected and produced for the study and 
an inventory and description of mine-related sites located and 
compiled for the study. The GIS database contains the sample 
site data and the information for mine-related sites stored as 
data layers and associated tables. In addition, the GIS database 
contains base cartographic data and other thematic data 
layers collected or produced during this study, as well as data 
layers and information that resulted from use of a GIS to 
analyze the sample site, mine-related site, base cartographic, 
and thematic data. ArcExplorer and MapSheets Express, two 
commercial software packages that use .e00 files (export file for-
mat), are provided so that the reader can conduct elementary GIS 
analysis of the data and prepare simple illustrations. Queries are 
provided to allow users to extract data from the Access database 
for use in commercially available spreadsheets for independent 
analysis.
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Abstract
The history of mining and milling practices and produc-


tion in San Juan County, Colorado, can be divided into four 
time periods based on the changes in milling technology. These 
periods are defined as (1) the Smelting Era 1871–1889, (2) the 
Gravity Milling Era 1890–1913, (3) the Early Flotation Era 
1914–1935, and (4) the Modern Flotation Era 1936–1991. Dur-
ing these periods mining production was influenced by national 
and world events such as war, metals prices, government poli-
cies, and mining and milling technology. During the Smelting 
Era, mines were small, milling was rarely done, and most ore 
was shipped as crude ore directly to the smelters. Selective min-
ing left mineralized rock on surface dumps, and underground 
as stope backfill. Production in this period was an estimated 
93,527 short tons. During the Gravity Milling Era, higher 
capacity mining technologies were developed, and milling 
of low-grade ores became common. New technologies, includ-
ing aerial tramways, air-powered drills, electrical devices, and 
an integrated narrow gauge railroad system helped increase pro-
ductivity. Mine production in the period increased to 4.3 million 
short tons, of which more than 96 percent was waste; that 
96 percent was discharged directly into the Animas River and 
tributaries as mill tailings. During the Early Flotation Era, con-
tinued mining technology improvements allowed bulk mining 
of low-grade ore, which was milled rather than discarded on 
dumps. Tunnels and workings increased in extent. Production in 
this era totaled 4.2 million short tons. Mill tailings continued to 
be discharged into rivers and streams. In the Modern Flotation 
Era, milling efficiencies improved and production tonnages 
increased further, but owing to changes in the attitudes of the 
public and the courts, mill tailings were impounded in tail-
ings ponds, rather than discharged to the Animas River. Long 
haulage tunnels became practical and drained ground water 
in the vicinity of the mine workings. Mining in the county 
increased as a result of World War II and Korean War govern-
ment incentives, but it decreased after 1953, as costs increased 
and metals prices failed to keep pace. Increased environmental 
regulation of mining impacted the industry as reclamation costs 


reduced profitability. High gold prices and ore grades helped the 
Sunnyside mine remain in production until 1991 when mining 
ended in the county after 121 years. Production for the modern 
flotation era totaled 9.5 million short tons.


Total ore production for 1871–1991 is estimated at 
18.1 million short tons, of which an estimated 8.6 million short 
tons of mill tailings was discharged into the Animas River and 
tributaries.


Introduction
Silverton and San Juan County have a history of mining 


production that spans more than 120 years, from initial discov-
eries in 1871 to the end of major production in 1991. During 
this time the industry evolved and grew, owing to a complex 
mix of technology and economics influenced in the broadest 
sense by America’s need for metals. The mining industry has 
always been a leader in technological innovation and the indus-
try around Silverton was no exception. Four distinct periods 
of mining and milling practices can be identified: 1871–1889; 
1890–1913; 1914–1935; and 1936–1991. Total production for 
the mines in San Juan County is listed in table 1.2 These four 
periods are best defined by the ore processing and milling 
methods in use during the period. Mining techniques changed 
somewhat more gradually, but they maintained a clear connec-
tion to the demands placed on the mines by the rapid innova-
tions of mineral processing technology. Mines in the study area 
are shown in figure 1, and the mills and smelters in figure 2. 
(See Church, Mast and others, this volume, Chapter E5.) Data 
on the type of mill, capacity, and processes used and dates of 
construction or expansion are in table 2. Tramways (table 3 and 
fig. 2) were constructed to provide efficient transport of the ore 
to larger and more efficient mills, and narrow gauge railroads 
(table 4 and fig. 2) facilitated in moving the ore concentrate to 
smelters outside the upper Animas River, Mineral Creek, and 
Cement Creek basins.


Chapter C
History of Mining and Milling Practices and Production 
in San Juan County, Colorado, 1871–1991


By William R. Jones1


2Owing to space constraints, values for each commodity (troy oz × $/oz; 
lb × $/lb) are omitted here, and average values for silver, copper, and lead, 
originally computed to three decimal places, were rounded. The complete 
table appears on the database disk that accompanies the volume.1Silverton, Colo.







Year
No. of 
lode 


mines 


Crude 
ore 


treated


Total ore 
treated


Gold Silver Copper Lead Zinc


Short
tons


Short 
tons


Troy
ounces


Average 
value


($/T Oz)


Troy
ounces


Average 
value


($/T Oz)
Lb


Average 
value
($/lb)


Lb
Average 


value
($/lb)


Lb
Average 


value
($/lb)


1871 -- -- 27 196 $20.67


1872 -- -- 100 701 $20.67


1873 -- -- 100 629 $20.67


1874 -- -- 100 461 $20.67 3,166 $1.28


1875 -- -- 1,100 483 $20.67 68,547 $1.24 120,000 $0.06


1876 -- -- 800 242 $20.67 48,465 $1.16 249,348 $0.06


1877 -- -- 800 242 $20.67 34,010 $1.20 8,664 $0.19 400,000 $0.06


1878 -- -- 600 290 $20.67 24,569 $1.15 36,145 $0.17 400,000 $0.04


1879 -- -- 900 290 $20.67 30,938 $1.12 100,000 $0.19 500,000 $0.04


1880 -- -- 700 290 $20.67 11,602 $1.15 100,000 $0.21 430,000 $0.05


1881 -- -- 600 242 $20.67 19,336 $1.13 100,000 $0.18 140,000 $0.05


1882 -- -- 1,100 483 $20.67 46,406 $1.14 100,000 $0.19 320,000 $0.05


1883 -- -- 7,400 1,693 $20.67 270,703 $1.11 100,000 $0.17 1,137,000 $0.04


1884 -- -- 8,000 1,935 $20.67 464,062 $1.11 300,000 $0.13 3,400,000 $0.04


1885 -- -- 14,000 1,935 $20.67 700,000 $1.07 100,000 $0.11 5,300,000 $0.04


1886 -- -- 14,700 6,908 $20.67 718,523 $0.99 100,000 $0.11 4,300,000 $0.05


1887 -- -- 9,000 5,865 $20.67 401,760 $0.98 300,000 $0.14 2,040,145 $0.05


1888 -- -- 7,500 9,208 $20.67 223,339 $0.94 240,000 $0.17 2,382,358 $0.04


1889 -- -- 26,000 19,103 $20.67 508,328 $0.94 135,018 $0.14 4,096,887 $0.04


1890 -- -- 67,000 9,064 $20.67 321,340 $1.05 147,354 $0.16 3,462,158 $0.05


1891 -- -- 121,000 9,294 $20.67 769,545 $0.99 235,467 $0.13 6,857,544 $0.04


1892 -- -- 73,000 7,204 $20.67 397,589 $0.87 136,768 $0.12 6,406,665 $0.04


1893 -- -- 89,000 12,611 $20.67 327,153 $0.78 1,125,826 $0.11 8,000,000 $0.04


1894 -- -- 76,000 16,450 $20.67 351,114 $0.63 1,118,222 $0.10 4,000,000 $0.03


1895 -- -- 230,000 41,094 $20.67 1,894,453 $0.65 2,057,588 $0.11 8,098,800 $0.03


1896 -- -- 241,000 43,962 $20.67 2,228,031 $0.68 845,094 $0.11 5,634,586 $0.03


1897 -- -- 163,000 33,591 $20.67 1,101,907 $0.60 1,435,203 $0.12 8,021,414 $0.04


1898 -- -- 232,000 54,794 $20.67 1,048,499 $0.59 2,252,421 $0.12 14,659,999 $0.04


1899 -- -- 237,000 48,199 $20.67 1,191,857 $0.60 1,197,661 $0.17 16,011,677 $0.05


1900 -- -- 205,000 36,633 $20.67 681,317 $0.62 1,972,087 $0.17 17,579,177 $0.04


1901 -- -- 242,850 46,588 $20.67 784,218 $0.60 2,740,042 $0.17 15,473,187 $0.04


1902 -- -- 230,000 73,741 $20.67 838,102 $0.53 3,012,283 $0.12 7,699,883 $0.04


1903 -- -- 249,500 82,758 $20.67 781,358 $0.54 2,939,018 $0.14 6,969,093 $0.04


1904 31 -- 233,663 83,997 $20.67 1,042,044 $0.58 3,467,124 $0.13 9,288,643 $0.04 1,384,340 $0.05


1905 20 -- 204,139 50,840 $20.67 750,844 $0.61 2,274,109 $0.16 8,045,126 $0.05 248,627 $0.06


1906 26 -- 196,438 43,545 $20.67 690,076 $0.68 1,549,663 $0.19 4,515,317 $0.06 584,476 $0.06


1907 27 -- 235,639 46,814 $20.67 1,175,176 $0.66 2,450,280 $0.20 12,483,507 $0.05 237,677 $0.06


1908 42 4,411 202,643 48,269 $20.67 1,004,287 $0.53 2,282,738 $0.13 8,402,569 $0.04 10,131 $0.05


1909 40 6,100 187,041 33,053 $20.67 793,637 $0.52 1,653,192 $0.13 9,085,068 $0.04 786,518 $0.05


1910 53 6,052 206,272 34,371 $20.67 782,250 $0.54 1,208,496 $0.13 10,688,386 $0.04 3,781,259 $0.05


1911 37 1,919 108,088 16,276 $20.67 325,604 $0.53 470,912 $0.13 6,933,822 $0.05 2,224,351 $0.06


1912 41 -- 140,917 25,327 $20.67 714,974 $0.62 1,063,291 $0.17 9,114,334 $0.05 2,478,594 $0.07


1913 38 10,832 123,343 31,811 $20.67 880,409 $0.60 1,221,516 $0.16 9,508,979 $0.04 1,664,999 $0.06


1914 29 4,675 117,988 24,597 $20.67 493,917 $0.55 825,180 $0.13 5,199,000 $0.04 971,177 $0.05


1915 42 5,952 147,878 28,235 $20.67 430,637 $0.51 1,054,463 $0.18 6,791,596 $0.05 2,259,226 $0.12


1916 46 11,748 146,128 21,218 $20.67 502,342 $0.66 1,615,167 $0.25 7,285,304 $0.07 4,014,403 $0.13


1917 46 -- 145,685 15,383 $20.67 658,261 $0.82 1,665,923 $0.27 10,515,535 $0.09 3,270,500 $0.10


Table 1. Summary of metal production from mines in San Juan County, Colorado from 1871 to 1991.


[Data from 1871 to 1908 are estimated when italicized, see notes for details; total value of metals italicized where calculated from commodity prices; --, no data; 
$/T Oz, dollars per troy ounce; $/lb, dollars per pound]
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Total value 
of metals 
produced


Sources 
of data


Important 
historical events


$4,050.00 Ransome (1901) Discovery of Little Giant mine.


$14,500.00 Ransome (1901)


$13,000.00 Henderson (1926)


$13,586.00 Henderson (1926)


$101,958.00 Henderson (1926) Greene Smelter opens in Silverton.


$76,429.00 Henderson (1926)


$69,458.00 Henderson (1926)


$54,654.00 Henderson (1926) Bland-Allison Silver Purchase Act.


$79,751.00 Henderson (1926) Smelter moved to Durango.


$62,242.00 Henderson (1926)


$51,770.00 Henderson (1926)  


$97,683.00 Henderson (1926) D&RG Railroad arrives in Silverton.


$400,871.00 Henderson (1926)


$719,909.00 Henderson (1926)


$1,006,500.00 Henderson (1926)


$1,063,037.00 Henderson (1926)


$648,176.00 Henderson (1926)


$545,411.00 Henderson (1926) Silverton RR built to Red Mountain district.


$1,050,707.00 Henderson (1926)


$703,548.00 Henderson (1926) Sherman Silver Purchase Act passed.


$1,278,973.00 Henderson (1926)


$766,943.00 Henderson (1926)


$933,436.00 Henderson (1926) Repeal of Sherman Silver Purchase Act.


$799,456.00 Henderson (1926)


$2,560,129.00 Henderson (1926) Silverton Northern RR built to Eureka for Sunnyside mine.


$2,684,076.00 Henderson (1926)


$1,816,465.00 Henderson (1926)


$2,587,586.00 Henderson (1926)


$2,636,712.00 Henderson (1926) SG&N RR built to Gladstone for Gold King mine.


$1,280,471.00 Henderson (1926)


$2,556,439.00 Henderson (1926)  


$2,651,614.00 Henderson (1926)


$2,827,888.00 Henderson (1926)


$2,860,421.00 Henderson (1926)


$2,251,535.00 Henderson (1926)


$1,969,695.00 Henderson (1926)


$2,999,623.00 Henderson (1926) Financial Panic of 1907.


$2,184,801.00 Henderson (1926)


$1,744,003.00 Henderson (1926)


$1,960,898.00 Henderson (1926)


$1,006,707.00 Henderson (1926)


$1,719,894.00 Henderson (1926)


$1,890,349.00 Henderson (1926)


$1,143,653.00 Henderson (1926) WWI begins in Europe.


$1,585,894.00 Henderson (1926)


$2,207,116.00 Henderson (1926)


$2,553,137.00 Henderson (1926) America enters WWI.
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($/lb)


1918 37 -- 132,927 12,432 $20.67 477,322 $1.00 1,120,178 $0.25 9,485,775 $0.07 3,410,308 $0.09


1919 20 2,849 64,899 6,412 $20.67 279,667 $1.12 661,667 $0.19 5,443,906 $0.05 1,833,768 $0.07


1920 19 2,016 201,671 12,904 $20.67 746,100 $1.09 1,361,391 $0.18 16,601,025 $0.08 11,837,395 $0.08


1921 17 1,164 1,164 400 $20.67 64,179 $1.00 28,558 $0.13 557,555 $0.05 - $0.05


1922 26 2,758 8,808 1,246 $20.67 77,864 $1.00 110,348 $0.14 1,651,982 $0.06 1,300,000 $0.06


1923 16 627 153,114 11,706 $20.67 471,750 $0.82 1,005,441 $0.15 10,738,943 $0.07 9,540,000 $0.07


1924 13 497 233,790 19,557 $20.67 689,656 $0.67 1,601,748 $0.13 1,755,913 $0.08 17,579,000 $0.07


1925 17 748 274,783 15,089 $20.67 808,254 $0.69 1,502,000 $0.14 2,083,400 $0.09 22,200,000 $0.08


1926 15 372 289,401 14,309 $20.67 869,963 $0.62 1,560,400 $0.14 18,460,600 $0.08 22,423,000 $0.08


1927 10 290 282,824 12,235 $20.67 726,291 $0.57 1,549,214 $0.13 17,271,016 $0.06 22,869,000 $0.06


1928 9 255 326,110 15,739 $20.67 827,318 $0.59 1,755,653 $0.14 16,694,449 $0.06 25,427,000 $0.06


1929 13 130 346,866 20,869 $20.67 871,544 $0.53 2,157,000 $0.18 19,012,224 $0.06 22,858,000 $0.07


1930 12 245 403,801 31,994 $20.67 1,067,496 $0.39 2,678,000 $0.12 17,788,600 $0.05 19,677,000 $0.05


1931 10 26 172,430 31,308 $20.67 430,793 $0.29 1,250,505 $0.08 1,134,000 $0.04 - $0.04


1932 9 -- 191,051 24,724 $20.67 339,965 $0.28 1,367,000 $0.06 1,031,000 $0.03 - $0.03


1933 12 61 199,612 23,474 $25.56 389,642 $0.35 1,184,000 $0.06 1,198,400 $0.04 - $0.04


1934 16 781 210,489 16,592 $34.95 303,012 $0.65 819,300 $0.08 2,051,000 $0.04 2,000 $0.04


1935 15 1,038 177,373 16,128 $35.00 282,418 $0.72 624,000 $0.08 2,418,200 $0.04 - $0.04


1936 25 868 204,281 22,162 $35.00 432,603 $0.78 991,400 $0.09 3,112,900 $0.05 - $0.05


1937 20 473 283,859 25,099 $35.00 484,362 $0.77 1,102,000 $0.12 6,680,000 $0.06 3,856,000 $0.07


1938 21 482 331,725 26,516 $35.00 647,712 $0.65 2,021,000 $0.10 8,011,000 $0.05 8,549,000 $0.05


1939 20 510 199,271 16,152 $35.00 286,150 $0.68 1,013,000 $0.10 2,092,000 $0.05 1,166,000 $0.05


1940 33 -- 231,630 16,098 $35.00 362,662 $0.71 739,000 $0.11 5,378,000 $0.05 2,971,000 $0.06


1941 25 216 265,232 17,384 $35.00 532,731 $0.71 870,000 $0.12 6,145,000 $0.06 1,680,000 $0.08


1942 16 341 197,404 17,094 $35.00 394,657 $0.71 575,000 $0.12 4,297,000 $0.07 784,000 $0.09


1943 19 180 202,100 21,214 $35.00 327,098 $0.71 498,000 $0.13 5,397,000 $0.08 1,004,000 $0.11


1944 11 85 176,695 28,523 $35.00 233,027 $0.71 348,000 $0.14 4,594,000 $0.08 1,258,000 $0.11


1945 12 94 196,106 21,923 $35.00 306,374 $0.71 466,000 $0.14 5,371,000 $0.09 1,690,000 $0.12


1946 15 127 242,841 17,396 $35.00 361,328 $0.81 757,000 $0.16 7,084,000 $0.11 3,757,000 $0.12


1947 20 184 236,817 20,123 $35.00 417,451 $0.91 789,900 $0.21 5,797,100 $0.14 3,607,600 $0.12


1948 30 2,969 228,386 16,471 $35.00 542,490 $0.91 654,000 $0.22 6,004,000 $0.18 3,332,000 $0.13


1949 31 403 244,368 11,549 $35.00 584,068 $0.91 608,000 $0.20 7,026,000 $0.16 3,198,000 $0.12


1950 25 426 278,152 13,902 $35.00 596,149 $0.91 690,000 $0.21 6,784,000 $0.14 2,590,000 $0.14


1951 28 322 243,917 9,998 $35.00 453,327 $0.91 1,102,000 $0.24 9,064,000 $0.17 3,684,000 $0.18


1952 20 55 190,599 10,203 $35.00 363,530 $0.91 1,190,000 $0.24 8,446,000 $0.16 2,942,000 $0.17


1953 12 -- 55,943 2,696 $35.00 122,462 $0.91 272,000 $0.29 2,958,000 $0.13 1,264,000 $0.12


1954 7 217 6,900 491 $35.00 20,395 $0.91 24,000 $0.30 458,000 $0.14 166,000 $0.11


1955 8 14 10,408 455 $35.00 35,829 $0.91 78,000 $0.37 938,000 $0.15 492,000 $0.12


1956 8 17 19,780 841 $35.00 37,283 $0.91 85,600 $0.43 1,665,800 $0.16 1,287,400 $0.14


1957 8 165 17,245 2,180 $35.00 54,757 $0.91 131,700 $0.30 1,124,800 $0.14 624,100 $0.12


1958 7 -- 17,049 1,205 $35.00 33,336 $0.91 96,000 $0.26 782,000 $0.12 548,000 $0.10


1959 3 -- 6,049 310 $35.00 7,303 $0.91 46,000 $0.30 290,000 $0.12 220,000 $0.12


1960 5 -- 39,861 1,206 $35.00 50,284 $0.91 322,000 $0.32 778,000 $0.12 84,000 $0.13


1961 12 -- 2,531 221 $35.00 5,740 $0.93 32,000 $0.30 80,000 $0.11 44,000 $0.12


1962 4 -- 42,716 411 $35.00 31,306 $1.08 78,000 $0.31 1,578,000 $0.10 2,104,000 $0.12


1963 4 -- 134,971 1,249 $35.00 127,497 $1.28 528,000 $0.31 5,878,000 $0.11 8,188,000 $0.12


1964 7 -- 174,333 1,239 $35.00 194,724 $1.29 1,064,000 $0.32 8,214,000 $0.14 13,452,000 $0.14


Table 1. Summary of metal production from mines in San Juan County, Colorado from 1871 to 1991.—Continued
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Total value 
of metals 
produced


Sources 
of data


Important 
historical events


$1,994,845.00 Henderson (1926) Sunnyside Flotation Mill at Eureka begins production.


$991,249.00 Henderson (1926)


 $3,617,422.00 Henderson (1926)


 $101,225.00 Henderson (1926) Post war recession closes most mines.


 $283,479.00 Henderson (1926)


 $2,117,067.00 Henderson (1926) Sunnyside mine reopens.


 $3,623,610.00 USBM Min.Res. of the U.S. 1924, commodity prices from Ingram (1932)


 $4,585,890.00 USBM Min.Res. of the U.S. 1925, commodity prices from Ingram (1932)


 $4,215,674.00 USBM Min.Res of the U.S. 1926, commodity prices from Ingram (1932)


 $3,419,371.00 USBM Min.Res.of the U.S. 1927, commodity prices from Ingram (1932) Shenandoah-Dives mine opens.


 $3,583,035.00 USBM Min.Res of the U.S. 1928, commodity prices from Ingram (1932)


 $3,981,967.00 USBM Min.Res of the U.S. 1929, commodity prices from Ingram (1932) Stock Market Crash; Mayflower Mill built.


 $3,254,428.00 USBM Min.Res of the U.S. 1930, commodity prices from Ingram (1932) Sunnyside mine closes, S-D mine and Mayflower Mill start 
production.


 $927,892.00 USBM Min.Res of the U.S. 1931, commodity prices from Ingram (1932) Great Depression begins.


 $724,013.00 USBM Minerals Yearbook 1932-33


 $741,740.00 USBM Minerals Yearbook 1934


 $917,294.00 USBM Minerals Yearbook 1935 Gold price increased to $35.00 per ounce.


 $915,988.00 USBM Minerals Yearbook 1936  


 $1,345,123.00 USBM Minerals Yearbook 1937 Tailings pond operations sucessful.


 $2,031,242.00 USBM Minerals Yearbook 1938 Sunnyside mine reopens. 


 $2,323,685.00 USBM Minerals Yearbook 1939 Sunnyside mine closes.


 $1,023,863.00 USBM Minerals Yearbook 1940 Strike closes Shenandoah-Dives mine.


 $1,360,903.00 Vanderwilt (1947)


 $1,566,196.00 USBM Minerals Yearbook 1941


 $1,309,321.00 USBM Minerals Yearbook 1942 America enters WWII; premiums paid on metal production.


 $1,553,145.00 USBM Minerals Yearbook 1943


 $1,721,925.00 USBM Minerals Yearbook 1944


 $1,704,337.00 USBM Minerals Yearbook 1945


 $2,253,957.00 USBM Minerals Yearbook 1946


 $2,519,279.00 USBM Minerals Yearbook 1947 Premium price plan expires.


 $2,727,256.00 USBM Minerals Yearbook 1948


 $2,559,262.00 USBM Minerals Yearbook 1949


 $2,453,255.00 USBM Minerals Yearbook 1950 Korean War begins.


 $3,265,458.00 USBM Minerals Yearbook 1951


 $2,822,276.00 USBM Minerals Yearbook 1952


 $816,116.00 USBM Minerals Yearbook 1953 Shenandoah-Dives mine closes, Korean War armistice.


 $123,398.00 USBM Minerals Yearbook 1954


 $277,724.00 USBM Minerals Yearbook 1955


 $537,463.00 USBM Minerals Yearbook 1956


 $398,742.00 USBM Minerals Yearbook 1957


 $244,953.00 USBM Minerals Yearbook 1958  


 $90,335.00 USBM Minerals Yearbook 1959, USGS (1999) Standard Uranium Corp. begins American tunnel.


 $292,847.00 USBM Minerals Yearbook 1960, USGS (1999)  


 $35,681.00 USBM Minerals Yearbook 1961, USGS (1999) American tunnel completed at Sunnyside mine.


 $459,266.00 USBM Minerals Yearbook 1962, USGS (1999) Production begins from Sunnyside mine through American 
tunnel.


 $1,945,755.00 USBM Minerals Yearbook 1963, USGS (1999)


 $3,547,585.00 USBM Minerals Yearbook 1964, USGS (1999)
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1965 9 -- 182,704 2,052 $35.00 218,665 $1.29 906,000 $0.35 8,656,000 $0.16 17,316,000 $0.15


1966 13 -- 197,989 3,364 $35.00 252,979 $1.29 710,000 $0.36 9,492,000 $0.15 16,678,000 $0.14


1967 8 -- 211,979 1,742 $35.00 261,873 $1.55 738,000 $0.38 11,054,000 $0.14 17,084,000 $0.14


1968 9 -- 194,888 3,026 $40.06 247,123 $2.14 778,000 $0.41 7,948,000 $0.13 14,998,000 $0.14


1969 5 -- 214,735 6,090 $41.51 266,579 $1.79 888,000 $0.47 10,572,000 $0.15 15,416,000 $0.15


1970 7 -- 242,695 14,884 $36.41 271,758 $1.77 1,386,000 $0.58 13,138,000 $0.16 17,454,000 $0.15


1971 5 -- 191,154 14,703 $41.25 219,790 $1.55 1,096,000 $0.52 9,574,000 $0.14 10,402,000 $0.16


1972 1 -- 180,112 31,424 $58.60 291,204 $1.68 898,958 $0.51 10,040,542 $0.15 15,532,814 $0.18


1973 2 -- 191,350 30,926 $97.81 290,316 $2.56 686,000 $0.60 9,474,000 $0.16 12,872,000 $0.21


1974 2 -- 192,041 28,493 $159.74 237,476 $4.71 642,000 $0.77 7,062,000 $0.22 11,616,000 $0.36


1975 2 -- 186,615 27,689 $161.49 206,287 $4.42 584,000 $0.64 6,734,000 $0.21 9,324,000 $0.39


1976 1 -- 214,134 23,555 $125.32 235,547 $4.35 728,050 $0.70 7,280,555 $0.23 11,991,500 $0.37


1977 7 -- 268,957 49,410 $148.31 329,968 $4.62 1,004,000 $0.67 9,648,000 $0.31 9,878,000 $0.34


1978 1 -- 122,702 18,405 $193.55 196,323 $5.40 711,670 $0.66 4,908,080 $0.34 8,098,330 $0.31


1979 3 -- 20,082 2,410 $307.50 26,106 $11.09 80,330 $0.92 602,460 $0.53 923,770 $0.37


1980 3 -- 126,541 31,635 $612.56 202,466 $20.63 759,240 $1.01 4,302,390 $0.43 6,327,050 $0.37


1981 3 -- 198,616 35,070 $459.64 216,099 $10.52 846,820 $0.84 5,554,100 $0.37 6,407,680 $0.45


1982 3 -- 224,067 37,953 $375.91 284,391 $7.95 973,400 $0.73 9,151,220 $0.26 12,169,180 $0.39


1983 1 -- 274,579 39,739 $424.00 348,095 $11.44 1,155,740 $0.77 8,946,920 $0.22 12,054,980 $0.41


1984 1 -- 237,969 27,337 $360.66 360,510 $8.14 1,432,000 $0.67 9,632,000 $0.26 11,706,000 $0.49


1985 1 -- 19,360 4,840 $317.66 44,528 $6.14 174,240 $0.67 1,200,320 $0.19 1,626,240 $0.40


1986 1 -- 133,016 22,112 $368.24 211,183 $5.47 822,000 $0.66 4,730,000 $0.22 9,663,060 $0.38


1987 1 -- 255,712 47,093 $477.95 446,330 $7.01 2,251,620 $0.83 13,816,760 $0.36 18,422,350 $0.42


1988 1 -- 197,504 31,291 $438.31 395,033 $6.53 1,909,540 $1.21 10,695,320 $0.37 14,483,720 $0.60


1989 1 -- 179,391 29,612 $382.58 367,723 $5.50 1,817,800 $1.31 10,226,820 $0.39 16,037,060 $0.82


1990 1 -- 237,829 21,784 $384.93 346,378 $4.82 1,787,720 $1.23 10,632,700 $0.46 15,509,220 $0.75


1991 1 -- 141,534 19,940 $363.29 227,613 $4.04 1,267,500 $1.09 7,220,560 $0.34 10,807,640 $0.53


TOTAL 73,694 18,136,276 2,288,923 51,306,907 112,279,546 765,645,442 604,213,443


Table 1. Summary of metal production from mines in San Juan County, Colorado from 1871 to 1991.—Continued
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Total value 
of metals 
produced


Sources 
of data


Important 
historical events


 $4,553,906.00 USBM Minerals Yearbook 1965, USGS (1999)


 $4,554,795.00 USBM Minerals Yearbook 1966, USGS (1999)


 $4,661,184.00 USBM Minerals Yearbook 1967, USGS (1999)


 $4,048,972.00 USBM Minerals Yearbook 1968, USGS (1999) Standard Metals announces plan to close Sunnyside mine.


 $4,978,000.00 USBM Minerals Yearbook 1969, USGS (1999) Gold discovered in Sunnyside mine.


 $6,548,203.00 USBM Minerals Yearbook 1970, USGS (1999)


 $4,512,584.00 USBM Minerals Yearbook 1971, USGS (1999) Standard Metals bankruptcy closes Sunnyside mine.


 $5,645,698.00 Standard Metals Corp 1973 Annual Report, production and total value; 
commodity prices from USGS (1999)


Standard reopens Sunnyside mine.


 $8,378,947.00 USBM Minerals Yearbook 1973, silver and base metal values calculated 
from commodity prices (USGS, 1999)


Government removes restrictions on gold price.


 $11,924,712.00 USBM Minerals Yearbook 1974, silver and base metal values calculated 
from commodity prices (USGS, 1999)


 $10,842,267.00 USBM Minerals Yearbook 1975, silver and base metal values calculated 
from commodity prices (USGS, 1999)


 


 $10,601,928.06 Sunnyside mine production only (Hutchinson, 1988); values calculated 
from commodity prices USGS (1999) 


Mayflower Mill increases capacity to 1000 short tons per day


 $15,883,716.00 USBM Minerals Yearbook 1977, silver and base metal values calculated 
from commodity prices (USGS, 1999) 


 $7,136,916.00 Sunnyside mine production from Hutchinson (1988); total value from 
Standard Metals 1982 report


Lake Emma floods Sunnyside mine.


 $2,129,133.00 Sunnyside mine production from Hutchinson (1988); total value from 
Standard Metals 1982 report


 $17,904,380.00 Sunnyside mine production from Hutchinson (1988); total value from 
Standard Metals 1982 report


Sunnyside mine reopens.


 $24,882,000.00 Production from Standard Metals 1984 Report, Sunnyside mine only. 
Total value from USBM Yearbook 1983


 $25,895,000.00 Producton from Standard Metals 1984 Report, Sunnyside mine only. 
Total value from USBM Yearbook 1984


 $21,019,112.00 Production from Standard Metals 1984 Annual Report; value from 1986 
backruptcy disclosure 


 $21,905,397.82 Production from Standard Metals 1984 Annual Report; values calculated 
from commodity prices (USGS, 1999)


 


 $2,813,704.96 Sunnyside mine production from Hutchinson (1988); values calculated 
from commodity prices (USGS, 1999)


Standard Metals bankruptcy closes Sunnyside mine.


 $14,718,148.80 USBM Minerals Yearbook 1986 except zinc from Hutchinson (1988); 
commodity prices from USGS (1999)


Echo Bay Mines purchases, reopens Sunnyside mine.


 $40,173,640.64 Base metal production from Hutchinson (1988), tonnage, gold, and silver 
from Echo Bay Mines 1987 Annual Report


 


 $31,282,882.56 Sunnyside Gold Corp. (written commun., 2002); commodity prices and 
value calculated from USGS (1999)


 $32,910,691.94 Sunnyside Gold Corp. (written commun., 2002); commodity prices and 
value calculated from USGS (1999)


 $28,716,460.52 Sunnyside Gold Corp. (written commun., 2002); commodity prices and 
value calculated from USGS (1999)


 $17,674,258.14 Sunnyside Gold Corp. (written commun., 2002); commodity prices and 
value calculated from USGS (1999)


Sunnyside mine closes August 15, 1991.


 $529,838,329.44 
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Figure 1. Locality map of mines, Animas River watershed study area (Church, Mast, and others, this volume, Chapter E5). Mine 
sites referred to in this chapter are: Frisco tunnel (site # 19), Gold King Mill level tunnel (site # 96), Lead Carbonate (mine # 106), Gold 
King (mine # 111), Sunnyside (mine # 116), Terry tunnel, Sunnyside (mine # 120), May Day (mine # 181), Little Nation (mine # 228), Old 
Hundred mine, mill level (site # 239), Unity tunnel of the Silver Lake (mine # 294), Little Giant (mine # 303), Pride of the West mine, 
# 1 level (mine # 319), Buffalo Boy (mine # 325), Silver Lake mine, # 1 level (mine # 343), Iowa (mine # 345), Royal Tiger (mine # 348), 
North Star (mine # 350, later a part of the Shenandoah-Dives mine, 1700 level), Shenandoah-Dives mine, 900 level (mine # 355), and 
Highland Mary mine, # 7 level (mine # 359).
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Figure 2. Locality map of mills, smelters, tramways, and railroads (mill and smelter localities from Church, Mast, and others, this 
volume; railroads from Sloan and Skowronski, 1975). Mills, their processing capacities, and dates of construction or expansion 
are summarized in table 2. Trams and their dates of construction are in table 3. Narrow gauge railroad segments and dates of 
their construction are in table 4. Large mill tailings present today are the Kittimack tailings (site # 192), Pride of the West Mill [# 4] 
tailings (permitted; site # 234), Old Hundred tailings (site # 237), Lackawanna tailings (site # 286, removed by the U.S. Bureau of Land 
Management in 2000 to the May Day mine site # 181, fig. 1), North Star tailings (site # 310), and Highland Mary tailings (site # 361).







Name
Site No. 
(fig. 2)


Mill method 
(Stamp, 


Concentrator, 
or Flotation)


Date built 
or enlarged


 Capacity 
(tons/day)


Amalgamation 
(used mercury 


for gold 
recovery)


Bagley Mill (aka Frisco) 20 C 1912 150 N


Big Giant Mill 307 C c. 1896 20–40 Y
Boston & Silverton Mill (aka Yukon) 185 S, C 1890s 75 ?
Columbus Mill 24 F 1940s 50 N
Contention Mill (aka Arpad, North Star [#2] ) 225 S,C c. 1905 100 N
Green Mountain Mill (Osceola) 240 C 1904 300 N
Gold King Mill 94 S, C c. 1897, 1899,


1903, 1904
65, 100, 
250, 325


Y


Gold Prince Mill 27 S,C 1905–1906 500 Y
Hamlet Mill 191 C c. 1905 50, 75 N
Hanson Mill (aka Sunnyside Extension Mill) 51 S, C 1896 50 N


Hercules Mill (aka Empire) 277 S, C 1889, 1899 50, 100, 
140, 200


Y


Highland Mary Mill (aka Gold Tunnel M & M) 502 C, F  1902, 1940, 
1944


150, 100 N


Ice Lake Mill 205 S, C 1890s 40 Y
Intersection Mill 328 S, C 1890s 30 Y
Iowa Mill 297 C 1890s, 1901 50, 100, 


150, 200
Y


Kittimack Mill 194 C c. 1908 100 N
Lackawanna Mill 287 C, F 1920s 50 N
Lead Carbonate Mill 95 F 1947 50 N
Little Giant Mill 299 Rolls/pan 1873 5 Y
Little Nation Mill 231 C, F 1923 50 N
Mastodon Mill 52 F 1952 50 ?
Mayflower Mill (aka Shenandoah-Dives Mill) 221 F, C 1929, 1935, 


1944, 1976
300, 600, 
750, 1,200


Y


Mears-Wilfley Mill 222 C, F 1914 500 N
Mogul Mill 93 C 1900 75 N
Natalie/Occidental Mill 151 S, C 1899 75 N
North Star (Sultan) Mill 264 S, C 1883 70, 100 Y
North Star (Soloman) Mill [#1] 309 S 1882 40 ?
Old Hundred Mill 238 S, C, F 1905, 1950 200, 65 Y
Pride of the West Mill [#1] (Schoelkopf) 318 S 1881 20 ?
Pride of the West Mill [#2] (aka Howardsville Conc.) 227 S, F 1901 40 ?


Pride of the West Mill [#3] 316 F 1928 65 N


Pride of the West Mill [#4] (aka Dixilyn, P&G) 233 F 1940, 1968, 
1981


50, 90, 
300


N


Red and Bonita Mill 97 S 1899 75 ?
Silver Lake Mill #1 347 S, C 1893, 1899, 


1901
100, 200, 


250
N


Silver Lake Mill #2 219 C, F 1900, 1902, 
1907, 1914


200, 300, 
450


N


Silver Ledge Mill 138 C 1883, 1898, 
1902


50, 125, 
200


N


Table 2. Mills and smelters, San Juan County.


[Localities shown in fig. 2; dates mill built or enlarged where approximate are indicated; size of mill capacity in italics where estimated; mercury used in gold 
recovery indicated by Y (yes) or N (no) if known, ? if uncertain; method of ore processing, C, concentrator; F, Flotation, S, Stamps; Lix, Lixivation; Rolls/pan, 
rolls crusher and pan amalgamation]
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Mining in Silverton followed the “boom and bust” pat-
tern associated with the mining industry. International and 
national events such as war, economic depression, and govern-
ment policies often triggered these cycles, which were quickly 
reflected in the price of metals and subsequent production. 
Ores in the district are typically polymetallic, containing 
gold, silver, lead, copper, zinc, cadmium, iron, and other trace 
metals. Mining evolved from small “high-grade” mines with 
limited processing, to larger mines producing lower grade 
ores, but at lower cost. This increasing output was processed 
in mills, which grew in size and efficiency. But unlike many 
other mining areas, which continued this progressive increase 
in size, large mines in San Juan County reached an upper limit 
of 700–1,000 short tons of ore produced per day around 1920. 
Annual production in the county was remarkably steady at 
200,000–250,000 short tons per year when economic condi-
tions were favorable to sustain profitable mining operations in 
the county (table 1 and fig. 3).


The sources of this production were varied, but a 
pattern developed that remained typical to the end of mine 
production in 1991: one or two “large” mines would account 
for the majority of production in any single year. Note that 
production records for individual mines are not generally 
available. After 1930, only two mines, the Shenandoah-Dives 
(1930–1953; mine # 355), which produced 4.099 million 
short tons of ore (Varnes, 1963) and Sunnyside (1962–1991, 
mine # 116 and # 96), which produced more than 7 million 
short tons of ore (Sunnyside Gold Corp., written commun., 
2002) account for around 90 percent of all mine produc-
tion for these years. Other earlier “large” mines include 
the Pride of the West (mine # 319—346,000 tons; Varnes, 
1963), Silver Lake (mine # 343 and # 294—849,000 tons; 
Varnes, 1963), Iowa and Royal Tiger mines (mine # 345 
and # 348—376,000 tons; Varnes, 1963), and the Gold 
King (mine # 111—665,000 tons; Taylor, 1988). Numer-
ous small mines added to production during periods of high 


Name
Site No. 
(fig. 2)


Mill method 
(Stamp, 


Concentrator, 
or Flotation)


Date built 
or enlarged


 Capacity 
(tons/day)


Amalgamation 
(used mercury 


for gold 
recovery)


Silver Wing Mill 124 S, C 1898 40, 100 N


Sound Democrat Mill 55 S, C c. 1900 30 Y


Sunnyside Eureka Mill 164 F 1917, 1925 600, 750, 
1,100


N


Sunnyside Mill #1 (Midway) 158 S, C 1889 40, 50 Y


Sunnyside Mill #2 165 S, C, F 1899, 1901, 
1915


40, 50, 
150, 200


Y


Sunnyside-Thompson Mill 113 S, C 1888 20 Y


Titusville Mill* C c. 1896 85 ?


Treasure Mountain Mill 63 F 1941 25 N


Vertex Mill 242 F 1929 100 N


Victoria Mill 267 S, C 1890s 100 Y


Ward and Shepard Mill 224 S 1881 10–20 Y


William Crooke Mill 215 S, Lix, C c. 1882 50 N


Yukon Mill 184 F, C 1977 10 N


San Juan Smelting Co. 26 1874
Brown, Epley & Co. Smelter 28 1876
Eclipse Smelter 66 1880
Greene & Co. Smelter 214 1874
Kendrick-Gelder Smelter (Ross) 213 1900
Martha Rose Smelter 275 1882, 1894


Rough & Ready Smelter 282 1875


Winspear Smelter 166  1878   
*Locality uncertain, assumed to be at terminus of Titusville tram (FF, table 3, fig. 2).


Table 2. Mills and smelters, San Juan County.—Continued







Period I—The Smelting Era 1871–1889


Mining Development and Practices


Lode mining began in 1871 with the discovery of the 
Little Giant (mine # 303, fig. 2 and table 2) in Arrastra Creek. 
Mining was performed by hand methods in small operations 
producing only a few tons of ore per day. Shafts, adits, and 
cuts were excavated directly into exposed or near-surface 
outcrops. Tunnels and shafts were short, typically not more 
than a few hundred feet. Only the higher grade ore was mined, 
usually the silver-lead ores. Lower grade ores and waste were 
typically left unmined when possible. Little mechanical pro-
cessing or milling was done at the mine. The best ores were 
sacked and hauled off the mountains with mules as “crude 
ore” and eventually shipped to smelters as far away as Wales 
in the United Kingdom (fig. 4).


Ores were typically hand sorted, meaning the best 
ore chunks were hand selected and separately shipped to 
the smelters as “first class ore.” The sorting was done both 
underground in the stopes and at the surface in sorting houses 
(fig. 4). Often, a slightly lower grade ore was again hand 
sorted and shipped as “second class ore.” The hand “cobbing” 
technique upgraded lower grade ores when miners hammered 
off chunks of good ore mineral from the lower grade ore and 
waste rock. After the cobbed-off chunks were sacked, the 
mine waste was deposited on the surface dumps. To provide 
a work surface in the stopes, the void left from ore extraction 
was filled with mine waste and low-grade ores in a mining 
method called “cut-and-fill stoping” (Ransome, 1901). Owing 
to the difficulty and cost of breaking rock, mine development 
avoided tunneling through unmineralized, valueless “country” 
rock. Thus, much waste rock left both underground in stopes 
and on surface mine-waste dumps contained a significant 
amount of mineralized rock (fig. 5).


As the period progressed, mines became larger as outside 
capital financed new mines and expansion of existing mines. 
The Greene & Co. Smelter (site # 214, fig. 2), which could 
reduce the sulfide lead-silver ores to metallic bullion, opened 
in Silverton in 1875. This stimulated production by provid-
ing a local market for the ores, which avoided expensive and 
difficult transportation out of the basin either by mule train 
or by wagon. However, the smelter operated only intermit-
tently and was dismantled and moved to Durango in 1880, 
where deposits of needed coal and limestone flux were 
located (Ransome, 1901, p. 20). The anticipated completion 
of the Denver & Rio Grande Railway’s San Juan Extension 
also influenced the smelter’s move. The railroad arrived in 
Durango in July 1881 and in Silverton in July 1882 (table 4). 
Mining production increased dramatically as reduced transpor-
tation costs for both ores and supplies stimulated development 
(Ransome, 1901). Ores were shipped by rail to the San Juan 
and New York Smelter in Durango for processing. In 1899, 
this facility became the American Smelting and Refining Co. 


Table 3. Aerial tramways built in San Juan County.


[Locations, code letters, fig. 2; approximate dates where uncertain]


Name Built Code
Silver Ledge tram c. 1890 A
Henrietta tram c. 1905 B
Mogul tram 1900 C
Gold King tram 1899 D
Sunnyside tram c. 1889 E
Sunnyside tram (relocated) 1917 F
Sound Democrat tram 1900 G
Gold Prince tram 1905 H
Kittimack tram c. 1907 I
Hamlet tram c. 1903 J
Ridgeway tram 1946 K
Little Nation tram c. 1928 L
Old Hundred tram 1904 M
Gary Owen tram c. 1925 N
Buffalo Boy tram c. 1926 O
Green Mountain tram 1904 P
Pride of the West (level # 3) tram c. 1910 Q
Little Fanny tram c. 1946 R
Highland Mary tram 1904, 1940 S
North Star tram 1898 T
Contention tram c. 1900 U
Big Giant tram c. 1910 V
Silver Lake #1 and #2 trams c. 1899 W
Royal Tiger tram c. 1890 X
Iowa tram c. 1890 Y
Unity tram c. 1905 Z
Shenandoah-Dives tram 1929 AA
Mayflower tram c. 1915 BB
Little Giant tram 1872 CC
Aspen tram c. 1906 DD
Lackawanna tram c. 1928 EE
Titusville tram c. 1900 FF
Royal Mining Co. tram c. 1905 GG
Detroit tram c. 1900 HH
Champion tram c. 1900 II


metal prices or wars, only to close when prices dropped or 
Federal Government price supports were removed after the 
conflicts. The term “large mine” is relative to the historical 
period. In 1890, “large” was 100–200 short tons per day; 
by 1940, “large” had risen to 600–700 short tons per day.


Purpose and Scope
The purpose of this report is to identify the major histori-


cal mining, milling, and ore processing practices, technology, 
economics, and events that influenced mining production in 
San Juan County, Colo., and to place these historical practices 
in context with possible environmental effects in the Animas 
River watershed.
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(ASARCO) Smelter in Durango, which was the regional 
smelter for lead-silver and quartz-gold ores and concentrates 
until it closed in 1930 (fig. 6). Rail connection to the smelt-
ers was an important component of the economic success of 
mining in Silverton well into the 1950s, when trucks finally 
replaced rail shipping.


As the mines expanded production, mining and ore-
sorting practices continued as just described, but on a larger 
scale. More men were employed in additional working areas 
to achieve this higher production. Larger ore-sorting houses 
were built at the mines. By the end of the period, the larger 
mines were producing over 100 short tons of ore per day from 
tunnels as much as hundreds of feet long with multiple levels 
interconnected by internal and surface shafts.


The Federal Government supported mining development 
in several ways during this period. The General Mining Law 
of 1872 codified the ability to claim and later purchase gov-
ernment land for mining purposes. Purchase of government 
land by individuals and companies was a tenet of government 
policy throughout the late 19th and early 20th century. It was 
one of the primary ways the government raised revenues prior 
to income tax. In 1878, the Bland-Allison Act directly helped 
silver mining by requiring the Federal treasury to purchase 
about 24 million dollars worth of silver a year for minting 
coins for monetary purposes (Brown, 1984).


Milling Development and Practices


Most of the ores mined in the district were lead-silver 
ores (galena and tetrahedrite) that contained minor gold 
and were not very amenable to the mercury amalgamation 
processes used successfully in California and the Comstock 
District in Nevada. For this reason, direct smelting of crude 
ores of the various classes was the normal method of ore 
processing. San Juan County produced little “free milling” 
gold ore, though some gold was present in the Animas district 
ores (Varnes, 1963). According to published data, five stamp 
mills were built in the 1870s and nine were constructed in 
the 1880s (table 1). All were small, ranging in size from 10 
to 70 tons per day capacity. Most included both amalgamation 


and concentration processes. Of the 14 stamp mills, only 
4 are known to have survived into the 1890s; two of these 
were built in 1888 and 1889. The milling processes used dur-
ing this time could not effectively treat the polymetallic ores 
of the county.


Environmental Aspects


Smelters in this and later periods could not treat ores 
containing more than 10 percent zinc due to metallurgical 
factors (Henderson, 1926). The smelters levied stiff charges 
against the mines for zinc contained in the shipped ore. 
Therefore, miners worked hard to leave the zinc in place in 
the mine, or sorted and cobbed the zinc off by hand. The zinc 
mineral, sphalerite, was disposed in waste dumps at the mine 
and as part of the waste ore used to fill the stopes. This “waste” 
still contained a relatively large amount of metal-bearing 
mineral. Thus, significant sulfide material including sphalerite 
was left where surface and underground water could potentially 
dissolve and mobilize metals, particularly the discarded zinc. 
Both copper and zinc contamination have been identified 
as limiting factors for aquatic life in several sections of the 
Animas River and tributaries (Besser and others, 2001).


The Greene & Co. Smelter (site # 214, fig. 2) and other 
pioneer smelters in the Silverton area operated for a short 
period prior to and during World War I. These smelters were 
tied to the mines by the local narrow gauge railroads (fig. 2 
and table 4) and emitted acid- and metal-bearing flue dusts and 
gases from the oxidation of sulfur in the ores (fig. 7). These 
products were released directly into the environment. The 
stamp mills used the mercury amalgamation process to recover 
native or “free” gold. Industry practice at this time was to dis-
charge mill tailings directly into a nearby creek. Some mercury 
may have been introduced into the environment by these mills 
(table 2).


Total tonnage mined in the period 1874–1889 is 
estimated at 93,527 short tons with most of this having been 
shipped to the smelters (table 1). Thus, only a small amount of 
this production was probably discharged as mill tailings into 
the Animas River watershed.


Table 4. Narrow gauge railroads built in San Juan County.


[Data from Sloan and Skowronski, 1975; locations shown in fig. 2; blank, date uncertain]


Name From To
Length 


(mi)
Started Completed


Denver & Rio Grande Railway Durango Silverton 45.1 July 1881 July 1882
Silverton Railroad Silverton Red Mountain 11.5 July 1887 Sept. 1888


Red Mountain Ironton 6.0 Fall 1889
Silverton Northern Railroad Silverton Silver Lake Mill #2 (# 219) 2.2 Nov. 1895 Spring 1896


Eureka 4.0 Summer 1896
Animas Forks 3.9 Spring 1904 Nov. 1904


Green Mountain Branch Howardsville Green Mountain Mill (# 240) 1.6 Spring 1905 Fall 1905
Silverton, Gladstone, and Northerly Railroad Silverton Gladstone 7.1 Spring 1899 Sept. 1899
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Figure 3 (facing page). Historical production for San Juan County, 
1871–1991 (table 1). Total ore production and annual production 
of copper, lead, and zinc are in short tons; gold and silver in troy 
ounces. Periods of production also shown.


Figure 4. Sacking sorted crude ore for shipment to the smelter (Silverton Standard folio, 1904). Early mining was by 
hand methods. Ores were sorted and sacked for shipment to the smelters. Low-grade and sphalerite-containing waste 
was cast aside manually.


Period II—The Gravity Milling Era 
1890–1913


Mining Development and Practices


During this period, mining development greatly expanded 
due to Federal Government supports, stable to rising commod-
ity prices, and improved technologies. In 1890, the Sherman 
Silver Purchase Act was passed by Congress as part of a 
compromise to gain the support of Senators in western min-
ing States for import tariffs desired by Senators from eastern 
manufacturing States. This act required purchase of 54 million 
ounces per year of silver, more than twice what the Bland-
Allison Act authorized. Colorado silver mining boomed as 
silver prices rose from $0.84 per ounce to as high as $1.50 


(Brown, 1984). New mining technologies were developed 
in this period. First, the wire-rope aerial tramway revolution-
ized transportation of ore, machinery, and supplies to remote 
mine sites (fig. 8 and table 3). Then, compressed-air powered 
machine-drills increased productivity, resulting in increased 
production. Finally, the application of electricity to many mine 
and mill tasks increased efficiency and throughput to handle 
the increased mine output. The new tramways and mills were 
integrated into the narrow gauge railroad system during this 
period (tables 2 and 3). Three independent rail lines were 
built out of Silverton to serve the new milling facilities, which 
were located adjacent to the railroads (table 4). The railroads 
brought in coal and supplies to service the mines and shipped 
ore concentrate out of the basin to smelters (figs. 6, 9, and 10; 
Sloan and Skowronski, 1975).


In the large mines, tonnages exceeding 200 short tons 
per day became practical, and upward of 400 men could 
work year around at a remote high-altitude site such as 
Silver Lake (mine # 343) or Sunnyside (mine # 116). The 
larger mines had several thousand linear feet of drifts and 
tunnels. Ore sorting in surface houses continued to expand 
as increased mine production yielded lower grade ores. Most 
mines still used cut-and-fill stoping methods, or open “stull” 







Figure 5. Miners working inside a cut-and-fill stope, Gold King (mine # 111; circa 1899, Silverton Standard folio, 1904). 
This rare view inside a stope was staged for promotional purposes, but the photo shows hand drilling on a stope 
hanging wall and ore being cobbed with a hammer while an engineer studies samples. Miners are working off a fill pile 
while timbers support mined-out area above.


(timber-supported) stopes. Milling became the predominant 
ore processing method as the tonnage increased and ore values 
dropped. Several classes of ore were mined and sorted for both 
direct smelting and milling, depending on the grade of the ore. 
During this period near-surface “bonanza ores” were mined 
out, and improved milling technology encouraged mining of 
larger portions of the veins, both of which resulted in lower 
average ore grades. Frederic L. Ransome (1901, p. 24) of the 
U.S. Geological Survey accurately predicted: “It is very prob-
able that the future will see a great and permanent increase in 
the productive development of such large and persistent ore 
bodies of low average grade.”


The development of the wire-rope aerial tramway was 
a unique feature of San Juan County mining (fig. 2), and most 
of the trams in the county were built during this period (table 3). 
These allowed large tonnages of ore to be transported down 
from high-altitude mine portals to mills along the river and the 
narrow gauge railroad system. Crude ore was shipped straight 
through to loading bins on the railroad, while milling-grade ores 
were off-loaded separately into the mill (fig. 10). These trams 


could be as long as 2 or 3 miles in length. Coal, supplies, men, 
and machinery all rode trams to and from the mines; ores were 
shipped down in buckets. By 1907 nineteen tramways totaling 
119,850 linear feet were constructed (Silverton Miner, 1907). 
Both the Iowa (Y, fig. 2) and Sunnyside (E, F, fig. 2) trams were 
each nearly 3 miles in length.


An 1899 report by Edward G. Stoiber, owner of the 
Silver Lake (mine # 343), summarizes the dramatic changes 
made at the mine during this period of property consolidation 
and expansion (Chase, 1952, p. 114):


At the time of the purchase of the property in 1887, 
probably not over 500 ft of work had been done 
on same, and there were but two claims in the 
group; today the underground workings may reach 
a total length of 35,000 ft, and the group embraces 
about 100 claims.***It is claimed for this property 
that it is a low grade concentrating proposition, with 
the premises of practically unlimited vein area to 
draw from.
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Economic and political policies affected mining during 
this period. In the face of a mounting financial crisis caused in 
part by the Sherman Act, President Cleveland called a special 
session of Congress to repeal the act in 1893. This financial 
panic precipitated a national economic depression, which 
lasted until 1896 (Brown, 1984). Repeal of the Sherman Act 
caused the price of silver to fall from more than $1.00 per 
troy ounce, its typical value since the 1870s, to an average 
of $0.63 per ounce in 1893. Lead and copper prices also fell 
during the depression, though not as much, and they recov-
ered faster. Silver prices languished throughout the period. 
Marginal mines were closed. Gold prices were supported 
by the Federal Government at $20.67 per ounce as part of 
the monetary Gold Standard, so that mines with significant 
gold content remained open and even expanded. After 1896, 
base-metal prices increased significantly as the U.S. economy 
expanded and many new mine and mill projects were built. 
In 1897, the Colorado Bureau of Mines reported that more 
than 160 mines were operating in San Juan County (Colorado 
Bureau of Mines, 1898). The Financial Panic of 1907 lowered 
metal prices again and greatly reduced the flow of investment 
capital needed for mine expansion. The beginning of World 


War I in 1914 led to a substantial increase in base-metal prices, 
resulting in the reopening of many mines and the expansion 
of others—notably the Sunnyside (mine # 116, fig 1).


Milling Development and Practices


As improved mining technology helped increase produc-
tion, milling technology also improved to cope with larger 
tonnages of low-grade, metallurgically complex ores. Stamp 
mills utilized mechanically dropped heavy iron rod-like ham-
mers to pulverize the ore (figs. 11 and 12). To extract the gold, 
concentrating machines called “tables” were used to separate 
the various minerals by gravity into “concentrates” contain-
ing lead-silver or lead-copper. If the ore contained significant 
gold, mercury-coated copper plates were located after the 
stamps and ahead of the tables to catch the gold particles 
(fig. 12). Various concentrating machines were developed 
and relied on differences in specific gravity to separate the 
mineral particles from worthless rock, hence the term “gravity 
milling.” By 1899, the Wilfley table was established as the 
leader in the field (Niebur, 1986).


Figure 6. Durango Smelter along the Animas River, 1906 (C.A. Chase photo). Silverton lead-silver ores were shipped to the 
smelter in Durango for processing into metal. The process produced considerable air pollution.







3Ore conditions at the Silver Lake mines, Silverton, Colo., in Shenandoah-
Dives Collection, Center for Southwest Studies, Fort Lewis College, Durango, 
Colo., 15 p. (unpublished).


Figure 7. Kendrick-Gelder (aka Ross) Smelter (site # 213, fig. 2) in Silverton and SG&N Railroad (circa 1907). Silverton 
had several short-lived smelters, connected to the mines by the narrow gauge railroad system. These small plants were 
uneconomic except during periods of high metal prices.


Mills, of which successful ones had been something 
of a rarity in Silverton, now were built at all but the small-
est mines (for example, fig. 11). In 1899, the Silver Lake 
Mill # 1 (# 347, fig. 2) concentrator was built on the shore 
of Silver Lake at 12,125 ft elevation (table 2 and fig. 13) 
(Ransome, 1901). This mill was more than twice the size 
of the next largest in the county. The economic advantages 
of milling were significant. Low-grade ores could be con-
centrated into valuable high-grade concentrates that could 
be smelted more profitably than crude ore. Because smaller 
tonnages of material went to the smelter, both smelting and 
shipping costs were reduced and net revenue increased. 
However, zinc ores were still unmarketable during most of this 
period, because the mills could not efficiently separate it from 
the waste rock and local smelters could not process zinc ores. 
In 1897, twelve mills and two crude ore-purchasing stations 
called “samplers” were reported in operation. The largest 
mills were 200 short tons per day capacity, but most pro-
cessed around 50 short tons per day. Total daily capacity of 
the crude ore samplers was 200 short tons per day and the 
mills 850 short tons per day in the county. Production was 


not continuous all year at all mills, however, in part because 
of severe weather at the high-elevation mine and mill sites. 
By 1901, additional mills increased combined active produc-
tion to 1,470 short tons per day; annual production exceeded 
200,000 short tons (table 1; Henderson, 1926). In 1897, six 
of the twelve mills included mercury amalgamation as part of 
the process. One mill used “lixivation,” a sodium thiosulfate 
leaching process, to recover silver (Colorado Bureau of Mines, 
1898).


The interrelationship of ore grades, tonnage produced, 
milling technology, and profitability is well summarized by 
the following excerpts from a February 12, 1913, report on 
the Silver Lake mine (mine # 343) by Lawrence R. Clapp, 
Superintendent.3 The report was written for the mine’s [now 
corporate] owners, American Smelting and Refining Company 
(ASARCO), who purchased the mine from E.G. Stoiber in 
1901 and owned the smelter in Durango.
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The future of the Silver Lake Mines in my opinion, 
lies wholly in the solution of the problem of mak-
ing this [low grade] material profitable and not in 
the search of better grade ore; the former company 
and Mr. Stoiber before them, both fought a losing 
battle in the attempt to keep their reserves of $9.00 
or $10.00 [per ton] ore in advance of their [mill] 
consumption. In so doing they exposed a very large 
tonnage of lower grade material.*** To make $6.00 
ore profitable, will require a total cost of $4.75 per 
ton and a mill extraction of at least 80%. Neither 
of these are beyond possibility. A $4.75 cost would 
mean a big tonnage, the avoidance of an expensive 
tram, an adequate modern equipment, and a high 
[milling] concentration ratio. [This is] considerably 
more than our present mill is capable of.


The solution recommended by Mr. Clapp was to try a new 
milling technique called “froth-flotation,” which indeed 
was set to revolutionize mineral processing both locally 
and nationally.


Environmental Aspects


As mines and mills increased in size and scope, their 
effect on the environment also increased. Mining techniques 
were similar to those of prior periods, but were larger in scale 
owing to increased mechanization. Waste dumps from the sort-
ing houses became large, some exceeding 50,000 short tons by 
the end of the period. Water drainage became more of an issue 
as longer tunnels intercepted ground water. When shaft mining 
was used, water infiltrating into the mines had to be pumped 
out. In the nearby Red Mountain mining district, acidic water 
was a major problem because it dissolved pumps and piping 
and finally contributed to the closure of the Yankee Girl and 
Guston mines (Ransome, 1901). In most San Juan County 
mines, such highly acidic water appears not to have been a 
major problem. However, water infiltrating the “filled”-type 
stopes and dumps probably became acidic, and it would have 
transported metals to the aquatic environment. By the end of 
the period, many mines were operated through long haulage 
tunnels, which were built at lower elevations to lower costs 


Figure 8. Iowa aerial tram (Y, fig. 2 and table 3) in Arrastra Creek (C.A. Chase Photo 1925). Aerial tramways provided 
the key link between high-altitude mines and the mills and railroads located along the river. The Iowa tram is nearly 
3 miles long and climbed the steep cliff to Arrastra Basin in the background. The Silver Lake tram is out of sight in the 
trees to the left.







Figure 9. Silverton Northern Railroad and the Sunnyside mine’s first “zinc train” (1915). Sunnyside began producing a 
zinc concentrate in 1915, which was shipped to a smelter out of the area. This special narrow gauge train was used to 
transport the powdered concentrate in 25-ton capacity boxcars, about half the size of standard gauge cars.


Figure 10. Silver Lake Mill #2 (site # 219, fig. 2) and tram (W, fig. 2) along the Animas River and Silverton Northern 
Railroad (circa 1904). The mill was built in 1900 and burned in 1906. It was later rebuilt and closed in 1914. The Silver 
Lake Mill #2 integrated tramlines, ore processing, and railroads. Crude ore could travel straight into the rail loading bins 
at far left. Low-grade ores were dumped into the terminal at the top of the mill for concentration. Tailings discharged in 
a flume at the base of the mill building on the right and were piped into the Animas River.
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Figure 11. Small mills, such as the Intersection Mill located at the head of Minnie Gulch (fig. 2), became common around 
the beginning of the 20th century. At right is a five-stamp Fraser & Chalmers #56 crusher at Intersection Mill (site # 328, 
fig. 2) built in 1909–1910. A second crusher, a five-stamp Allis Chalmers #77 (at left), was added about 1915 (U.S. Bureau 
of Mines, 1910, 1915). Stamps were powered by steam engine (lower right corner of photo). Concentrates were produced 
using a Wilfley table, the remains of which are in the depression in front of the stamps. Note mine-waste pile adjacent to 
mill (about 100 tons).


and to minimize damage and loss of life from frequent high-
elevation avalanches. These haulage tunnels served to drain the 
ground water down to that level, leaving upper mine workings 
relatively dry. Some of these haulage tunnels such as Silver 
Lake’s Unity tunnel (site # 294) and Sunnyside’s Terry tunnel 
(site # 120) reached several thousand feet in length.


Increased milling during this period had a serious nega-
tive effect on surface-water quality. Mills produced a muddy 
slurry waste product called “tailings.” These mill tailings were 
commonly discharged directly into a nearby stream for dis-
posal (Smith, 1987, p. 117). Sometimes they were discharged 
haphazardly on the ground or riverbanks near the mill, and 
crude impoundments were occasionally constructed (fig. 14). 
Stamp-mill tailings contained both a coarse sand fraction and 
fine particles called “slimes.” Because the ore particles were 
soft, they tended to slime, making efficient recovery using the 
Wilfley table difficult. Recovery using gravity milling meth-
ods was 40–60 percent efficient (Bird, 1999). Upon discharge 
of the tailings into a stream, the coarse sands tended to settle 
out closer to the mills, whereas the finer material would stay 


suspended in the stream for long distances, affecting water 
quality as far south as Durango, 45 miles downstream from 
Silverton (Durango Evening Herald, July 18, 1902). Gravity 
mills typically recovered as much as 80 percent of the metals 
in the ore, such as gold, silver, and lead. Zinc, iron pyrite, and 
a portion of the copper were not recoverable by gravity mills 
(Niebur, 1986, p. 134). Thus, significant amounts of metal were 
left in the mill tailings, and particularly in the very fine “slime” 
particles that could be widely distributed into the aquatic and 
riparian environment. The water quality was degraded suf-
ficiently in Durango to require an entirely new reservoir and 
delivery system to be constructed on the Florida River for a 
public water supply, to avoid using water from the tailings-
laden Animas River (Durango Democrat, August 1–15 and 
November 18, 1902).


Silverton’s first large concentrating mill was located 
beside Silver Lake and deposited tailings directly into it 
(fig. 15). Ransome (1901, p. 145) commented, “The original 
beauty of this little sheet of water has been marred by min-
ing operations, particularly by a partial filling with tailings 







from the Silver Lake Mill” (mill # 1, site # 347, fig. 2). 
About 500,000 short tons of mill tailings were reported to 
be in Silver Lake by 1903 (figs. 13 and 15; Niebur, 1986). 
Despite a long-held Silverton legend of a “pool of mercury” 
in the lake bottom, no mercury amalgamation was used at 
this mill (Ransome, 1901). Later improvements in milling 
technology resulted in about 400,000 tons of these tailings 
being pumped out of Silver Lake between 1914 and 1919 for 
reprocessing in a new mill built especially for this purpose by 
Arthur R. Wilfley (inventor of the concentrating table of that 
name) and Otto Mears (owner of the Silverton Northern 
Railroad) and located along the Animas River (site # 222, 
figs. 2 and 16). Although more metals were removed from 
the mill tailings, 500 short tons per day of these repro-
cessed tailing residues were then discharged directly into 
the Animas River near the mouth of Arrastra Creek (Niebur, 
1986).


Chemical reagents were not used in the typical gravity 
concentration mill, although mercury-coated amalgamation 
plates were commonly used. Mercury was lost by physical 
attrition off the plates. Because of the high value of mercury, 


mill operators installed special mercury traps, such as the 
“Black Hills Trap,” canvas tables, and other recovery devices 
prior to tailings discharge to minimize mercury losses (Adams, 
1899). This may help explain why mercury contamination 
has not been generally detected in the watershed (Church 
and others, 1997). Sodium thiosulfate was used in one short-
lived “lixivation” mill to dissolve certain silver minerals, this 
being the same chemical as photographic “hypo” developer 
solution.


Total ore tonnage produced during 1890–1913 is esti-
mated at 4.3 million short tons. Based on typical milling prac-
tice of the time, a large majority of this tonnage would have 
been discharged as mill tailings directly into surface streams. 
Crude ore shipments decreased dramatically during this period 
as most mines now produced low-grade ores for milling. For 
example, during the period 1909–1913, for which data are 
available, only 29,314 short tons of crude ore was shipped, 
whereas 938,990 short tons, representing 96.97 percent of 
all tonnage produced, was milled (Henderson, 1926). These 
numbers show the importance milling had achieved compared 
to the prior period.


Figure 12. Stamps and mercury amalgamation plates, Old Hundred Mill (site # 238, fig. 2) (Silverton Miner, 1907). Inside 
the mills, heavy iron stamps pounded the ore to sand size, which washed over mercury-coated copper plates to catch 
the coarse gold and thence to concentrating tables.
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Figure 13. Silver Lake (mine # 343) and adjacent mines, mill, and mill tailings (Silverton Miner, 1907). The Silver Lake 
Mill # 1 (site # 347, fig. 2) at lower right was the first successful low-grade concentrator in the area. Tailings slowly filled 
the north end of the lake but were later removed. See also figures 15 and 16. The Iowa (mine # 345) is in center on right 
side of lake; Royal Tiger (mine # 348) is on left side of lake.


Period III—The Early Flotation Era 
1914–1935


Mining Development and Practices


World War I in Europe caused the consumption of huge 
quantities of metals. The United States entered the war in 
1917, whereupon an already brisk wartime economy boomed. 
Base-metal prices soared as the war continued to increase 
demand (Henderson, 1926). Improvements in both smelting 
and milling, coupled with wartime demand, made zinc ores a 
marketable commodity for the first time (Bird, 1986). Mines 
with zinc, such as the Sunnyside (mine # 116) expanded, 
whereas those without, such as the Silver Lake (mine # 343), 
closed.


The new froth-flotation milling process could do much 
of the separation formerly done by hand sorting and selec-
tive mining of ores and could recover zinc. Mining practices 


began a major shift to larger scale “bulk” mining methods 
and away from more selective lower tonnage methods. A 
new mining method called “shrinkage stoping” was developed. 
Here the entire vein was mined, instead of only the richest 
part (fig. 17). When the stope was completed, all the broken 
ore was removed from the mine, leaving a large void. In the 
“cut-and-fill” stope, the void was backfilled with low-grade 
ore or waste rock. With shrink stopes, no ore sorting was done 
and all mined rock was milled. Average ore grade decreased, 
but so did the cost per ton of mining and milling. This was to 
become the dominant underground mining method throughout 
the 20th century in San Juan County.


Other technological changes contributed to this increase 
in tonnage. Larger, more efficient compressed air drills 
replaced the early types. “Wet” drills, also known as Leyner 
drills, increased productivity by reducing dust and improving 
working conditions for the miners (fig. 17). Mines contin-
ued to increase in length, depth, and vertical extent. In 1916, 
Sunnyside (mine # 116) became the largest ore producer in the 







county. By 1917, its daily production increased to 500 short 
tons. In 1918, 600 short tons per day was reached and, by 
1928, daily production exceeded 1,000 short tons per day 
(USBM, 1928). Wartime prices also saw many smaller mines 
open, and the old Kendrick-Gelder Smelter (# 213, fig. 2) was 
reopened to treat pyritic copper ores from the Red Mountain 
district (fig. 7; USBM, 1918).


The high metal prices caused by the war were unsus-
tainable, and in 1921–1922, a sharp postwar recession hit 
the Nation. Mining activity in Silverton collapsed. In 1921, 
the county’s total production was a mere 1,100 short tons, 
whereas in 1920 more than 200,000 short tons of ore had 
been produced (Henderson, 1926). Mining recovered in 
1923 with the reopening of the Sunnyside (mine # 116), but 
the character of the mining industry had changed permanently. 
Many small and medium-sized mines closed, some perma-
nently, along with some older large mines such as the Silver 
Lake (mine # 343) in 1921 and Gold King (mine # 111) in 
1925. By the late 1920s, some new mines were opened as 
the national economy grew, notably the Shenandoah-Dives 
(mine # 355), Buffalo Boy (mine # 325), and Little Nation 


(mine # 228, fig. 1). But metal prices again collapsed with 
the onset of the Great Depression in 1930, and only two 
mines sustained any continuous production for the next 
61 years. Small mines played a decidedly secondary role. 
The Sunnyside (mine # 116) closed in September 1930 
leaving the 3-year-old Shenandoah-Dives (mine # 355) as 
the only major producer in the district for the next 23 years 
(Chase, 1952).


Milling Development and Practices


Ball mill grinding and froth flotation for concentrat-
ing ores revolutionized mining in the decade of 1910–1920 
(Rickard, 1932). The impact of this new technology was 
dramatic. Instead of coarsely pulverizing ores with crude 
stamps, high capacity wet grinding with steel balls in a rotat-
ing drum ball mill created a more uniform and finer product. 
Early flotation used bubbles in an acidified pine-oil and water 
mixture to float off and separate the valuable mineral particles 
from the worthless quartz (fig. 18). More importantly for 


Figure 14. Gold King Mill (site # 94, fig. 2) at Gladstone and SG&N Railroad (circa 1903). Tailings from the Gold King 
Mill can be seen crudely impounded by log dams along Cement Creek. The aerial tram (D, fig. 2) entered the building 
from the upper right; boxcars for concentrate shipment waited along the railroad sidings.
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Silverton, the process could separate zinc (sphalerite) from 
the lead and copper sulfide minerals, and worked well on the 
small-particle-sized “slimes” that were not amenable to grav-
ity concentration. In addition, new smelting processes made 
the zinc concentrates produced by flotation marketable at 
last (Rickard, 1932).


The “remarkable success” of flotation on copper ores 
was noted in 1913 by Superintendent Clapp, who did his 
own laboratory experiments on Silver Lake ore (unpub-
lished report in Shenandoah-Dives collection, Center for 
Southwest Studies, Fort Lewis College, Durango, Colo.). 
The first large-scale mills for lead-zinc ores were built at 
Butte, Mont., in 1914, using the patented Minerals Separation 
Syndicate process (Rickard, 1932; fig. 18). Stamp mills and 
Wilfley tables quickly became obsolete for primary milling 
of base-metal ores. The Silver Lake Mill # 2 (site # 219) and 
Gold King Mill (site # 94) in Silverton (fig. 2) added full-sized 
Minerals Separation flotation sections in 1914 with Sunnyside 
Mill # 2 (site # 165) following in 1915 (Henderson, 1926). 
Even the famed table inventor A.R. Wilfley installed flotation 
in his tailings reprocessing mill (site # 222, fig. 2) in 1916 
(Niebur, 1986). The process worked so well that the Terry 
family, long-time owners of the Sunnyside (mine # 116), 
sold their controlling interest in the mine to the U.S. Smelting 


Refining and Mining Company. This large corporation 
had the financial resources to build a huge state-of-the-art 
600 short ton per day flotation mill at Eureka in 1917–1918 
(site # 164, figs. 2 and 19). The new mill recovered as much 
as 90 percent of the valuable minerals, including sphalerite 
as a separate zinc-rich concentrate. The mill tailings now had 
less metal in them, but were finer in size, and the tonnage 
produced increased to 1,000 short tons per day in the late 
1920s. Wilfley tables still used in the new Sunnyside Flotation 
Mill at Eureka (site # 164) were relegated to the minor role 
of breaking down froth on flotation concentrates (Taggart, 
1927). The new mill was the first large lead-zinc flotation mill 
in the State (Bunyak, 1998). Remaining gravity/stamp mills 
in the district became obsolete and when closed by the 1921 
recession, never reopened. Most were burned to recover scrap 
iron during World War II.


Environmental Aspects


In the mines the trend continued toward larger and more 
extensive workings, with more potential impact on ground-
water hydrology. Very long haulage tunnels such as the Gold 
King Mill level tunnel (later known as the American tunnel, 
site # 96) and the Frisco tunnel (site # 19) were nearly a mile 


Figure 15. Silver Lake Mill # 1 (site # 347, fig. 2) discharging tailings into Silver Lake (Silverton Standard folio, 1904). 
The tailing flume from the mill is discharging tailings onto the sand pile now filling Silver Lake (see fig. 13). The large 
building is the miners’ bunkhouse.







in length (fig. 1). Significant localized drainage of ground 
water from the mine workings now had considerable potential 
for discharge of acid or metals into the creeks that was not 
documented at the time. Improved milling had some indirect 
benefits during the period. Low-grade and zinc-bearing ores 
were no longer left in stopes or on mine-waste dumps where 
they could come in contact with the environment. Instead these 
ores were processed and much of the galena and sphalerite 
was removed. However, some of the galena, sphalerite, and 
most of the pyrite in the original ore were discharged into the 
environment as mill tailings.


Flotation milling adversely impacted the Animas River, 
compared to earlier stamp milling (Vincent and Elliott, this 
volume, Chapter E22). Ball-milled tailings were much finer 
than stamp mill tailings. Although the mill tailings contained 
less metal per ton, milled tonnage increased dramatically, 
yielding a net increase in the amount of tailings being depos-
ited in the streams. In 1926, Sunnyside’s Flotation Mill tail-
ings (south of site # 164, fig. 2; Church, Fey, and Unruh, this 
volume, Chapter E12, fig. 4, locality B19; Vincent and Elliott, 
this volume) were reported to contain 0.015 oz/ton gold, 
1.0 oz/ton silver, 0.6 percent lead, 0.08–0.13 percent copper, 
and 0.8–1.1 percent zinc (Taggart, 1927).


The finer tailings traveled farther, and their presence 
began to elicit serious, formal complaints from downstream 
water users. In the late 1920s, Durango ditch companies 
sued the Sunnyside mine’s owner, U.S. Smelting Refining 
and Mining Company, over the pollution originating 
from the Sunnyside Flotation Mill at Eureka (site # 164, 
fig. 2 and fig. 19).4 The main issue alleged was suspended 
material that clogged irrigation ditches rather than any con-
cern about possible metal contamination. Whether the case 
was actually tried is unknown, but the company prepared a 
vigorous defense. It hired Durango assayer Albert P. Root 
to take weekly samples of the Animas River for clarity 
comparisons in Durango from March through September 
1930, when the mine and mill closed. These samples were 
stored under seal for the next 2 years as legal wrangling con-
tinued. Root’s field notes survive, and the Animas River was 
typically described as “gray and turbid” during normal and 
low-flow periods. During high flow, the tailings’ gray color 
was obscured by natural sediment (A.P. Root, unpub. field 


41931–1932 correspondence of U.S. Smelting Refining and Mining 


Company with A.P. Root, Root and Norton Assayers; author’s collection.


Figure 16. Silver Lake in 1978 showing that early tailings had been removed. Improved milling and pumping 
technology resulted in much of the Silver Lake tailings being removed leaving a circular “crater” where the 
sands once were piled (see fig. 13).
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notes, 1930). Mining companies at the time typically argued 
that these sediments were not harmful to fish or agriculture, 
but the attitudes of the courts and the public were changing. 
The mining companies had successfully rebuffed similar com-
plaints 25 years earlier, but now, legal action was being taken 
against them (Smith, 1987).


The oil flotation process used various chemical com-
pounds, but the amounts released were not monitored at the 
time. In the early Minerals Separation Syndicate process, 
the mill water was acidified with dilute sulfuric acid and 
pine oil was added as the frothing reagent. The Mayflower 
Mill (site # 221, fig. 2) used this pine oil process for the first 
few years of operation (figs. 2, 18, and 20). Precisely what 
the Sunnyside Mill at Eureka (site # 164, fig. 2) used in the 
1918–1925 period is unknown, but lead-zinc mill practice at 
the time used alkaline rather than acidic solutions. The 1926 
mill circuit and reagents are described in detail in Taggart 
(1927). Reagents included small amounts of coal tar, creosote, 
naphthalene, pine oil, and potassium xanthate as the main 
frothing reagents. Large amounts of sodium carbonate (soda 
ash) were used to make the mill pulps and solutions alkaline. 


The xanthate chemicals, as an alcohol-like liquid, were 
patented in 1925 and became the basis of modern flotation 
processes. They completely supplanted oil flotation within a 
few years of their introduction (Rickard, 1932). Because no 
State or Federal regulations on chemical discharges existed, 
chemicals used in the mill water were likely discharged with 
the tailings.


In contrast to districts such as Telluride and Cripple 
Creek, there is no record of direct use of cyanide for recov-
ery of gold in San Juan County, probably because of its 
chemical incompatibility with the zinc and copper sulfides 
associated with gold in the ores. Cyanide was used in small 
amounts as a pyrite depressant in flotation beginning in the 
1930s.


Total tonnage produced from 1914 to 1935 was reported 
as 4.2 million short tons of ore with only 36,232 short tons 
reported as being shipped directly to the smelter. Nearly all 
production during this period was milled. Judging from tail-
ings disposal practices of the time, most tailings were depos-
ited into the Animas River and tributaries (Vincent and Elliott, 
this volume).


Figure 17. Shrink stope mining in Shenandoah-Dives (mine # 355, 1937; C.A. Chase photo). Air drills increased productivity 
and size of the mines. Here a Leyner type drill is working a flat-lying stope. In the shrinkage method, the miners stand on the 
ore pile which is later completely removed for processing, leaving a void. Vein exposed is about 3 ft thick.







Period IV—The Modern Flotation Era 
1936–1991


Mining Development and Practices


The Great Depression was a very difficult time for the 
base-metal mining industry. Declining industrial produc-
tion saw the lowest nominal prices of the century for silver, 
lead, copper, and zinc. Gold was an exception: the govern-
ment devalued the dollar in 1934 by raising the price of 
gold 75 percent from its long-time $20.67 per ounce level 
to $35.00 per ounce (USBM, 1934). This new price support 
sparked a renewed interest in gold exploration, but it had no 
significant effect on production in San Juan County, because 
of the scarcity of gold ore in the area. It did help to keep the 
Shenandoah-Dives (mine # 355), with low-grade gold ore, 
operating through the Depression. The Federal Government’s 
new involvement in the mining business through New Deal 
programs generally helped mining, but at the expense of 
increased regulation (Smith, 1987).


The Shenandoah-Dives Mining Company survived the 
Depression by increasing tonnage mined to reduce per ton 
unit costs, and by improving the efficiency of the Mayflower 
Mill (site # 221, fig. 2 and fig. 20). Starting at 300 short tons 
per day in 1930, the Shenandoah-Dives (mine # 355, fig. 1) 
soon changed from cut-and-fill mining to large shrinkage 
stope mining methods and increased production to 600 short 
tons per day. Virtually every ton of rock broken underground 
was milled. As base-metal prices slowly recovered in the late 
1930s, a few small high-grade lead-zinc mines were developed 
in the district, such as the Pride of the West (mine # 319), 
which, in 1940, built its own 50 (later 90) short tons per day 
capacity mill (site # 227, fig. 2) at Howardsville (Denver 
Equipment Company, 1947). The size and extent of the mines 
continued to increase. The Shenandoah-Dives (mine # 355) 
reached a vertical extent of more than 2,500 ft by 1941, and 
a horizontal extent exceeding 7,600 ft by 1948 (fig. 21; Chase, 
1952).


The Sunnyside (mine # 116) reopened for 10 months 
in 1937–1938, due to a surge in metal prices, but closed due 
to sagging metal prices, high operating costs, and “exces-
sive water which forced the***owners to abandon the work” 


Figure 18. Minerals Separation flotation cells, Mayflower Mill, 1930 (site # 221, fig. 2; C.A. Chase photo). The flotation 
process created froth, which floated the ore particles out of the redwood cells or tanks. The Minerals Separation 
Syndicate was the leading patent holder in the early years.
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Figure 19. New Sunnyside Eureka Flotation Mill (site # 164, fig. 2), a large flotation mill built at Eureka, Colo. (circa 
1925, SJCHS collection). The new 600 ton/day (later 1,000 ton/day) Sunnyside Eureka Mill dwarfs the original 150 ton/day 
concentrator (Sunnyside Mill # 2, site # 165, fig. 2) built in 1899, graphically showing the dramatic increase in size 
and scope of later milling operations.


(Standard Metals Corp., 1961). World War II began to affect 
the mining industry. When the United States entered the war 
after Pearl Harbor, there was a severe shortage of zinc and 
other base metals. In 1942, the Federal Government closed 
all gold mines so that scarce mining labor and resources 
could be focused on base-metal production. At that time the 
Shenandoah-Dives (mine # 355), a nominal gold mine, was 
ordered closed by the War Production Board (WPB). Silverton 
mining leaders put political pressure on the WPB through 
Colorado’s governor and congressional delegation. The WPB 
actually rewrote its national regulations to permit Shenandoah-
Dives to meet new criteria and avoid the closure order (Chase 
and Kentro, 1942). The mine and Silverton were revived, 
which incidentally helped save the Durango to Silverton nar-
row gauge railroad for its future as a tourist line. The remain-
ing equipment and track of the other small narrow gauge lines 
around Silverton were purchased by the U.S. Army for use in 
Alaska during construction of the Alaskan Highway (Sloan 
and Skowronski, 1975).


As flotation milling technology improved and wartime 
demand for metals increased, Shenandoah-Dives and other 
mines began to remine old underground stope fills and surface 


dumps left by previous mine operators. By 1952 Shenandoah-
Dives Mining Company reported recovering 117,238 tons of 
dump from Dives Basin, 80,158 tons of pre-1925 underground 
stope fills, and 29,597 tons from “other sources” (fig. 22). 
Such “dump recovery” was widespread in the county during 
World War II and the Korean War. Government policy further 
stimulated mining and recovery of material from old mine-
waste dumps when it began to pay bonus price subsidies called 
“premiums” for every pound of metal recovered. Begun in 
February 1942, the Government’s Metals Reserve Company 
paid premiums for every pound produced above a quota 
based upon 1941 production. Lead and zinc premiums were 
2.75 cents/pound, whereas copper received 5 cents/pound. In 
mid-1943, these premiums were increased to 6.50 cents/pound 
for lead, 8.25 cents/pound for zinc and 11.775 cents/pound 
for copper. Premiums were paid at varying levels through 
June 1947, when the plan expired (USBM, 1942, 1943, 1947).


Road building and mineral exploration were also sub-
sidized by the U.S. Bureau of Mines through the Defense 
Minerals Exploration Act (DMEA) and later through the 
Office of Mineral Exploration (OME). The Reconstruction 
Finance Corporation (RFC) actively loaned money for mining 







projects, and the Metals Reserve Corporation bought metals 
and ores directly for Government strategic metals stockpiles. 
Some of these programs survived into the early 1960s (USBM, 
1960).


With such favorable economic and Federal Government 
policies, operators reopened many dormant mines. Ore was 
shipped to Shenandoah-Dives’ Mayflower Mill (site # 221, 
fig. 2) for custom processing, and when its capacity was 
reached, the ore was shipped by rail to the Golden Cycle 
Mill in Colorado Springs, Colo. Many of these reopened 
mines were small, often mining only a few short tons per day. 
Shenandoah-Dives (mine # 355) remained the main producer 
at 600 short tons per day; about 100 short tons per day of 
“custom ore” were being milled (Mayflower Mill, site # 221, 
fig. 2) in summer months for the small mines. The Pride of 
the West (mine # 319), Highland Mary (mine # 359), and 
Lead Carbonate (mine # 106) built or expanded their own 
small mills (sites # 233, # 502, and # 95 respectively, fig. 2) 
and increased production during the war. Production would 
have increased more during the war, except for the shortage 
of labor. Anecdotal evidence suggests that this labor short-
age was the main reason the Sunnyside (mine # 116) never 
reopened during World War II, despite large zinc reserves.


The Shenandoah-Dives Mining Company continued 
steady development of its property (mine # 355) and the 
adjacent Silver Lake (mine # 343), which it leased, into the 
early 1950s. Metals prices increased in 1951 in response to the 
Korean War, but they declined after the 1952 election because 
of a perception that President Eisenhower would soon end the 
conflict. In 1953, the new Congress withdrew Korean War 
price supports for lead and zinc. Production at Shenandoah-
Dives ceased on March 17, 1953, which also caused most of 
the remaining small mines dependent on the Mayflower Mill 
to close. A Government DMEA exploration grant kept the 
Shenandoah-Dives Mining Company going for a few more 
years, though without any production.5 The company later 
became the Marcy-Shenandoah Corporation, which obtained 
key leases on the Gold King Mill level tunnel (site # 96) at 
Gladstone and the Sunnyside (mine # 116) in 1958.


In 1959 a new company, Standard Uranium Corporation, 
formed a joint venture with Marcy-Shenandoah Corporation to 
reopen the Sunnyside mine by building a new lower haulage 


5Memorandum of C.A. Chase, June 29, 1953, in C.A. Chase Collection, 
San Juan County Historical Society Archives, Silverton, Colo.


Figure 20. Mayflower Mill (site # 221) and reclaimed tailings (sites # 507–510, fig. 2; 2002). Also known as the 
Shenandoah-Dives Mill, it operated for over 60 years (1930–1991). The aerial tram (AA, fig. 2) entered the plant 
at far right while tailings were stacked in tailings ponds on the left (# 507–510). These tailings were capped 
and seeded during 1990s reclamation work by Sunnyside Gold Corp. In 2001 the mill was designated a National 
Historic Landmark by the Secretary of the Interior.


72  Environmental Effects of Historical Mining, Animas River Watershed, Colorado







Mining, Milling, and Production History  73


Fi
gu


re
 2


1.
 


Cr
os


s 
se


ct
io


n 
of


 S
he


na
nd


oa
h-


Di
ve


s 
m


in
e 


in
 1


95
0 


(C
ha


se
, 1


95
2)


. T
hi


s 
cr


os
s 


se
ct


io
n 


vi
ew


 o
f t


he
 S


he
na


nd
oa


h-
Di


ve
s 


(m
in


e 
# 


35
5)


 s
ho


w
s 


18
80


–1
92


5 
m


in
ed


-o
ut


 
ar


ea
s 


in
 b


la
ck


 a
nd


 1
92


6–
19


50
 s


to
pe


d 
ar


ea
s 


in
 s


ha
de


d 
gr


ay
 d


ia
go


na
l l


in
es


. T
he


 fi
gu


re
 g


ra
ph


ic
al


ly
 s


ho
w


s 
th


e 
di


ffe
re


nc
e 


in
 s


ize
 a


nd
 e


xt
en


t o
f t


he
 m


in
ed


 a
re


a 
re


m
ov


ed
 d


ur
in


g 
th


e 
la


tte
r “


m
od


er
n”


 p
er


io
d,


 w
he


n 
ai


r d
ril


ls
 a


nd
 p


ow
er


 e
qu


ip
m


en
t w


er
e 


us
ed


, r
el


at
iv


e 
to


 th
at


 a
ch


ie
ve


d 
us


in
g 


ea
rli


er
 h


an
d 


m
et


ho
ds


. M
ap


 s
ho


w
s 


m
in


in
g 


ov
er


 a
 v


er
tic


al
 e


xt
en


t 
of


 2
,5


00
 ft


 a
nd


 h
or


izo
nt


al
 e


xt
en


t o
f 7


,6
00


 ft
.







Figure 22. 1940s dump reclamation on Shenandoah-Dives vein, Dives Basin, 
photographed in 1978. Dumps left by early hand sorting operations were often reclaimed 
by later innovative methods. This is the North Star mine dump in Dives Basin (mine # 350, 
fig. 1), which was scraped into a shaft of the Shenandoah-Dives mine for transport 
through the tunnel and aerial tram system to the Mayflower Mill (site # 221, fig. 2) three 
miles away and 3,000 ft lower. Snow patch in center of photo is approximately 150 ft in 
length.
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tunnel (mine # 96). In 1960, Standard Uranium Corporation 
changed its name to Standard Metals Corporation, bought 
out Marcy-Shenandoah Corporation’s interest, and became 
sole owner of the former Shenandoah-Dives (mine # 355) and 
the Mayflower Mill (# 221, fig. 2). Work began to widen and 
extend the old Gold King Mill level tunnel (site # 96, prior to 
1960) at Gladstone another mile under the Sunnyside mine 
workings. The goal was to avoid the costly hoisting and tram-
way operations of the former operators, whose main shaft was 
located beside Lake Emma at 12,300 ft (fig. 23). The reno-
vated and extended haulage tunnel was renamed the American 
tunnel. The work is described in the 1960 Standard Metals 
Corporation Annual Report (p. 3):


The [American] Tunnel was driven in order to 
provide an economical means for removal of ore 
as well as drainage. The original schedule for 
reaching the Washington vein was January 1961. 
This has been accomplished in spite of a water 
flow of 3,000 gallons per minute encountered 
from the 9,000 foot mark. *** Prior to driving the 
American Tunnel, the drainage of eight million 
gallons of water in the Sunnyside mine workings 
was *** a potential major problem. Fortunately the 
tunnel intersected a fault zone with fissures result-
ing in a gradual drainage of the old workings. The 


water level has been dropping an average of more 
than three ft per day in the old Washington Incline 
[shaft]. At this rate, when the raise is ready for the 
breakthrough the volume of water remaining in the 
upper level will be negligible.


The American tunnel (mine # 96) was successful at draining 
the workings, but the new mine drainage flowing into Cement 
Creek would later become a substantial problem when water-
quality standards were enacted in the 1970s. Production 
from the Sunnyside (mine # 116) through the 11,000-ft long 
haulage tunnel (mine # 96) began in August 1962, and contin-
ued at 700 short tons per day, increasing to 1,000 short tons 
per day for a few years in the late 1970s. Unexpected gold 
discoveries in the early 1970s kept the Sunnyside (mine # 116) 
going long after other similar base-metal mines in Colorado 
had closed.


Other than Sunnyside (mine # 116), only a few small 
mines produced ore intermittently after 1953, usually in 
conjunction with the Pride of the West Mill (site # 233, 
fig. 2) in Howardsville. In 1967, a Texas oil company, the 
Dixilyn Corporation, began a large mineral exploration and 
development project at the Old Hundred (mine # 239). It 
found little ore, but constructed more than 15,000 linear feet 
of new tunnels and expanded the Pride of the West Mill [# 4] 
(site # 233, fig. 2) to 400 short tons per day capacity. Mill 


Figure 23. Lake Emma and Sunnyside mine from Hanson Peak (circa 1940; H.H. Mellus photo, SJCHS collection). The 
original Sunnyside mine (mine # 116, fig. 1) was located at 12,300 ft on the shore of Lake Emma, which was dammed to 
provide water to mills downstream. Men lived in the building complex; snow sheds connected them to the tunnels and 
shafts.







tailings are impounded in a permitted repository at the site 
(site # 234, fig. 2). High gold and silver prices in the late 
1970s and early 1980s caused another increase in mineral 
exploration activity around Silverton. A few new access tun-
nels were built, but again, little ore was developed or pro-
duced. About 40,000 short tons of mostly waste dump material 
was processed at the Pride of the West Mill (site # 233, fig. 2) 
between 1970 and 1990, mainly during periods of high metal 
prices. Several old mines were explored, but gold and silver 
prices did not maintain a high level long enough to sustain 
large-scale new mine development. Sustained mining con-
tinued to be confined to the Sunnyside (mine # 116), which 
benefited from both high gold prices and high gold content 
in the ore. Sunnyside also recovered and milled mine-waste 
dumps from the original Sunnyside workings at Lake Emma 
in the late 1980s (figs. 1 and 2).


In the late 1970s, new surface reclamation laws in 
Colorado began to affect ongoing mining operations. In 
1983, aggressive legal action under the Federal Superfund law 
against Newmont Mining’s nearby Idarado mine in Telluride, 
Colo., coupled with declining gold and silver prices, caused 
all major United States and Canadian mining companies 
then exploring in San Juan County to soon terminate leases 
and exploration activities. After 1984, no major U.S. min-
ing company initiated any new exploration activity in 
San Juan County. The continued exception was the Sunnyside 
(mine # 116), which developed into the State’s largest gold 
producer in the 1970s. However, its operator, Standard Metals 
Corporation, went bankrupt in 1984, closing the mine. Its 
troubles began in 1978 with the flooding of the mine by Lake 
Emma. This precipitated a corporate takeover fight, and the 
ensuing debt load and subsequent fall in gold prices bankrupted 
the company. In November 1985 the mine and the Mayflower 
Mill were purchased by Echo Bay Mines and reopened as 
Sunnyside Gold Corporation in early 1986. By August 1991, 
the mine’s higher grade gold ore reserves were exhausted, 
base-metal prices were falling, and the mine closed except 
for reclamation work, which continued for 12 more years. 
Low metal prices, coupled with increased expenses related 
to complex environmental regulations, resulted in a cessation 
of mining and exploration activity in the county after 1991, 
following a pattern similar to that of other mining districts 
in Colorado. Since 1991, no ore production has occurred 
in San Juan County, after 121 years of continuous mining 
production.


Milling Development and Practices


In the 1930s, the Mayflower Mill was the only milling 
operation in the upper Animas River basin. As a result of both 
downstream complaints and the personal philosophy of man-
agement, the first successful steps were taken to prevent water 
contamination caused by mill tailings. When the Mayflower 
Mill (site # 221, fig. 2) was built in 1929, Shenandoah-Dives’ 


manager, Charles A. Chase, with the support of concerned 
stockholders, intended not to discharge mill tailings into the 
Animas River at all. Instead, special tanks and machinery 
were installed to settle the mill tailings and haul the sand 
back up the tramline, where it would be dumped as a surface 
pile, thereby keeping it out of the Animas River. Mill water 
would be filtered and recycled. Unfortunately the equipment 
did not work, and being in financial difficulty because of the 
Great Depression, the company discharged mill tailings into 
the Animas River as mills had before (Smith, 1987). In 1935, 
Chase received recommendations for a tailings impoundment 
built from its own sand that was being used in Butte, Mont. 
under operating conditions similar to those at Silverton. The 
technique relied on the fact “***that a single spigot will draw 
off sand in such a ratio to water as will permit the sand to build 
in a firm pile; and of course a series of such piles will merge 
into a continuous wall of sand” (fig. 24; Chase and Kentro, 
1938, p. 19).


By 1936, nearly all Shenandoah-Dives mill tailings 
were being retained in sand-walled ponds (site # 507, fig. 2), 
keeping them out of the Animas River (fig. 25). The slimes 
and fine suspended material settled out in the pond formed 
behind the sand wall. As the water cleared, it was decanted 
out of the pond through wooden culverts (called decants) 
buried under the sand wall, and thence into the Animas River. 
When Sunnyside (mine # 116) briefly reopened their Eureka 
Mill in 1937–1938 (# 164, fig. 2), it too built settling ponds 
in the Animas River valley below Eureka (Church, Fey, and 
Unruh, this volume, fig. 4, locality B19; Vincent and Elliott, 
this volume). Variations of this method and improvements on 
it were used by all mills operating after 1935, until the end of 
milling in 1991 (site # 507–510, fig. 2).


Although this method of transport and emplacement 
of tailings was effective, the settling-pond system designed 
to contain the material was not perfect. The crudely con-
structed sand walls built on the hillside near the Mayflower 
Mill were plagued by springs, entrained ice, and slimes, 
and were therefore not structurally stable. The sand wall 
on tailings pond # 1 (site # 507, fig. 2) collapsed in 1947 
(fig. 26) and again in 1974. The latter collapse released 
more than 100,000 short tons of tailings into Boulder 
Gulch and the Animas River and resulted in abandon-
ment of the pond (site # 507, fig. 2; Bird, 1986). In 1947, 
the accident resulted in no legal actions against the com-
pany. The settling pond wall was promptly repaired, and 
the company even received a commendation for its pol-
lution control efforts from the Colorado Fish and Game 
Department. By 1974, however, the story was different. 
Standard Metals Corp. was fined $40,000 (later reduced 
to $15,000) for contaminating the Animas River. Active 
water-quality monitoring of the mill tailings decant water 
became standard practice about 1977, with the advent of the 
National Pollution Discharge Elimination System (NPDES) 
permitting system.
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From 1935 to 1991 milling technology gradually 
improved in efficiency but remained similar in method and 
operations. Metal recovery was often as high as 95 percent 
by the 1940s, and only incremental improvements were made 
into the 1970s. The one large change was the abandonment 
in the mid-1930s of the old oil flotation chemistry at the 
Mayflower Mill (site # 221, fig. 2), replaced by more effi-
cient xanthate flotation reagents for the separation of a zinc 
concentrate. Tailings ponds also improved with the use of 
hydro-cyclone type classifiers replacing wooden launders, 
sluices, and spigots for dam construction. In its 1965 annual 
report, Standard Metals (1966, p. 7) noted, “Tailing dis-
posal systems were improved in line with current stream and 
river pollution regulations and practices.” This is an example 
of Colorado’s efforts at water-quality regulations prior to 
national legislation.


During the period 1936–1991, a reported 9.5 million short 
tons of ore was mined and milled with all but an estimated 
200,000 tons of mill tailings being impounded in settling ponds. 
Crude ore shipments for the period 1936–1957 amounted to 
only 8,148 tons.


Environmental Aspects


Changing public attitudes and government philosophy 
resulted in new legislation and legal proceedings in both the 
1930s and 1970s. These changes forced mine operators to 
modify or improve practices to reduce environmental degrada-
tion caused by mining and milling (Smith, 1987). Required 
improvements tended to increase operating costs, though 
metals prices continued to decline in both nominal and real 
terms. The number of operating mines markedly decreased after 
1953 as mining economics became less favorable. Underground 
mining practices continued much as in the past, but longer 
haulage tunnels at lower elevations increased mine drainage 
discharges, as at the Sunnyside (American tunnel, mine # 96), 
and Old Hundred (mine # 239).


Wartime demand and Federal Government policy in 
the 1940s and 1950s resulted in significant road building, 
processing of old mine-waste dumps, and reopening of old 
mines. Little regard was paid to the condition of the sur-
face after such war-inspired activity. Most old stamp mills 
were burned and their scrap metal salvaged in support of the 


Figure 24. Mill tailings spigots at tailings pond # 1, Mayflower Mill (site # 221, circa 1934; C.A. Chase photo). Wooden 
flumes were used to slurry tailings for disposal into tailings ponds (# 507, fig. 2) rather than into the river. Holes in the 
bottom of the flume let coarser sands flow down the planks into piles, which were shoveled together to create the pond 
wall while water settled behind the resulting dam.







war effort. Underground workings of the larger mines were 
expanded to tens of thousands of linear feet with multiple 
working levels. This resulted in ground water being drained 
from the vicinity of the mine workings and discharged out of 
the lowest haulage tunnel directly into the surface streams. 
Few large surface mine-waste dumps were created during the 
1936–1991 period because most mineralized material was 
milled. The several new access tunnels built did generate large 
mine-waste dumps of mostly unmineralized “country” rock. 
Colorado passed one of the first comprehensive surface recla-
mation laws in 1976, which required surface disturbances to 
be reclaimed after mining was completed on both private and 
Federal lands.


Key legal actions in the 1930s finally pushed the min-
ing industry to find solutions to the problem of turbid mill 
tailing discharges. In March 1935, the Colorado Supreme 
Court upheld a lower court ruling against the Chain-O-Mines 
Company in the town of Central City and ordered it to cease 
mill tailings discharges into adjacent Clear Creek (Smith, 
1987). Legal action was never taken against Shenandoah-
Dives Mining Co., who instead cooperated with downstream 
farmers and ditch companies to find a solution it could afford. 
Mill tailings settling ponds were begun in July 1935, and by 
June 1936 the majority of the mill tailings produced in the 
Animas River watershed were retained (site # 507, fig. 2). 


According to manager Chase, by August 1937 the system 
achieved “complete retention” of the mill tailings. “Decanted 
water is, for the most part above reproach as to clarity *** The 
Animas is reported a first-class fishing stream.” Still, noting 
new grass growing on the sand wall he wrote, “we may yet 
demonstrate to the farmers that they are deprived of good soil 
building material” (Chase and Kentro, 1938, p. 21). Charles 
Chase was ahead of his time, but he still maintained the 
industry’s long-held belief that the tailings themselves were 
benign or even beneficial.


When the Sunnyside (mine # 116) reopened in 1937, 
mill tailings pond dams were built with mechanical excavators 
on the flat river gravels south of Eureka (south of site # 164, 
fig. 2). After the mine was abandoned and the Sunnyside Mill 
at Eureka was scrapped in 1949, these tailings dams partly 
washed out and some of these tailings entered the Animas River 
(Vincent and Elliott, this volume). Remaining mill tailings 
were removed to the Mayflower tailings pond # 4 repository 
(site # 510, fig. 2) during reclamation activities in the 1990s.


Besides the occasional accident or error, decant water 
quality varied due to a number of factors. Wind and thun-
derstorms would sometimes stir up the shallow water in the 
settling pond, allowing slimes into the discharge. Close atten-
tion by operators was needed to keep the decanted water clear. 
Occasional complaints were registered with the State against 


Figure 25. Tailings pond # 1 sand wall (site # 507) at Mayflower Mill (1936; C.A. Chase photo). As tailings were deposited 
the sand walls became higher. Tall flumes (shown on left of sand wall) called “launders” now were needed to transport 
the sand and water.
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Shenandoah-Dives Mining Co. when conditions downstream 
deteriorated—even if the company was not to blame. Smith 
(1987, p. 131) noted, even though Charles Chase’s


enlightened attitude put to shame many of his con-
temporaries [in the mining industry] *** he discov-
ered growing sentiment against mining’s activities, 
and found his company in the role of the scapegoat, 
simply because Shenandoah-Dives represented 
the largest and most obvious local operation. *** 
Chase’s problems [in Silverton] portended what 
would come on a larger scale.


Chemical and metallic constituents of decant water 
were not regulated until the late 1970s. Beginning in 1937, 
small amounts of cyanide (less than 10 ppm) were used 
in the mill water to depress iron in the flotation process 
(Taggart, 1945). Small amounts of cyanide were used until 
the end of milling in 1991, although in reduced amounts 
followed by treatment in the pond water, as discharge 
regulations became more stringent. Even at the time of the 
closure of the Mayflower Mill in 1991, the biotoxicity of 
various mill reagents was not well understood. Xanthate 


concentrations in mill water discharges were never regulated 
by State or Federal agencies during the period of operation 
of the Mayflower Mill, 1930–1991.


Potential ground-water contamination by mill tail-
ings pond deposits was also not addressed by regulators or 
industry until the 1980s. Settling ponds built in prior years 
were not sealed and infiltration into ground water or near-
surface water is known to have occurred below some ponds 
(Jim Herron, Bruce Stover, and Paul Krabacher, Unpublished 
Lower Animas River reclamation feasibility report, Upper 
Animas River Basin, Colorado Division of Minerals and 
Geology, 2000). This seepage process can result in ground 
water contamination by metals leached from the mill tailings. 
Though none of the older settling ponds were sealed to prevent 
contact with ground water, not all old tailings ponds resulted 
in surface or ground-water contamination. The 1940s tailings 
pond at the Highland Mary (site # 361, fig. 2) is an example. 
Some mill tailings material is chemically neutral or contains 
sufficient alkaline minerals, or the pH of water is sufficiently 
high, that any pyrite contained in the mill tailings will not 
be oxidized (Unpub. Reclamation feasibility report, CDMG, 
2000).


Figure 26. Failure of tailings pond # 1 sand wall dam (site # 507) at Mayflower Mill (1947; C.A. Chase photo). As sand 
walls became higher, structural instabilities also increased. Ice lenses in the wall were partly to blame for this 1947 
collapse. The 1974 wall failure would be just out of this view to the left. Reclaimed tailings are shown in figure 20 to left 
of Mayflower Mill.







One dramatic event did adversely affect the Animas 
River for a short time in 1978. Standard Metals Corp. was 
mining the Spur Vein, a high-grade gold vein in the Sunnyside 
(mine # 116) 85 ft below Lake Emma, located at 12,300 ft 
elevation in Sunnyside basin (fig. 23). About 6:00 p.m. on 
Sunday, June 4, 1978, Lake Emma broke through into the 
2580 Stope on C level, flooding the mine on the only day of 
the week when no miners worked underground (fig. 27). The 
effect on the mine was cataclysmic, stripping timbers from 
the main shaft, crushing equipment, and filling tunnels with 
mud. At the Gladstone portal (mine # 96, fig. 1) an estimated 
5 to 10 million gallons of water blew out the walls of the 
portal building under the pressure of a 1,700-ft head from 
the lake and covered everything with black mud (figs. 28 
and 29). Sheriff Virgil Mason, on his way to the Gladstone 
portal, told reporters he saw “a wave that must have been 
eight to ten feet high rushing down the creek. At the portal 
it was like a UFO movie. Everything was black and timbers 
were shooting out like they were shot from a launcher” (Daily 
Sentinel, June 11, 1978). Alongside other townspeople, the 
author, who was employed by Standard Metals as an assayer 
at the time, watched Cement Creek flood. Main shaft timbers 
floated by in the roiling black water, which smelled strongly 


of diesel fuel and sulfides, but the tension of the close call with 
human tragedy outweighed any thoughts of the environmental 
effect of the event being witnessed.


Standard Metals Corp. explained the cause of the acci-
dent briefly in its Annual Report issued in May 1979:


Studies of the breakthrough, made on behalf of the 
Company, have indicated that it was caused by a 
fault, filled with glacial till and other gangue material, 
which resulted in substantial amounts of water, mud 
and debris entering the mine, and blocking entrance 
through the tunnels.


Indeed, unknown to the miners and geologists, thousands of 
years before, glaciers had gouged a crack along the weak vein 
rock that was filled with permafrost sediments. Heat from the 
mine melted the frozen mud and Lake Emma drained into the 
stope (R.C. Dwelley, Cripple Creek, Colo., oral commun., 
1985). One of the first mine geologists to examine the hole 
found clear glacial ice embedded in the fault (F.D. Taylor, 
Silverton, Colo., oral commun., 2003).


The Animas River turned black from the glacial mud 
and sediment well past Farmington, N. Mex., more than 
70 mi downstream (fig. 30). (An analysis of the Lake Emma 


Figure 27. Lake Emma after collapse (photo taken June 11, 1978; note man (circled) in photo for scale). Lake Emma 
collapsed into the Sunnyside mine (mine # 116) after permafrost filling a fault on the Spur Vein failed from the heat in 
the mine. The resulting crater is about 300 ft wide, 800 ft long, and as much as 85 ft deep. Glacial mud and debris filled 
much of the mine. Standard Metals Corp. spent nearly 2 years cleaning and repairing the mine before it went back into 
production in January 1980.
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sediment discharged is in table 1 of Church, Fey, and Unruh, 
this volume.) The towns of Durango and Aztec had to shut off 
intake of water at their pumping plants to prevent the polluted 
water from entering municipal water systems. Samples taken 
by health officials in Durango showed levels of 12.6 mg/L zinc 
and 4 mg/L lead in the water, and warnings were issued not to 
drink the water (Daily Sentinel, June 11, 1978). At the time of 
the event, most downstream users and the press thought this 
contamination was from mill tailings in Lake Emma. This was 
unlikely because the early Sunnyside mills (sites # 158, 165, 
fig. 2) were built considerably downstream of Lake Emma. 
The first Sunnyside Mill (site # 113) was built at or just below 
the outlet of Lake Emma, which was dammed to provide 
process water to the mill. Photographic evidence suggests the 
mill’s tailings were probably discharged into Eureka Creek. 
Part of the B Level waste dump was deposited in the lake and 
sloughed in further due to the mine collapse. Natural metal 
content of the lake sediments as well as metals washed from 
the mine workings probably accounted for the metal loading. 
Large chunks of ore from the collapsed 2580 stope never made 
it past the Gladstone portal and were recovered and milled 
during the 2-year mine clean-up. Little ore was found in the 
Terry tunnel, the mine’s upper entrance (# 120). Instead, these 


workings were filled with a black sticky mud, similar to that 
observed in the exposed lake bottom. Considerable mud-laden 
water also discharged from this portal, though in a less spec-
tacular fashion, and blackened Eureka Gulch and the Animas 
River between Silverton and Eureka.


Standard Metals Corp. was not fined by any State or 
Federal agency, and the accident was determined to be an “act 
of God” in a Federal court action brought by the mine’s insur-
ance company, which was trying to avoid paying $9,000,000 
in damage claims. Standard Metals Corporation won the suit 
and recovered $5.5 million dollars. The mine resumed produc-
tion in January 1980 (Bird, 1986). Water drainage was signifi-
cantly altered in Sunnyside basin, but was largely mitigated 
through reclamation efforts by later mine owner, Sunnyside 
Gold Corp.


Water drainage from long haulage tunnels, such as the 
American tunnel (site # 96, fig. 1), came under regulatory 
and environmental scrutiny when water discharges from mine 
tunnels became closely regulated in the 1970s. Sunnyside 
Gold Corp. has installed hydraulic seals in the principal 
access tunnels to eliminate this drainage. These seals are 
intended to provide a permanent solution to mining’s 100-year 
battle with water and drainage problems, both operational and 
regulatory.


Figure 28. American tunnel portal (mine # 96) June 5, 1978, the day after the Lake Emma flood. Lake Emma water and 
mud discharged at the American tunnel portal at Gladstone some 2,000 ft below and 2 miles away from Lake Emma. 
Black mud was deposited over the dumps and into Cement Creek. Portal buildings are on the site of the Gold King Mill 
(site # 94, fig. 2). Only one small house remains of the town of Gladstone circa 1903 (fig. 14). Photo taken 22 hours after 
the event.







Figure 29. Erosion trench and muddy discharge at American tunnel portal, June 5, 1978, 
the day after Lake Emma flood. With 2,000 ft of head pressure, Lake Emma water exited 
the American tunnel (mine # 96) like a huge fire hose, blowing open the building wall and 
eroding the dump back about 15 ft, creating an erosion trench. The scene was described 
by witnesses as something out of a science fiction movie.
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Conclusions
Historical mining and milling practices in San Juan 


County impacted the environment in various ways during the 
121-year period of active mining. These practices in turn, were 
influenced by national and international economics, events, 
industrial policy, public perceptions, and technological trends 
in the mining industry. Knowledge of these historical practices 
can assist us in understanding current environmental issues in 
the Animas River watershed and in developing investigations 
of specific environmental problems that may be related to 
historical practices. Mining and milling practices, particularly 
prior to 1935, tended to release mining wastes directly into 
the aquatic and riparian environment. The magnitude of these 


Figure 30. Crossing muddy waters of Cement Creek, June 5, 1978, the day after Lake Emma flood. The Lake Emma flood 
washed out bridges and blackened Cement Creek and the Animas River for a distance of 70 mi south into New Mexico, 
shutting down municipal water systems along the Animas River.


releases was directly proportional to the level of production 
and number of operating mines and mills. After 1890, tech-
nological advances in both mining and milling fostered larger 
scale production averaging more than 200,000 short tons per 
year. The majority of this production was milled, and the 
resultant mill tailings were discharged directly into the water-
shed until the mid-1930s. Based on reported and estimated 
mine production during the period 1890–1935, an amount 
totaling 8.6 million short tons of mill tailings is estimated to 
have been deposited into the Animas River and various tribu-
taries. This represents 47.5 percent of the total reported and 
estimated mine production of 18.1 million short tons produced 
during the 121-year period of production. These mill tailings 
as well as mine dumps both on the surface and underground 







contain varying amounts of metals unrecoverable at the time 
of their production. Mill tailings entering the watershed often 
affected downstream water users. After tailings retention in 
settling ponds became standard practice in the mid-1930s, 
direct physical contamination of surface waters was nearly 
eliminated. Accidents and operator error did cause occasional 
tailings releases.


Mine workings expanded in length, depth, and verti-
cal extent from the beginning of mining in 1871. As tunnels 
became longer and were constructed at lower elevations, 
mine drainage locally affected ground-water hydrology and 
resulted in point source discharges into the watershed. Earlier 
mining methods left mineralized rock underground in the 
stopes. Later mining methods tended to extract more of the 
mineralized material leaving larger voids and less mineralized 
waste. Fewer surface dumps were created at mine sites when 
improved flotation milling techniques allowed for nearly all 
mined material to be economically milled.


Federal Government policies actively encouraged mining 
until the early 1960s. During wartime direct and indirect finan-
cial incentives for increased production and exploration intensi-
fied mining activity. Remilling of dumps and stope fills during 
these and other periods of high prices removed some mined 
material from direct contact with ground water at the mine 
sites and transferred it to tailings repositories. Environmental 
regulations enacted in the 1970s required mine operators to 
perform surface reclamation and regulate quality of water dis-
charges from both mines and mills. These regulations increased 
both current and future costs of mining, which, coupled with 
decreased metal prices, effectively ended San Juan County 
mining production in 1991 after 121 years.
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Notes on the Table and Chart of Reported 
and Estimated Mine Production


Statistics on total annual mine production were com-
piled by the U.S. Geological Survey, U.S. Bureau of Mines, 
and State agencies from 1885 through the mid 1970s. Data 
from 1871 to 1900 are recorded in Henderson (1926) but as 
annual dollar value of ores produced, not tons. For purposes 
of constructing figure 3, the tonnage through 1889 is estimated 
by assuming an average value per short ton. For 1890–1900, 
actual average ore values per short ton for 1901 are used 
to back-calculate the tonnage from the dollar figures. For 
1901–1923, production data cited are from Henderson (1926). 
For 1924–1977, production data are from the annual Mineral 
Resources of the United States, later called the Mineral 
Yearbooks of the U.S. Bureau of Mines. However, 1972 and 
1976 are Sunnyside production only from company data. 
For 1978–1991, production data are for the Sunnyside only, 
based on data furnished by Sunnyside Gold Corporation and 
Standard Metals Corporation annual reports; the exception is 
1986, which is from U.S. Bureau of Mines (USBM, 1986). 
An estimate of 20,000 short tons milled by three operators 
at the Pride of the West Mill [# 4] during 1979–1981 is not 
included in the totals, because supporting data are lack-
ing. Metals prices were reported by U.S. Bureau of Mines 
through 1958, except that data from 1924–1931 are from the 
Colorado Yearbook (1932). Metals prices after 1958 are from 
U.S. Geological Survey (1999).
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of historical information on past mining and milling prac-
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Silverton.


Charles A. Chase, General Manager of the Shenandoah-
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Abstract
This geologic summary and accompanying maps of part 


of the Animas River watershed, western San Juan Mountains, 
Colorado, provide a basic geologic framework for this volume. 
The Animas River headwater region of this volume consists 
of a Precambrian crystalline basement overlain by Paleozoic 
and Mesozoic sedimentary rocks and by a Tertiary volcanic 
cover.


The Tertiary is marked by deposition of the Eocene 
Telluride Conglomerate on an extensively eroded Eocene 
surface. The Telluride Conglomerate is host to Oligocene 
to Miocene polymetallic replacement mineral deposits. A 
sequence of Tertiary volcanic rocks overlying the Telluride 
Conglomerate comprises the majority of rocks exposed in the 
Animas River watershed study area. Tertiary volcanism com-
menced in the study area about 35 million years ago with the 
eruption of intermediate-composition lava flows and deposition 
of volcaniclastic mudflow deposits of the San Juan Formation. 
Caldera-related volcanism began shortly after the early San Juan 
Formation volcanism ceased, with the formation of the 28.2 Ma 
San Juan caldera, source of the Sapinero Mesa Tuff, and nearly 
contemporaneous Uncompahgre caldera, source of the Dillon 
Mesa Tuff. Post-caldera collapse volcanism consisted of lower 
Silverton Volcanics intermediate-composition lava flows and 
volcaniclastic rocks that filled the San Juan caldera. An elliptical 
dome formed between the San Juan and Uncompahgre calderas, 
and extensional fracturing over the resurgent dome of the intra-
caldera fill resulted in Eureka graben formation. Faults of the 
Eureka graben were extensively mineralized, primarily within 
the intermediate-composition Silverton Volcanics lavas. The 
Silverton caldera collapsed in response to eruption of the Crystal 
Lake Tuff at 27.6 Ma and is nested within the older San Juan 
caldera.


The San Juan–Uncompahgre and Silverton calderas are 
characterized by an extensive system of faults and veins. A 
highly fractured, arcuate, caldera ring fault zone is exposed 
along parts of Mineral Creek and along the Animas River 
southeast of Silverton. Radial faults that are tangential to the 
ring fault zone formed in response to broad resurgence that 
affected a region extending well beyond the San Juan caldera 
margin. The northwest-trending radial faults are apparently 


more highly mineralized when compared with radial faults 
with other orientations or with caldera ring faults. Resurgent 
doming within the central core of the San Juan–Uncompahgre 
calderas also resulted in the formation of a northeast-trending 
graben that was extensively mineralized. The primary host 
for base metals and precious metals in the study area is the 
intermediate-composition Silverton Volcanics lavas, where 
this unit is cut by graben-related and radial structures. Faults 
associated with the San Juan–Uncompahgre calderas localized 
post-Silverton-caldera, late-stage dacitic to rhyolitic intru-
sions and associated post-caldera hydrothermal mineralizing 
fluids that leached acid-neutralizing bedrock. These faults may 
be possible ground-water flow paths for trace-element- and 
major-element-rich water.


Five general alteration types formed in response to 
hydrothermal alteration events, which affected the Animas 
River watershed study area and followed caldera formation 
by 1 million to several million years. The five alteration types, 
listed in increasing order of intensity, are regional propylitic 
alteration, weak sericite-pyrite alteration, vein-related quartz-
sericite-pyrite alteration, quartz-sericite-pyrite alteration, 
and acid-sulfate alteration. The propylitic alteration event, 
which affected most if not all volcanic rocks in the study 
area, introduced the assemblage of quartz-epidote-chlorite-
calcite-pyrite-iron oxides. Locally, volcanic rocks were 
overprinted with higher grades of alteration. The incidence 
of sericite along with the propylitic assemblage is recognized 
in areas of densely spaced veins and adjacent to areas of the 
more intensely altered quartz-sericite-pyrite assemblage. 
The quartz-sericite-pyrite assemblage is indicative of more 
intensely altered areas that formed closer to a hydrothermal 
heat source and is characterized by the primary minerals of 
the original host rock being altered to a fine-grained rock 
of quartz, sericite, and pyrite. The most intense alteration, 
the acid-sulfate assemblage, is characterized by the mineral 
assemblages of quartz-alunite and (or) quartz-pyrophyllite, 
with some argillic alteration zones.


Many of the geologic units contain primary and second-
ary mineral assemblages that have some limited potential to 
mitigate acidic drainage from mine sites or unmined min-
eralized rocks. A host rock or surficial deposit that contains 
calcium carbonate, or the assemblage chlorite-calcite-epidote, 
has a high acid-neutralizing capacity. The neutralizing 
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capacity of rocks locally, and in some cases over large sub-
basin areas, is limited because intense hydrothermal alteration 
associated with mid- to late-Tertiary volcanism has replaced 
acid-neutralizing mineral assemblages with acid-generating 
sulfide minerals. Rocks that have high acid-neutralizing 
mineral assemblages in the Animas River watershed include 
Precambrian amphibolites, schists, and gneisses with the 
chlorite-epidote-calcite assemblage, and Paleozoic and 
Mesozoic limestones, dolomites, mudstones, and calcare-
ous sandstones. Among the Tertiary sedimentary rocks, the 
Telluride Conglomerate locally contains limestone clasts. The 
younger Silverton Volcanics lavas are voluminous and exten-
sively propylitized to calcite, chlorite, and epidote; within 
the study area, this unit likely has the most significantly high 
acid-neutralizing capacity, where it is not intensely altered by 
hydrothermal mineralization events. Weathering of bedrock 
in headwater subbasins has resulted in deposition of surficial 
deposits. Quaternary surficial deposits provide ground-water 
flow paths throughout as much as 27 percent of the headwater 
regions of the Animas River watershed study area, which facil-
itate water-rock interaction when infiltrated by ground water. 
The surficial deposits are acid generating or acid neutralizing 
depending on the mineralogic assemblages from which they 
were eroded.


During the late Miocene to Pliocene, when the San Juan 
Mountains were differentially uplifted relative to the Rio 
Grande Rift basin to the southeast, accelerated weathering 
and erosion exposed volcanogenic sulfides to surface water 
and ground water and increased acid drainage in the Animas 
River watershed. Pleistocene glaciation scoured the region, 
further exposing mineralized bedrock to weathering. Dur-
ing the height of the Wisconsin glaciation, a 1-km thick ice 
sheet covered 20 percent of the western San Juan Mountains. 
Easily erodable cirque basins with oversteepened slopes were 
exposed after glacier retreat.


Ferricrete, which consists of surficial deposits cemented 
in place by iron oxyhydroxide, occurs throughout the water-
shed study area. The surficial deposits serve as flow paths and 
precipitation sites for iron-rich water derived from the oxida-
tion of pyrite. They are an indicator of acidic conditions that 
have existed in the watershed before, during, and after mining.


Introduction
This chapter and the geologic map (pl. 1) summarize the 


geologic setting for the Animas River watershed study area and 
provide a geologic framework for assessing acid rock drainage 
issues in the reports that follow. The Animas River watershed 
study area is located in the western San Juan Mountains near 
Silverton, Colo. This chapter includes discussions of


The tectonic setting of the western San Juan Mountains• 


Principal rock types in the study area and vicinity • 
with mention of the lithologies that have a high acid-
neutralizing capacity


Caldera-related structures that are potential ground-• 
water flow paths


Major alteration types• 


Late Tertiary erosion events and Pleistocene glaciation, • 
which have exposed bedrock to weathering.


The elements of the geologic map (pl. 1) that are important to 
the study include


Numerous rock types, wherein chemical constituents • 
of minerals that compose the rocks interact with sur-
face water and ground water and affect water quality


Igneous bedrock units that are hosts for Tertiary miner-• 
alization and are locally intensely altered and region-
ally weakly altered


Distribution of the caldera-related veins, which have • 
been extensively mined for base-metal sulfides and 
precious metals


Distribution of permeable surficial deposits that are • 
conduits for shallow ground water systems.


The Animas River watershed study area is located in the 
western part of the San Juan volcanic field, which is one of the 
largest erosional remnants of a volcanic province that covers 
much of the southern Rocky Mountain region (Steven and 
Epis, 1968; Steven, 1975). Of great importance to the Animas 
River watershed geologic history are the volcanotectonic and 
mineralization events that occurred from 35 to 10 Ma. Sulfide 
minerals that formed during mineralization events between 
22 and 10 Ma, where exposed by weathering and erosion or 
by mining, have generated acid water and introduced major 
elements and trace elements to surface water. Tertiary-age 
mineralized fault zones and veins were extensively mined 
in this region from the late 19th century through most of the 
20th century (Bove and others, this volume, Chapter E3; Nash 
and Fey, this volume, Chapter E6), which exposed the sulfide 
system to weathering.


Geographic Setting
A discussion of the geographic setting is important in a 


geologic context, because geography strongly influences the 
geoenvironmental weathering processes affecting the water-
shed. The western San Juan Mountains are rugged and steep, 
their terrain further emphasized by Pleistocene glaciation and 
Holocene erosion. Topographic relief in the study area reaches 
1,000 m with a maximum elevation exceeding 4,000 m above 
sea level. Precipitation, falling mainly as snow during the 
fall, winter, and spring seasons, is as much as 60 cm (Gillam, 
1998). Snowmelt is strongly controlled by slope and aspect 
(orientation in relation to the sun’s azimuth), in addition to 
time of year and elevation. On steep north-facing slopes, 
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snow remains even in the summer and fall months, following 
a winter with normal precipitation. In contrast, south-facing 
slopes that receive direct sunlight are usually snow free from 
late spring to early fall. Thus, the volume of acid rock drain-
age will vary for each subbasin throughout the year, which in 
turn will influence the rate and amount of water-rock interac-
tion. Mean annual ambient air temperature in the study area 
is approximately 2°C (Gillam, 1998). Bedrock is subject to 
strong mechanical weathering by exposure to frequent freeze-
thaw temperature fluctuations, which in turn expose freshly 
broken surfaces to continued water-rock interaction (Hoch 
and others, 1999).


The western San Juan volcanic field is part of the 
Southern Rocky Mountain steppe ecoregion (Bailey, 1995). 
Only sparsely vegetated alpine zone tundra is present at high 
elevation. Where altered bedrock and steep slopes coincide, 
the fragile vegetation patterns cannot stabilize the easily 
erodable outcrops, which constantly contribute mineral-laden 
sediment to streams below them. The subalpine zone is delim-
ited by Engelmann spruce and subalpine fir. At lower eleva-
tions, riparian vegetation consists of grasses, sedge grasses, 
mosses, and willows.


Previous Geologic Investigations
The Animas River watershed investigations follow the 


work of past geologists whose focus and scope of study have 
evolved over a 130-year period to meet changing scientific and 
social needs. The discovery and exploitation of economically 
important base and precious metals in the northern part of 
the Animas River watershed during the 1870s spawned early 
geologic investigations. Today, we are interested in the com-
bined effect that weathering both of altered and mineralized 
bedrock and of mine waste has on water quality and aquatic 
ecosystems.


Early investigators attempted to decipher the general 
stratigraphy and mineral deposits of the area near Silverton, 
Colo. (Ransome, 1901; Cross and others, 1905). These works 
were the foundation for later descriptions of the regional 
aspects of ore deposits in the San Juan Mountains (Burbank 
and Luedke, 1968; Steven and others, 1969). Focused min-
eral deposit studies were accomplished in the highly profit-
able Eureka mining district (Burbank and Luedke, 1969; 
Casadevall and Ohmoto, 1977). Reports and maps of a more 
general nature that include information on the geologic his-
tory and regional stratigraphy of the San Juan Mountains, but 
which are not referred to in other parts of this chapter, include 
the works of Kelley (1946), Larsen and Cross (1956), and 
Steven and others (1974).


The Tertiary volcanotectonic history of the region is 
the emphasis of several reports. Caldera-related research in 
the western San Juan Mountains was initiated in the 1960s 
(Luedke and Burbank, 1968) and has continued as geologists 
have further refined their concepts about how the San Juan 


volcanic field has evolved (Ratté and Steven, 1967; Smith 
and Bailey, 1968; Lipman, 1976a,b; Steven and Lipman, 1976; 
Lipman, 1984, 2000). Isotopic dating of rocks in and near the 
Animas River watershed study area has aided in understanding 
the timing of volcanism in relation to ore deposition (Lipman 
and others, 1970; Lipman and others, 1976; Bove and others, 
2001). The volcanic stratigraphy is discussed in Lipman and 
others (1973) and Lipman (1976b), and better constrained by 
isotopic dating (Bove and others, 2001).


Interpretations of the Quaternary glacial history and 
physiography of the western San Juan Mountains were first 
provided in the classic work of Atwood and Mather (1932). 
Modern interpretations of the late Cenozoic geologic history 
of the region involve discussions of Pleistocene glaciation and 
variables that have influenced stream terrace formation near 
Durango, Colo. (Gillam, 1998).


Regional Tectonic Setting
The western San Juan Mountains are situated near the 


eastern margin of the Colorado Plateau. The Colorado Plateau 
is a broad region of the southwestern United States that is 
bordered on the west by the Basin and Range province in 
Utah and Nevada, on the north by the east-west-trending Uinta 
uplift of Utah, on the east by the southern Rocky Mountains of 
Colorado and New Mexico, and on the south by the Mogollon 
Rim of Arizona.


Southwest Colorado and the western San Juan Mountains 
have undergone several periods of deformation that date back to 
the Precambrian. Evidence for two major cycles of Precambrian 
deposition, folding, metamorphism, and pluton emplacement 
are recorded in the geologic record of the Precambrian rocks 
of the Needle Mountains uplift that borders the southern part 
of the Animas River watershed study area. The first cycle of 
deposition, metamorphism, and intrusion occurred between 
1,800 and 1,700 Ma; the second cycle occurred between 1,650 
and 1,450 Ma (Barker, 1969). Intense, generally north to north-
east trending folding accompanied the first Precambrian cycle, 
whereas isoclinal folding to the east and southeast occurred 
during the second cycle (Barker, 1969). Continental-scale 
northwest-striking faults formed in the San Juan Mountains at 
about 1,600 Ma (Baars and Ellingson, 1984). These northwest-
trending faults bound Precambrian blocks of the Grenadier 
Range, located south of Silverton, and the Sneffels horst, 
located in the vicinity of Ouray (fig. 1). An apparent conjugate 
set of northeast-striking faults that demarcate the Colorado 
mineral belt appear to offset the northwest-striking faults (Baars 
and Ellingson, 1984). The Precambrian basement faults were 
rejuvenated periodically through the Laramide.


In addition to the major tectonic events, there were at 
least four episodes of Precambrian intrusive events. The effects 
of Precambrian intrusions, tumescence, and subsequent ero-
sion continued into the Cambrian (Barker, 1969). The source 
rocks for the Cambrian Ignacio Quartzite are Precambrian 
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crystalline rocks that were shed from the northwest-southeast-
trending Grenadier and Sneffels horst blocks (fig. 1) (Baars 
and Ellingson, 1984), which were uplifted high above sea level 
during the Late Cambrian and supplied coarse material to their 
flanks.


A major mountain-building episode that affected the 
San Juan Mountains is associated with the Pennsylvanian to 
Permian San Luis–Uncompahgre uplifts (fig. 1) and formation 
of the Ancestral Rockies. Late Paleozoic cratonic deformation 
in western North America in Pennsylvanian time is attributed 
to the Ouachita-Marathon orogeny, which was likely caused by 
the collision of South America and Africa with the south edge 
of the North American landmass (Kluth and Coney, 1981). 
Fault blocks that bound the Grenadier and Sneffels horst were 
reactivated and uplifted during the Early Pennsylvanian. These 
uplifted blocks were sources for quartzose sediments that were 
deposited in the Ignacio Quartzite, the oldest Paleozoic unit in 
the study area. Uplift and erosion of the San Luis highland are 
recorded in deposition of Pennsylvanian Hermosa Formation 
quartzose sediments, whereas the source of Permian-age 
Cutler Formation arkosic sediments is the Uncompahgre high-
land (Baars and Ellingson, 1984). The several blocks of the 
San Luis–Uncompahgre uplifts were active into the Mesozoic 
Era and were sediment source areas for the Upper Triassic 
Dolores Formation, which was unconformably deposited on 
the Cutler Formation.


Eastward-directed compressive stresses generated during 
the Laramide orogeny at about 65 Ma were accommodated by 
Precambrian basement structures (Baars and Ellingson, 1984). 
This orogeny is inferred to have resulted from east-northeast-
directed compression caused by west-southwest convergence 
of the North American and Farallon plates across the newly 
rifted North Atlantic (Chapin and Cather, 1981). A relatively 
symmetrical, basement-cored domal uplift referred to as the 
“San Juan dome” attained its present proportions during this 
time (Baars and Ellingson, 1984) and is roughly centered in an 
area to the south of Silverton in the Needle Mountains (fig. 1). 
The uplifted and eroded San Juan dome surface rises from an 
elevation of about 2,800 m just north of Ouray, to 4,000 m in 
the area between Silverton and Lake City and to more than 
4,600 m in the Needle Mountains. Late Cretaceous intrusive 
magmatism accompanied the Laramide episode of tectonism 
in the western San Juan Mountains. Intrusive igneous rocks 
emplaced during the Laramide consist of granodiorite dikes, 
sills, laccoliths, and small plugs located west and north of the 
study area (Varnes, 1963). A period of erosion followed the 
mountain-building episode of the Laramide orogeny, form-
ing the extensive Eocene erosion surface. The Eocene ero-
sion surface is a vast western North America peneplain that 
formed following a period of both basement-cored uplifts of 
the Laramide Rocky Mountains and monoclinal uplifts of the 
Colorado Plateau (Epis and Chapin, 1975; Chapin and Cather, 
1981). The Eocene Telluride Conglomerate was deposited 
during this time; its source rocks were derived from sediments 
that were shed from the San Luis uplift east of the study area.


Pre-Oligocene Rocks of the Animas 
River Watershed Study Area and 
Vicinity


The western San Juan Mountains preserve a relatively 
complete geologic record from Precambrian to Cenozoic 
time. Within the Animas River watershed study area, how-
ever, multiple Tertiary volcanotectonic and intrusive events 
have obliterated much of the geologic record. In general, 
Animas River watershed study area stratigraphy consists of 
a Precambrian crystalline basement overlain by Paleozoic, 
Mesozoic, and Eocene-age sedimentary rocks, and a 1- to 
2-km thick, Oligocene- to Miocene-age volcanic cover 
(generalized in fig. 2; see also pl. 1). Figure 3 is an Animas 
River watershed stratigraphic column, and figure 4 is an 
index map for geographic feature names in the watershed.


Precambrian Rocks


In the context of this investigation, the Precambrian 
rocks are important because they contain mineral phases 
whose high acid-neutralizing capacity influences water-
rock interaction in the south part of the study area, near the 
headwater region of Cunningham Creek and along the Animas 
River south of Silverton. Precambrian basement rock struc-
tures have also influenced the structural history of the entire 
San Juan Mountains throughout Paleozoic to Cenozoic time 
(Tweto and Sims, 1963; Baars and Ellingson, 1984).


Largely due to later Tertiary volcanotectonic events, the 
Precambrian rocks crop out near the periphery of the Animas 
River watershed study area—principally along the Animas 
River downstream of Silverton, near Cunningham Creek, 
near the eastern margin of the watershed, east of the historical 
Animas Forks townsite, and north of Abrams Mountain (fig. 4; 
pl. 1). According to Barker (1969) and Luedke and Burbank 
(2000), the Precambrian rocks along the Animas River down-
stream of Silverton and at the headwaters of Cunningham 
Creek are equivalent to the Irving Formation in the Needle 
Mountains farther to the south. Irving Formation rocks con-
sist of interlayered fine-grained, dark-gray to greenish-gray 
banded amphibolite with various fine-grained, gray to green, 
plagioclase-quartz-biotite-bearing gneisses and minor sericite-
biotite-chlorite schists (Barker, 1969). Amphibolite is the 
predominant rock type in the Irving Formation and consists of 
blue-green hornblende, calcic oligoclase, and epidote; varieties 
with biotite, chlorite, and quartz are not uncommon (Barker, 
1969). In many places, plagioclase-quartz-biotite-bearing 
gneisses contain one or more of the following phases: chlorite, 
epidote, microcline, garnet, calcite, magnetite, and pyrite. 
Regional uplift, tilting to the west, and subsequent retrograde 
metamorphism (Steven and others, 1969) resulted in formation 
and concentration of the acid-neutralizing mineral assemblage 
of chlorite-epidote-calcite (Desborough and Driscoll, 1998; 
Desborough and Yager, 2000).
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Paleozoic Rocks


Paleozoic sedimentary rocks are primarily exposed 
south of Silverton and generally dip to the west (fig. 2; pl. 1) 
(Luedke and Burbank, 2000). The thickest outcrops are pre-
served along the Animas River downstream of Silverton and 
in the basins draining South Fork Mineral Creek.


The Cambrian Ignacio Quartzite represents the old-
est unit of the Paleozoic section. The basal Ignacio Quartzite 
consists of a quartzite conglomerate, which grades upward to 
sandstone, siltstone, mudstone, and thinly bedded dolomite 
(Baars and Ellingson, 1984). Ignacio Quartzite rests uncon-
formably on Precambrian basement along the Animas River 
downstream of Silverton. Ordovician, Silurian, and Lower and 
Middle Devonian units are absent from the western San Juan 
Mountains, probably owing to a combination of nondeposi-
tion and a mid-Devonian erosional event (Baars and Ellingson, 
1984).


A variable 77-m thick sequence of Upper Devonian 
Elbert Formation shale and limestone and Upper Devonian 
Ouray and Mississippian Leadville Limestones overlies 
the Ignacio Quartzite. The Ouray Limestone is commonly 
brown, micritic, and dolomitized (Baars and Ellingson, 1984). 
The overlying cliff-forming Leadville Limestone is locally 
dolomitized and chemically weathered.


A dark-red Molas Formation paleosol developed on 
a karst-modified, chemically weathered paleosurface on 
top of the Leadville Limestone. The Pennsylvanian Molas 
Formation consists of calcareous shale, mudstone, sandstone, 
and conglomerate averaging about 50 m thick. The overlying 
Pennsylvanian Hermosa Formation, as much as 550 m thick, 
consists of a stratigraphically complex, alternating sequence 
of near-shore silty shale to arkosic sandstone with interbed-
ded marine limestone characteristic of transgressive-regressive 
cyclic deposition. The Hermosa and overlying Permian Cutler 
Formations are the most volumetrically extensive Paleozoic 
units in the Animas River watershed study area.


The Cutler Formation consists of feldspar-rich sandstone, 
red shale, mudstone, conglomerate, and rare, thin limestone 
beds. To the west of the Animas River downstream of 
Silverton, Permian Cutler Formation red beds as much as 
300 m thick terminate the Paleozoic section. Cutler Formation 
rocks in the South Fork Mineral Creek subbasin have locally 
been contact metamorphosed to hornfels by Tertiary stocks 
clustered near peak 3,792 m (fig. 4; Ringrose, 1982).


Additional discussion of the Paleozoic history can be 
found in Burbank (1930), Atwood and Mather (1932), Kelley 
(1957), Varnes (1963), Burrell (1967), Baars and See (1968), 
and Baars and Ellingson (1984).


Mesozoic Rocks


Mesozoic-age rocks are best exposed near the Animas 
River watershed margins, outside the Tertiary calderas in 
the headwater subbasins of South Fork Mineral Creek (pl. 1; 


Luedke and Burbank, 2000), where they record continued con-
tinental deposition through the Jurassic Period. The generally 
west dipping Late Triassic-age reddish-brown sandstone, 
siltstone, shale, and limestone of the Dolores Formation 
overlie the Permian Cutler Formation. As with the upper 
Paleozoic rocks, the source for these terrestrial deposits 
is the San Luis–Uncompahgre uplifts. The light-colored, 
crossbedded, cliff-forming, eolian Entrada Sandstone overlies 
the Dolores Formation. The Wanakah Formation is a slope-
forming unit that overlies the Entrada Sandstone and consists 
of calcareous mudstone, brown to green shale, greenish-gray 
sandstone with gypsum nodules and stringers, and minor lime-
stone near its base. The Morrison Formation, which caps the 
Jurassic sequence, is generally a slope-forming unit that con-
sists of a lower ledge-forming sandstone (Salt Wash Member) 
and an upper gray to green mudstone (Brushy Basin Member) 
deposited in a fluvial to lacustrine environment. Members of 
the Morrison Formation have been mined for their uranium 
content throughout areas within and bordering the Colorado 
Plateau (Galloway and Hobday, 1983). In the headwater 
basins that flow to South Fork Mineral Creek, a 120-m thick 
sequence of Mesozoic-age rocks of the Entrada, Wanakah, 
and Morrison Formations is exposed in tributaries that drain 
into South Fork Mineral Creek.


The Cretaceous section becomes more important from 
a water-rock interaction standpoint farther south of the study 
area near Durango, Colo., where a more complete Cretaceous 
section attains a thickness of nearly 2,300 m (Baars and 
Ellingson, 1984). Near Durango, the Dakota Sandstone is 
composed of medium- to coarse-grained conglomeratic 
sandstone and shale that unconformably overlie the Jurassic 
Morrison Formation. Overlying and conformable with the 
Dakota Sandstone are the dark-gray to black, organic-rich, 
fossiliferous shales of the marine Mancos Shale. Along the 
Piedra River, located southeast and outside the study area, 
the cliff-forming Mesaverde Formation sandstones inter-
tongue with and overlie the Mancos Shale. The Mesaverde 
Formation consists of buff to gray sandstone ledges sepa-
rated by interbedded gray shale (Kottlowski, 1957). The 
organic-rich Lewis Shale intertongues with and overlies the 
Mesaverde Formation sandstones south of Durango. Fluvial 
sandstones and shales represented by the multicolored 
Pictured Cliffs Sandstone, Fruitland Formation, and Kirtland 
Shale cap the Cretaceous sequence and were deposited 
near the regressing Cretaceous seaway (Baars and Ellingson, 
1984).


Cretaceous rocks in the study area consist of the 
Dakota Sandstone and overlying Mancos Shale. These rocks 
crop out in the headwaters of South Fork Mineral Creek and 
have a combined maximum thickness of about 300 m. Late 
Cretaceous magmatism in the western San Juan Mountains 
produced granodiorite dikes, sills, laccoliths, and small intru-
sive plugs that were emplaced west and north of the study 
area and accompanied a period of tectonism related to the 
Laramide orogeny (Varnes, 1963).
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Tertiary Sedimentary Rocks


The Tertiary section begins with the Eocene Telluride 
Conglomerate, which was deposited on an extensive Eocene 
erosion surface (Mayor and Fisher, 1972). Lower layers 
within the Telluride Conglomerate contain rounded to sub-
angular cobbles of Mesozoic and Paleozoic red sandstone 
and limestone. The upper layers contain mostly rounded 
to subangular clasts of Precambrian gneiss, schist, and 
quartzite, with minor quantities of granitic, volcanic, and 
sedimentary rocks in an arkosic, iron-oxide-stained, calcite-
cemented matrix. The depositional sequence reflects an 


inverted paleostratigraphy owing to progressively deeper 
levels of erosion of Mesozoic through Precambrian base-
ment rocks (Baars and Ellingson, 1984). To the west of the 
study area near Mount Wilson, the unit is more than 300 m 
thick; to the northeast, the unit thins to a maximum thick-
ness of approximately 65 m, and it is absent in some areas 
over the San Juan dome. Within the Animas River watershed 
study area and vicinity, the Telluride Conglomerate overlies 
Paleozoic and Mesozoic sedimentary rocks in the South Fork 
Mineral Creek basin, and it overlies Paleozoic Hermosa and 
Cutler Formations above and west of the Animas River south 
of Silverton.


Crystal Lake Tuff (Oligocene)—Rhyolitic ash-flow tuff 
erupted from the Silverton caldera


Fish Canyon Tuff (Oligocene)—Dacitic ash-flow tuff 
erupted from the La Garita caldera east of study area


Silverton Volcanics (Oligocene)—Lava flows of 
intermediate composition and related volcaniclastic 
sedimentary rocks in addition to minor silicic lavas 
and ashflows


Sapinero Mesa Tuff (Oligocene)—Rhyolitic ash-flow 
tuff erupted from the San Juan and Uncompahgre 
calderas


Dillon Mesa Tuff (Oligocene)—Rhyolitic ash-flow tuff 
probably derived from the Uncompahgre caldera


Blue Mesa Tuff (Oligocene)—Rhyolitic ash-flow tuff 
probably derived from the Lost Lake caldera


Ute Ridge Tuff (Oligocene)—Dacitic ash-flow tuff 
derived from the Ute Creek caldera


San Juan Formation (lower Oligocene)— Intermediate-
composition lava flows and volcaniclastic deposits 
consisting mostly of mudflow breccias  


Telluride Conglomerate (Eocene)—Conglomerate 
and sandstone. Consists of Precambrian, Paleozoic, 
and Mesozoic clasts in a silty to sandy matrix 


Mancos Shale (Upper Cretaceous)—Marine shale


Dakota Sandstone (Upper Cretaceous)—Sandstone with 
interbedded siltstone and carbonaceous shale


Morrison Formation (Upper Jurassic)—Sandstone with lenses 
of mudstone. Upper part is primarily calcareous mudstone


Entrada Sandstone (Middle Jurassic)—Crossbedded sandstone 


Wanakah Formation (Upper Jurassic)—Calcareous mudstone 
and siltstone with thin limestone and sandstone interbeds near 
top


Dolores Formation (Upper Triassic)—Siltstone and sandstone 
with interbeds of limestone and conglomerate


Cutler Formation (Lower Permian)—Shale, arkosic sandstone, 
and conglomerate, locally calcareous


Hermosa Formation (Upper and Middle 
Pennsylvanian)—Interbedded silty shale to arkosic sandstone 
with interbedded marine limestone


Molas Formation (Middle and Lower Pennsylvanian)— 
Calcareous shale, sandstone, and conglomerate


Leadville and Ouray Limestones (Lower Mississippian and 
Upper Devonian)—Altered, mineralized, and recrystallized in 
and near study area


Elbert Formation (Upper Devonian)—Dolomitic limestone and 
interbedded calcareous shale and sandstone


Ignacio Quartzite (Upper Cambrian)—Quartzite, sandstone, 
and siltstone; locally conglomeratic


Irving Formation (Precambrian)—Interlayered banded 
amphibolite, gneiss, and minor sericite-biotite-chlorite schists 


EXPLANATION


Figure 3 (above and facing page). Stratigraphic column for rocks in Animas River watershed study area. See also plate 1 for more 
detailed description of map units.







Figure 4. Geographic features, and mining districts referred to in this chapter. Shaded areas are generalized boundaries of three of the 
major mining districts. RM, Red Mountain mining district; ED, Eureka mining district; SSD, South Silverton mining district. Crossed pick 
and shovel, inactive mine discussed in report.
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The upper Telluride Conglomerate includes intermediate-
composition volcanics and volcaniclastic rocks and records the 
onset of early, mid-Tertiary volcanism. Hydrothermal poly-
metallic replacement ores containing copper-lead-gold-silver-
zinc formed in the Telluride Conglomerate along northwest-
trending caldera-related veins, dikes, and structures. These 
deposits were extensively mined beginning in 1948 (Mayor 
and Fisher, 1972; Jones, this volume, Chapter C).


Mid-Tertiary Volcanic Rocks
The Tertiary volcanic rocks in the San Juan Mountains 


blanketed more than 25,000 km2, forming one of the great 
epicontinental volcanic piles of intermediate- to silicic-
composition volcanic rocks. In general, onset of mid-Tertiary 
volcanism records construction of stratovolcanoes and 
volcanic shields built up by thick accumulations of andesite 
to rhyolite flows and breccias that were followed by several 
eruption cycles of more silicic ash flows. The eruption of ash 
flows led to caldera formation and local subsidence.


Precaldera Rocks


Mid-Tertiary volcanism in the San Juan Mountains com-
menced between 35 and 30 Ma with the eruption and deposi-
tion of voluminous calc-alkaline, intermediate-composition 
(52–63 percent SiO


2
) lava flows, flow breccias, volcaniclastics, 


minor mafic tuffs, and abundant mudflows of the San Juan 
Formation (Lipman and others, 1973; Steven and Lipman, 
1976). The San Juan Formation lavas are typically porphyritic 
and consist of plagioclase, clinopyroxene, hornblende, and 
opaque oxide primary phases. Within the study area, volcanic 
rocks are typically propylitically altered, and replacement of 
amphibole, pyroxenes, and plagioclase by secondary chlorite, 
epidote, calcite and locally sericite is pervasive.


Different geologists working in different parts of the 
western San Juan Mountains have assigned several forma-
tion names to time-equivalent San Juan Formation units. In 
the western San Juan region, intermediate-composition rocks 
of the Lake Fork Formation (Larsen and Cross, 1956) and 
the Picayune Formation (Burbank and Luedke, 1969) are all 
temporally equivalent to the San Juan Formation (Lipman and 
others, 1973; Lipman, 1976b). San Juan Formation is the name 
used herein. Collectively, the San Juan Formation units along 
with the other early intermediate-composition lava flows of the 
San Juan volcanic field make up the largest volume of erup-
tive products in the San Juan Mountains (Lipman, 1984). The 
35 to 30 Ma San Juan and Picayune lavas are predominantly 
andesites and basaltic andesites; one single analysis plots in 
the trachyandesite field (fig. 5).


San Juan Formation volcanic rocks in the study area crop 
out near the northern, western, and southern topographic margin 
of the San Juan caldera (pl. 1) and attain a thickness of several 


hundred meters. Southwest of Silverton, in subbasins above 
South Fork Mineral Creek, the San Juan Formation uncon-
formably overlies the Telluride Conglomerate and the Cutler 
Formation. Farther to the south, the San Juan Formation uncon-
formably rests on Paleozoic strata and Precambrian rocks.


San Juan–Uncompahgre Caldera and 
Silverton Caldera Rocks


From 30 to 23 Ma, numerous eruptions formed multiple 
calderas (fig. 6), and related volcanic units were deposited 
throughout the San Juan volcanic field (Lanphere, 1988; 
Lipman and others, 1997; Bove and others, 2001). Two 
caldera events took place in the study area: the 28.2 Ma 
San Juan–Uncompahgre caldera complex and the younger, 
nested 27.6 Ma Silverton caldera (fig. 6; pl. 1) (Bove and 
others, 2001). The San Juan caldera in the study area is the 
southwest half of the roughly dumbbell shaped San Juan–
Uncompahgre caldera complex (fig. 6). Prior to caldera 
formation, magma chambers were likely emplaced at shallow 
(from 9 to 5 km) depths in the crust (Johnson and Rutherford, 
1989; Lipman and others, 1997) and differentiated to erupt 
relatively silicic (68 and 72 percent SiO


2
) pyroclastic flows. 


Tertiary calderas in the western San Juans produced more than 
1,000 km3 of explosive volcanic products. For comparison, the 
volume of magma ejected from the San Juan–Uncompahgre 
caldera complex was >1,000 km3, whereas the smaller, nested 
Silverton caldera ejected between 50 and 100 km3 of magma 
(Lipman, 2000).


San Juan caldera eruptives include the intracaldera 
Eureka Member of the Sapinero Mesa Tuff and outflow 
Sapinero Mesa Tuff. The Sapinero Mesa Tuff is rhyolitic to 
dacitic in composition (fig. 5), containing phenocrysts of 
plagioclase, with lesser amounts of sanidine, biotite, and trace 
augite. The outflow sheet thickness averages 50 m; maximum 
thickness is 100 m. Outflow Sapinero Mesa Tuff is preserved 
on scattered high peaks to the west and northwest of the study 
area. In contrast, the San Juan caldera fill contains at least 
a 700-m section of densely welded and highly propylitized, 
intracaldera Eureka Member (Lipman and others, 1973). The 
Eureka Member is compositionally variable, has a lower silica 
content, and generally has a higher crystal content than the 
outflow equivalent Sapinero Mesa Tuff (fig. 5).


The Uncompahgre caldera, located northeast of the study 
area, formed in response to eruption of the Dillon Mesa Tuff; 
eruption of this tuff may have slightly preceded that of the 
San Juan caldera-related tuffs (Lipman and others, 1973). The 
Dillon Mesa Tuff, preserved mainly west of the study area, is 
relatively thin and is a crystal-poor rhyolite that is mineralogi-
cally similar to the rhyolitic phase of the outflow Sapinero 
Mesa Tuff.


Resurgent doming of the San Juan–Uncompahgre caldera 
complex began prior to infilling of the area by intermediate-
composition lava flows (Lipman, and others, 1973). However, 
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Figure 5. Total alkali versus silica classification (Le Bas and others, 1986). A, 
Intermediate-composition lava flows; solid circle, Silverton Volcanics, Burns Member; 
solid square, Silverton Volcanics, pyroxene andesite member; solid triangle, Eureka 
Member of the Sapinero Mesa Tuff; open square, undifferentiated lava flows; open 
triangle, San Juan Formation lava flow. B, Primarily silicic intrusives (GIS and Access 
database, Sole and others, this volume, Chapter G).
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extensional fracturing during formation of the Eureka graben 
may have accommodated continued late-stage uplift of the 
San Juan–Uncompahgre resurgent dome. Eureka Member 
outcrops are exposed in the Eureka graben and southeast of 
Silverton along the margins of the caldera on the flanks of 
Kendall Mountain (pl. 1).


San Juan caldera activity culminated with ring fracture 
volcanism, the products of which constitute the Silverton 
Volcanics. These rocks fill the caldera depression to a thick-
ness exceeding 1 km. Lavas are porphyritic and typically 
contain phenocrysts of plagioclase, amphibole, pyroxene, 
opaque oxides, and minor biotite in a fine-grained to aphanitic 
groundmass. Minor rhyolite to dacite ash-flow tuff consist-
ing of quartz, biotite, potassium feldspar, plagioclase, and 
amphibole is preserved within the upper part of the Silverton 
Volcanics such as on Abrams Mountain, north of the Animas 
River watershed (Luedke and Burbank, 1961).


Most Silverton Volcanics lavas are subalkaline (fig. 7) 
as indicated by 58 samples examined during this study. With 
the exception of four samples, which plot as medium potassium 
andesites, the Silverton Volcanics lavas have high potassium 
concentrations (fig. 8). The intermediate- to silicic-composition 
Silverton Volcanics are divided into three interfingering 
members. The Burns Member is generally characterized 
by propylitically altered lavas and dacite to rhyolite tuffs. The 
pyroxene andesite member, which generally overlies the Burns 
Member, tends to be somewhat less altered. The volcaniclastic 


sedimentary rocks of the Henson Member interfinger with 
both the Burns and the pyroxene andesite members (Lipman, 
1976b). The Burns Member has a trend toward higher silica 
compositions when compared with the commonly overlying, 
younger pyroxene andesite and Henson Member lavas. This 
relatively higher silica concentration trend in Burns Member 
lavas is shown in the strontium versus silica variation diagram 
(fig. 9).


Deposition of the Silverton Volcanics was closely followed 
by eruption of the Crystal Lake Tuff at 27.6 Ma, which resulted 
in formation of the Silverton caldera. The Crystal Lake Tuff is a 
crystal-poor, low-silica rhyolite (72 percent SiO


2
) that contains 


phenocrysts of sanidine and plagioclase, biotite, and minor 
augite (Lipman and others, 1973). Outflow Crystal Lake Tuff is 
preserved outside of the Silverton caldera; accumulations of 25 
to 50 km3 have been recognized in regions toward the northeast, 
in the moat of the Uncompahgre caldera, and to the east-
southeast in the upper Rio Grande drainage basin (Lipman and 
others, 1973). Intracaldera Crystal Lake Tuff has not been rec-
ognized within the Silverton caldera, and outflow remnants in 
the immediate vicinity outside the caldera are also quite small. 
The problem remains whether this unit was entirely removed 
within the Silverton caldera during subsequent erosion or if the 
magma chamber was largely evacuated and most if not all of the 
Crystal Lake Tuff was deposited as outflow. More detailed map-
ping of the Silverton caldera is needed to resolve this issue.
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Figure 9. Strontium (parts per million) versus silica classification. Solid circle, 
Silverton Volcanics, Burns Member lava flows; solid square, Silverton Volcanics, 
pyroxene andesite member lava flows; open square, undifferentiated lava flows; solid 
triangle, Eureka Member of the Sapinero Mesa Tuff; open triangle, San Juan Formation 
lava flows (GIS and Access database, Sole and others, this volume).


Beginning approximately 1 million years after Silverton 
caldera formation, numerous stocks, dikes, and other silicic 
intrusions formed along the Silverton caldera ring fracture zone. 
The oldest postcaldera granitic stocks (monzonite, monzo-
diorite, granodiorite, and monzogranite) are about 26.6 Ma 
and intruded along the southern part of the Silverton caldera 
ring fracture (Lipman and others, 1976; Ringrose, 1982; Bove 
and others, 2001). These porphyry stocks contain plagioclase, 
potassium feldspar, quartz, biotite, clinopyroxene, and opaque 
oxides. This late-stage igneous activity was accompanied by 
hydrothermal alteration and formation of a contemporaneous 
low-grade, molybdenum-copper porphyry deposit and coge-
netic polymetallic vein deposits (Ringrose, 1982; Musgrave 
and Thompson, 1991). Concentric and radial caldera-related 
structures were paths of least resistance for the later mineral-
izing fluids (Varnes, 1963; Casadevall and Ohmoto, 1977; Bove 
and others, this volume, Chapter E3). Most granitic intrusives 
are altered to varying degrees, and mafic minerals such as 
biotite and pyroxene are replaced by chlorite. Late-stage, 23 
to 10 Ma dacitic to rhyolitic intrusions emplaced along the 
north and northwest structural margin of the Silverton caldera 
were concomitant with hydrothermal alteration and related 
mineralization (Bove and others, this volume). Dacitic intru-
sions dated at 23 Ma in the Red Mountain mining district are 
coarsely porphyritic, containing large (1 cm) phenocrysts of 
potassium feldspar, plagioclase, quartz, and biotite in a fine-
grained groundmass. Younger, circa 10 Ma rhyolite intrusions 


are generally finely crystalline, porphyritic to aphanitic, and 
consist primarily of quartz and potassium feldspar. These 
granitic intrusions and younger late-stage dacitic to rhyolitic 
composition intrusions of the Red Mountain mining district 
are mostly calc-alkalic (fig. 10).


Intrusions in the Red Mountain district and elsewhere 
appear to be geographically correlated with a high fracture 
density (Bove and others, this volume), and they have brecci-
ated margins that are possibly more permeable than nonbrec-
ciated surrounding country rocks where not filled with quartz 
and other gangue minerals. Therefore, the brecciated intrusive 
margins may strongly influence ground-water flow where a 
higher fracture density coincides with possible permeabil-
ity contrasts between intruded country rocks and brecciated 
margins.


Mineralized breccia pipes are closely associated with 
some of the silicic intrusions in the Red Mountain mining 
district (Fisher and Leedy, 1973; Nash, 1975). The geol-
ogy and geochemistry of the breccia pipe ores are important 
because the ores have high sulfur concentrations and con-
tain silver-bearing copper and lead sulfosalts of arsenic and 
antimony and base-metal sulfides (Fisher and Leedy, 1973; 
Bove and others, this volume). These deposits and associated 
mine waste weather to produce some of the highest arsenic 
concentrations in stream sediments in the watershed study 
area (Bove and others, this volume; Church, Fey, and Unruh, 
this volume, Chapter E12).







Tertiary Structures and Veins of the 
San Juan–Uncompahgre and Silverton 
Calderas


Structures that developed coincident with volcanic 
activity were utilized as flow paths by later mineralizing solu-
tions, and the resulting mineralized areas were economically 
mined for base-metal sulfides and precious metals (Varnes, 
1963; Casadevall and Ohmoto, 1977; Bove and others, 
this volume). The structures related to the San Juan–
Uncompahgre and Silverton calderas are pervasive features 
that reflect the complex volcanotectonic history of the study 
area.


Five dominant structural elements are related to forma-
tion of the San Juan–Uncompahgre and Silverton calderas: 
(1) circular and likely overlapping caldera ring fault zones, 
(2) a topographic margin associated with the San Juan caldera 
that marks the topographic expression generally found 
outward from the structural margin, (3) a northeast-trending 
graben (Eureka graben) formed during resurgent doming 
of the central core of the San Juan–Uncompahgre caldera, 
(4) radial faults and vein structures located principally near 
the northwest and southeast periphery of the San Juan 
and Silverton calderas, and (5) thousands of mineralized 
and barren veins and vein structures, many of which lack 
surface expressions. These structural elements related to the 
San Juan–Uncompahgre and Silverton calderas are discussed 
as follows.


Caldera Ring Faults


The 28.2 Ma San Juan and nearly contemporaneous 
Uncompahgre calderas form a dumbbell-shaped (fig. 6) 
double caldera complex separated by a segment of Precambrian 
basement. The caldera complex has an elongate dimension 
of 48×24 km and formed along a northeast-southwest trend 
parallel to the Colorado mineral belt. It has been proposed 
that the northeast-southwest alignment of the long axis of the 
San Juan and Uncompahgre volcanic depression coincides with 
Precambrian basement structures of the Colorado mineral belt, 
which were perhaps reactivated during the episode of Tertiary-
age volcanism (Tweto and Sims, 1963; Burbank and Luedke, 
1969). A ring fault system developed simultaneously with 
collapse of the San Juan–Uncompahgre caldera system. The 
San Juan caldera ring fault is observed in underground workings 
of the Highland Mary, Green Mountain, and Pride of the West 
mines (Church, Mast, and others, this volume, Chapter E5) 
where Precambrian Irving Formation rocks are in vertical 
contact with Eureka Member of the Sapinero Mesa Tuff along 
the south margin of the caldera (Luedke and Burbank, 2000). 
When the San Juan–Uncompahgre caldera collapsed along the 
approximately 24 km diameter piston-shaped ring fault zone, 
the Sapinero Mesa Tuff was erupted and deposited outside the 
caldera as outflow. Simultaneous with caldera collapse, the 
Eureka Member of the Sapinero Mesa Tuff ponded within the 
interior of the San Juan caldera to a thickness of 700 m with no 
base exposed (Lipman and others, 1973).


The 27.6 Ma Silverton caldera is nested within the older 
San Juan caldera. The Silverton caldera is one of the least 
studied calderas in the region. Its collapse is evidenced by 
(1) the intensely faulted and fractured ring fracture zone, well 
exposed along the Mineral Creek basin (fig. 11) and east of 
Silverton along the Animas River (pronounced erosion along 
Mineral Creek and along the Animas River upstream from 
Silverton accentuates the semicircular drainage system that 
follows the Silverton caldera ring fault zone (fig. 12)), and 
(2) several hundred meters of downfaulting of both the Eureka 
Member and the Silverton Volcanics along the Silverton cal-
dera ring fracture (Burbank, 1933; Varnes, 1963; Lipman and 
others, 1973) (fig. 13).


San Juan Caldera Topographic Margin


The geomorphic expression of the San Juan caldera is 
indicated by a highland topographic margin that defines the 
arcuate headwater regions of the Animas River in upper Maggie 
Gulch, Cunningham Creek, and along Deer Park Creek south of 
Kendall Mountain (pl. 1). Small to large, meso- to megabrec-
cia blocks of older basement rocks and Eureka Member have 
caved inward from the steep topographic walls. North-dipping 
Paleozoic limestone units south of Silverton and megabrec-
cia limestone blocks at the headwaters of Cunningham Creek 
(pl. 1) near the Highland Mary mine delineate the southern 


FeO*


MgOAlk


Tholeiitic


Calc-alkaline


Figure 10. Total alkali, total iron and magnesium, tholeiitic versus 
calc-alkaline classification. Solid circle, dacite porphyries; open 
square, granitic to diabase intrusions; triangle, rhyolite intrusion 
(GIS and Access database, Sole and others, this volume).
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topographic margin of the San Juan caldera. Rocks along the 
margin of the San Juan–Uncompahgre caldera have caved 
into the caldera during and after eruption, forming an inward-
sloping surface of the topographic margin. The San Juan 
caldera topographic margin in the study area is located near the 
headwater regions of the South Silverton mining district where 
Precambrian, Paleozoic, and older Tertiary rocks are in contact 
with the Eureka Member of the Sapinero Mesa Tuff. Meso- to 
megabreccia blocks that have caved into the caldera also are 
present near the eastern San Juan caldera topographic margin 
near the mouth of Picayune Gulch along the upper Animas 
River above Eureka.


Eureka Graben Faults and Formation 
of Radial Fracture Pattern


Collapse of the San Juan–Uncompahgre caldera complex 
was followed closely by resurgence. Contemporaneous with 
resurgence, an elliptical dome 15 km wide by 30 km long 
formed between the two calderas, and extensional fracturing 
over the resurgent dome resulted in Eureka graben forma-
tion. The Sunnyside and Toltec faults define the northeastern 
part of the Eureka graben; the Ross Basin and Bonita faults 
that formed in the southwestern part of the graben border 


the west-northwest-trending part of the graben (pl. 1). Each 
of the Eureka graben faults has lateral and vertical extents 
of thousands of meters. Eureka graben structures were later 
extensively mineralized with base and precious metals. Late 
Silverton caldera resurgence has been postulated, to have 
been facilitated by reactivation of Eureka graben faults and 
by regional concentric and radial fractures (Smith and Bailey, 
1968). However, Lipman and others (1973) suggested that 
it is difficult to distinguish any Silverton caldera resurgence 
from the broad resurgent doming that occurred over the earlier 
and much larger calderas.


An intricate system of radial fractures developed that 
are especially abundant in the northwest and southeast sides 
of the San Juan caldera. This radiating fracture system likely 
formed during resurgent doming, and thus the area affected 
by resurgence extended beyond the San Juan caldera mar-
gin (Lipman and others, 1973). Many of the structures of 
the Eureka graben and radiating fracture system were later 
mineralized and became economic exploration targets for 
base-metal sulfides and precious metals. Nonetheless, the 
continued reactivation of the Eureka graben after San Juan 
caldera resurgence is one cause of the extensive mineralization 
of these structures. Some of the most metal-rich veins fill the 
Eureka graben faults. These are the Ross Basin, Sunnyside, 
Bonita, and Toltec vein systems (pl. 1).


Figure 11. Highly fractured and weakly mineralized intermediate-composition Silverton Volcanics lavas 
along Silverton caldera structural margin, near confluence of Mineral Creek and Middle Fork Mineral Creek.
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Figure 12. Erosion along structural margin of Silverton caldera by Mineral Creek and Animas River has resulted in an arcuate, 
semicircular drainage pattern that accentuates area occupied by the Silverton caldera. Nonvegetated areas north of South Fork 
Mineral Creek and between Mineral and Cement Creeks are areas of hydrothermal alteration. (Remote sensing processing by 
R.R. McDougal.)


Mineralized Faults and Fractures


Thousands of veins occur at and (or) below the surface in 
the vicinity of the nested San Juan and Silverton calderas. Vein 
orientation in the mining districts near Silverton appears to 
have a strong control on whether veins are highly mineralized. 
In the South Silverton area, located southeast of Silverton, 
veins that are parallel to the caldera ring faults are only weakly 
mineralized (Varnes, 1963). It is the radial, northwest-oriented 
veins that are the most highly mineralized features. Veins 
in the study area, such as those of the Shenandoah-Dives 
deposits, have lateral extents exceeding 3 km and were mined 
through a vertical extent of greater than 300 m. Similarly, it is 
the northwest-trending veins near the northwest periphery of 
the Silverton caldera near the Camp Bird mine that are also 


highly mineralized (Hutchinson, 1988). In contrast, structures 
related to the Eureka graben had a strong influence in control-
ling ore deposition in the Sunnyside mine (Casadevall and 
Ohmoto, 1977). Sunnyside mine vein systems are focused 
near the intersection of the Sunnyside and Bonita faults. The 
Sunnyside mine workings beneath Eureka Gulch exposed min-
eralized vein structures that are parallel to the Eureka graben 
(fig. 2; pl. 1), which contain strongly developed northeast- to 
northwest-trending mineralized veins. The workings of the 
Sunnyside vein deposits were mined through a lateral and 
vertical extent of 2,100 m and 610 m respectively. Common 
vein minerals identified in vein systems of the Sunnyside mine 
workings are listed in table 1; vein minerals of the Sunnyside 
mine workings that occur with less than 0.5 percent abundance 
are listed in table 2 (Casadevall and Ohmoto, 1977).
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Implications of Caldera Faults and Veins 
as Flow Paths


Caldera ring faults and associated veins of the Eureka 
graben and radial vein structures near the margin of the 
nested San Juan and Silverton calderas (pl. 1) are laterally and 
vertically continuous. Thus, these features may be important 
ground-water flow paths. Veins in the study area have widths 
that range from less than 1 m to 30 m. The wider veins are 
best described as vein zones that consist of an anastomosing 
network of multiple veins. Not all vein systems, however, are 
open fluid flow paths for ground water today. Several veins that 
were mined as part of the Sunnyside mine workings, which 
are exposed at the surface in Eureka and Placer Gulches, are 
annealed with quartz and reveal little open space for fluid 
migration. However, a vein that is filled at the surface can be 
heterogeneous: it can display open cavities at depth that could 
provide flow paths for ground water if such cavities were 
interconnected and continuous. Multiple fractures also crosscut 
veins in many places, which allows for penetration of water 
and thus exposes minerals within vein interiors to weathering.


The inward-sloping surface of the arcuate San Juan 
caldera topographic margin is an angular unconformity that 
should also be considered as a potential ground-water flow 
path. This is especially true in the region near the South 
Silverton mining district, where the topographic surface likely 


dips toward the north in the subsurface toward the center of 
the Silverton caldera. The chaotic and fragmental nature of 
deposits along the topographic margin in the subsurface could 
provide a permeable flow path for ground water, where the 
related deposits are not completely sealed with gangue miner-
als, such as quartz, or with ore minerals.


In order to test the degree to which bedrock fractures and 
caldera-related structures influence water quality, conductivity 
geophysical surveys were used to map structures that contain 
conductive metal-rich water. The electromagnetic geophysical 
survey shows a conductive arcuate feature that coincides with 
the Silverton caldera ring fracture (Smith and others, this vol-
ume, Chapter E4). The importance of veins, lineaments, and 
structures as pathways for conductive, metal-rich waters, along 
with the correlation with geophysical signatures, is discussed 
further in later chapters (McDougal and others, this volume, 
Chapter E13; Smith and others, this volume).


Alteration Types
The effects of a long-lived cycle of volcanotectonic 


activity and multiple mineralization events that span more than 
20 million years have resulted in five major alteration types 
in the study area (Bove and others, this volume). The multiple 
alteration and coincident mineralization events postdate caldera 
collapse, taking place between 26 and 10 Ma (Bove and others, 
2001). For a detailed discussion of the alteration types, see 
Bove and others (this volume).


Airborne Visible and Infrared Imaging Spectrometer 
(AVIRIS) data (Dalton and others, this volume, Chapter E2) 
and detailed field map data were combined to produce regional 
and detailed alteration maps (Bove and others, this volume; 
Dalton and others, this volume). X-ray diffractometry was 
completed on whole-rock hand samples to independently 
verify alteration assemblages identified via AVIRIS and field 
mapping. These techniques are useful, especially when applied 
together to decipher alteration assemblages across broad 
regions, such as at the watershed scale.


The five major alteration types identified in the region 
are listed in increasing order of weakest to most intense, as 
follows: (1) propylitic, (2) weak sericite-pyrite, (3) vein-related 
quartz-sericite-pyrite, (4) quartz-sericite-pyrite, and (5) acid-
sulfate (fig. 14). Those assemblages with a high acid-generating 
capacity include the weak sericite-pyrite, quartz-sericite-pyrite, 
vein-related quartz-sericite-pyrite, and acid-sulfate assemblages. 
A summary of the alteration types follows.


Regional Propylitic Alteration


Regional propylitic alteration identified by Burbank 
(1960) as a “pre-ore propylitization” event has affected most 
rocks in the vicinity of the San Juan–Uncompahgre and 
Silverton caldera complex. The mineralogy of this assemblage, 


Table 1. Major vein minerals of the Sunnyside mine workings.


[Minerals listed in decreasing volume percent abundance]


Vol. pct
quartz (SiO


2
) 30–35


sphalerite (ZnS) 10–15
galena (PbS) 10–15 
pyroxmangite (MnSiO


3
) 10–15


pyrite (FeS
2
) 6–8


rhodochrosite (MnCO
3
) 5–8


chalcopyrite (CuFeS
2
) 3–5


tetrahedrite (Cu
12


Sb
4
S


13
) 1–4


fluorite (CaF
2
) 1


calcite (CaCO
3
) 1


Table 2. Minor (<0.5 volume percent) vein minerals of the 
Sunnyside mine workings.


hematite (Fe
2
O


3
) gold (Au)


petzite (AuAg
3
Te


2
) calaverite (AuTe


2
)


alabandite (MnS) huebnerite (MnWO
4
)


tephroite (Mn
2
–SiO


4
) friedelite (Mn


8
Si


6
O


18
)


helvite (Mn
4
(Be


3
Si


3
O


12
)S) anhydrite (CaSO


4
)


sericite (KAl
2
 (AlSi


3
O


10
)(OH


2
) aikinite (PbCuBiS


3
)


bornite (Cu
5
FeS


4
) barite (BaSO


4
)


gypsum (CaSO
4
(2H


2
O))
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although variable, consists of quartz, chlorite, epidote, calcite, 
albite, pyrite, and opaque oxides in the presence of unaltered 
to slightly altered primary feldspar crystals (fig. 15). This 
alteration type is thought to have formed during the period 
28.2 Ma to about 27.6 Ma, as the nearly 1 km sequence of 
Silverton Volcanics lavas that infilled the San Juan caldera 
cooled, degassed, and literally stewed in their own volatiles. In 
the process of degassing, large quantities of CO


2
, perhaps the 


primary rock-altering volatile component (among others such 
as H


2
O and SO


2
), were released, altering the original miner-


als and matrix of the country rock (Burbank, 1960). Rocks 
that have experienced this type of alteration commonly have 
a green tinge in outcrop owing to the presence of chlorite and 
epidote. The subsequent, more intense alteration and min-
eralization events in several places overprint the regionally 
pervasive propylitic alteration assemblage.


Propylitic
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Figure 14. Generalized alteration map of Animas River watershed study area (Bove and others, this volume). Hillshaded, 10-m 
resolution digital elevation model used as base image.
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Figure 15. Photomicrograph pairs (crossed polars on left, plane light on right) of intermediate-composition volcanic rocks sampled  
from the study area. Each frame is about 3×4 mm. Letters A–B, Weakly propylitized andesite porphyry of the San Juan Formation 
collected near headwaters of Middle Fork Mineral Creek. Rocks are relatively fresh (note mottled but intact plagioclase); however, 
vesicles and groundmass are filled with chlorite, epidote, and calcite. C–D, Propylitized intermediate-composition lava flows from 
the Silverton Volcanics, sampled near Sunnyside mine. Rock is porphyritic and composed of plagioclase, quartz, clinopyroxene, and 
opaque oxides. Greenish-gray hue of groundmass is typical of propylitic assemblage and is caused by microcrystalline chlorite and 
epidote. E–F, More strongly propylitized Silverton Volcanics sampled about 300 m from C, D. Note more highly altered plagioclase 
(faint polysynthetic twinning) and felty matrix consisting of chlorite and epidote. Most if not all study area rocks have been affected 
by some degree of propylitic alteration; higher grades of alteration locally obliterate all primary mineral phases.
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Weak Sericite-Pyrite Alteration


The weak sericite-pyrite assemblage is found in areas 
of densely spaced veins and adjacent to areas of the more 
intensely altered quartz-sericite-pyrite assemblage. Quartz, 
sericite (synonymous with illite for fine muscovite), and pyrite 
characterize this assemblage, as do weakly altered to unaltered 
plagioclase and chlorite. One of the largest areas of weak 
sericite-pyrite altered rock is present near the periphery of a 
low-grade copper-molybdenum porphyry system centered near 
peak 3,792 m between South Fork Mineral Creek and Middle 
Fork Mineral Creek (fig. 4) (Ringrose, 1982; Yager and others, 
2000). The more weakly altered rocks affected by this altera-
tion appear similar to the propylitic assemblage in outcrop, 
but they can be distinguished by the abundance of pyrite along 
dense fractures and somewhat lesser presence of magnetite, 
epidote, and chlorite along fractures.


Vein-Related Quartz-Sericite-Pyrite Alteration


Vein-related zones of quartz-sericite-pyrite alteration have 
formed adjacent to mineralized single veins or vein zones, such 
as those adjacent to and within the Eureka graben. A northeast-
southwest-trending 2.4 km wide by 6.6 km long area of rela-
tively densely spaced vein-related quartz-sericite-pyrite altered 
rock occurs between Houghton Mountain on the northeast and 
Minnesota Gulch to the southwest. This vein swath is gener-
ally centered near and may be related to fractures that formed 
in the resurgent core of the San Juan caldera. Other areas of 
vein-related quartz-sericite-pyrite alteration have formed along 
radial fractures outside the San Juan caldera margin.


Quartz-Sericite-Pyrite Alteration


Generally, all the primary minerals that constituted 
the original host rock are altered in the quartz-sericite-pyrite 
assemblage throughout relatively large areas. Primary feld-
spars and mafic minerals are altered to a fine-grained rock 
of quartz, sericite, and pyrite. In outcrop, rocks are bleached 
white; fresh pyrite is observed on freshly broken, unweathered 
surfaces. Sericite resembles very fine muscovite with a sugary 
texture. Where this assemblage has been oxidized, jarosite 
and goethite coat weathered surfaces and stain the outcrops 
light yellowish green to various shades of brown. Only 
weathered pyrite casts along with sericite and quartz remain 
in oxidized outcrops. Some areas that are highly affected by 
quartz-sericite-pyrite alteration include that of peak 3,792 m 
(fig. 4), the region near Ohio Peak, Houghton and California 
Mountains, and upper Prospect Gulch.


Acid-Sulfate Alteration


This alteration assemblage is characterized by the mineral 
assemblages of quartz-alunite and quartz-pyrophyllite, with 
some argillic alteration zones. Alunite in some outcrops near 


Red Mountain is fine grained, pinkish white, and relatively 
soft; it has replaced quartz and rectangular phenocrysts as 
much as 1 cm across. All primary minerals have been oblit-
erated and replaced by the mineral assemblages mentioned. 
There are two regions of acid-sulfate alteration. One broad 
area of acid-sulfate alteration is centered near Red Mountain 
Nos. 1–3; another formed along Anvil Mountain between the 
headwaters of Ohio Gulch and a location about 0.6 km to the 
southeast of Zuni Gulch north of Silverton. Outcrops are com-
monly bleached white or stained brown by adjacent oxidized 
mineralized veins.


Acid-Generating Capacity 
of Non-Mining-Affected Rocks


One excellent example of the strong influence that 
alteration has on water quality is observed near the low-grade 
molybdenum-copper porphyry deposit near peak 3,792 m 
(fig. 4). The acid-generating capacity of non-mining-affected 
rocks related to the weak sericite-pyrite and quartz-sericite-
pyrite assemblages is clearly documented in the east- to 
northeast-flowing tributary that enters Middle Fork Mineral 
Creek to the north of peak 3,792 m (fig. 4). The headwaters of 
this tributary originate in San Juan Formation rocks and have 
a pH that ranges from 6.5 to 6.8. In contrast, farther down-
stream, the acid-generating capacity of these rocks increases 
dramatically as surface water interacts with the weak sericite-
pyrite and quartz-sericite-pyrite altered San Juan Formation 
rocks and porphyry intrusive rocks: pH drops below 3.5 (Mast 
and others, 2000; Mast and others, this volume, Chapter E7; 
Wright, Simon, and others, this volume, Chapter E10). This 
is one excellent example among many others in the study area 
where alteration has a strong influence on water quality (Bove 
and others, this volume; Mast and others, this volume; Wright, 
Simon, and others, this volume).


Acid-Neutralizing Capacity 
of Study Area Rocks


Hydrothermal alteration and mineralization have obliter-
ated phases that aid in mitigating acid rock drainage in several 
regions of the study area. However, sedimentary rocks that 
contain calcite, and volcanic and other igneous rocks that have 
been altered to the propylitic assemblage chlorite-epidote-
calcite, have a moderate to high acid-neutralizing capacity.


Metamorphic Rock Acid-Neutralizing Capacity


The Precambrian Irving Formation, consisting of amphib-
olite, gneiss, and schist, is important for its potentially high 
acid-neutralizing capacity. Regional uplift, tilting to the west, 
and subsequent retrograde metamorphism of Irving Formation 







rocks (Steven and others, 1969) resulted in formation and 
concentration of the acid-neutralizing mineral assemblage 
of chlorite-epidote-calcite (Desborough and Driscoll, 1998; 
Desborough and Yager, 2000). The Precambrian Irving 
Formation, although not compiled separately from other 
Precambrian units in this study, is exposed in the southern part 
of the area of plate 1. Areas where surface water interacts with 
Precambrian Irving Formation rocks include the headwaters 
of Cunningham Creek, the Animas River downstream of 
Silverton at the mouth of Deadwood Gulch, and other tribu-
taries downstream including the area drained by Deer Park 
Creek.


Sedimentary Rock Acid-Neutralizing Capacity


Both the Ouray and Leadville Limestone units are 
important for their high acid-neutralizing capacity in the upper 
Animas River canyon where sediment weathered from these 
rocks reaches the Animas River. The Hermosa and overly-
ing Permian Cutler Formations are the most volumetrically 
extensive Paleozoic units in the upper part of the watershed. 
These units are important because they are in some areas 
calcite bearing (Burrell, 1967). They therefore have a high 
acid-neutralizing capacity that is realized where weathering 
and erosion contribute reworked Cutler and Hermosa sedi-
ment to South Fork Mineral Creek and to the Animas River 


downstream of Silverton. The Telluride Conglomerate com-
monly contains abundant limestone clasts and locally may 
provide a high acid-neutralizing capacity. However, this unit 
is volumetrically minor in comparison with other calcareous 
sedimentary units; on a regional scale it likely does not have a 
large acid-neutralizing effect in the study area.


Tertiary Volcanic Rock Acid-Neutralizing 
Capacity


Quantitative investigations by Desborough and Yager 
(2000) on rocks of the watershed study area attest to the 
relatively high acid-neutralizing capacity of igneous bedrock. 
Most if not all of the volcanic rocks in this area were sub-
jected to a regional propylitic alteration event that replaced 
the primary magmatic mineral phases amphibole, pyroxene, 
and plagioclase with secondary chlorite, epidote, and calcite. 
Sericite is locally pervasive. Calcite fills vesicles and micro-
fractures (figs. 15, 16), floods the groundmass in lava flows 
and in volcaniclastic rocks (Bove and others, this volume), 
and thereby contributes to the high acid-neutralizing capacity 
of these rocks (Desborough and Yager, 2000).


Regionally, the large volume of San Juan Formation 
volcanic rocks available for water-rock interaction has a 
strong influence on water quality, depending on the amount 
of secondary propylitic minerals and textural characteristics. 


calcite and chlorite
microveinlet


epidote


Figure 16. Photomicrograph of propylitized intermediate-composition Silverton Volcanics lava flow, with 
calcite and chlorite microveinlet. Full frame is about 1 mm by 2 mm.
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The enhanced water-rock interaction of this formation results 
from its large volume of porous and permeable volcaniclastic 
rocks, with only relatively minor and highly fractured lava 
flows.


The Silverton Volcanics, in the core of the San Juan 
and Silverton calderas, is very important both volumetri-
cally and for its high acid-neutralizing capacity. Where not 
intensely altered, most of the Silverton Volcanics have expe-
rienced propylitic alteration. Propylitization of the Silverton 
Volcanics is thought to have occurred as volatiles such as 
CO


2
, SO


2
, and H


2
O degassed from the cooling, 1-km thick 


volcanic pile (Burbank, 1960). Silverton Volcanics lavas that 
lack calcite but contained abundant chlorite were still found to 
have a 10 weight percent (calcite equivalent) acid-neutralizing 
capacity (Desborough and Yager, 2000). Locally, the Silverton 
Volcanics have the strongest influence on water quality, 
depending on the amount of secondary propylitic minerals 
that impart a high acid-neutralizing capacity (Desborough 
and Yager, 2000), the degree of hydrothermal alteration, and 
textural characteristics. Lava flow foliation in the vicinity of 
Boulder Gulch and along Mineral Creek follows the dip of the 
central resurgent dome toward the west and south. The flow 
foliation facilitates fluid transport and promotes water-rock 
interaction. Surface water that passes through propylitically 
altered volcanics in Boulder Gulch has near-neutral pH (Mast 
and others, this volume, Chapter E7). However, Silverton 
Volcanics host the majority of mineral deposits mined in 
the Silverton region (Bejnar, 1957; Casadevall and Ohmoto, 
1977), and in areas where late-stage hydrothermal alteration 
introduced acid-generating minerals, such as pyrite in Prospect 
Gulch, acid-neutralizing capacity is eliminated and acidic 
drainage can have a pH as low as 2.6 (Bove and others, this 
volume; Mast and others, this volume).


Postcaldera intrusions of the Sultan Mountain and peak 
3,792 m granitic stocks also underwent propylitic alteration, 
altering the primary mafic minerals such as biotite to chlorite. 
Acid-neutralization experiments performed on these propyliti-
cally altered intrusives indicate an acid-neutralizing capacity 
as high as that of the Silverton Volcanics lavas that lack calcite 
(Desborough and Yager, 2000).


Surficial Deposit Acid-Neutralizing Capacity


Weathering of acid-sulfate mineralized bedrock and 
subsequent deposition of weathered material in downslope 
surficial deposits will result in acid generation, as ground 
water infiltrates and reacts with pyrite and other acid-
generating minerals. In contrast, surface water infiltrating 
surficial deposits containing abundant propylitic rocks with 
the mineral assemblage chlorite-epidote-calcite will probably 
undergo some reduction in acidity (Desborough and Yager, 
2000; Yager and others, 2000; Wirt and others, this volume, 
Chapter E17).


Late Tertiary Erosion
Neogene erosion denuded much of the San Juan 


Mountains volcanic cover. In places canyon cutting has 
amounted to as much as 1,520 m (Smith and Bailey, 1968). 
This period of erosion has long been referred to as the “canyon 
cycle of erosion” (Lee, 1917). The high potential for erosion 
developed during this time owing to differential displacement 
of the San Juan Mountains relative to the incipient, adjacent 
Rio Grande Rift basin to the east and post-mid-Tertiary exten-
sional tectonic terrain. Chapin and Cather (1994) estimated 
Precambrian bedrock offset in adjacent mountain ranges and 
basins to gauge the amount of late Tertiary relative displace-
ment. Using this technique they determined that an average 
of 5 km of relative displacement of Precambrian rocks has 
occurred. They further estimated from basin stratigraphy 
that from 7 to 30 times more sediment was supplied to the 
Rio Grande Rift basin during the Miocene to Pliocene than 
in the Pleistocene. Clearly, late Tertiary erosion was impor-
tant in exposing large surface areas of mineralized bedrock 
and metalliferous veins to weathering, in the Animas River 
watershed study area. Steven and others (1995) suggested that 
regional uplift and tilting from 5 to 2 Ma, concurrent with con-
tinued active rifting in the Rio Grande Rift to the east, further 
accelerated erosion and canyon cutting throughout the uplifted 
area.


Molinar and England (1990) proposed an alternative 
hypothesis for the increased erosion rates. They suggested that 
increased erosion rates during the late Cenozoic may be due to 
climate change. A trend toward lower temperatures and storm-
ier climate could greatly contribute to increased erosion in the 
San Juan Mountains and subsequent deposition of alluvial fans 
adjacent to mountain ranges.


Glaciation Events
Pleistocene, Wisconsin-age glaciation greatly altered 


the San Juan landscape (Atwood and Mather, 1932; Gillam, 
1998). The San Juan ice sheet was one of the largest (sec-
ond only to the Yellowstone-Absaroka) to form south of the 
upper-mid-latitude Laurentide ice sheet (Atwood and Mather, 
1932; Leonard and others, 1993). The San Juan ice sheet 
covered approximately 5,000 km2, was as much as 1,000 m 
thick, covered all but the highest peaks, and formed piedmont 
glaciers that extended to the adjacent foothill areas (Atwood 
and Mather, 1932).


Unstable slope conditions developed after glacier retreat. 
Weathering processes in glaciated cirque basins and moun-
tain valleys have resulted in accumulation of large volumes 
of talus, debris cone, and landslide deposits. The mineral 
constituents present in the surficial deposits will influence the 
acid-generating or neutralizing capacity of these deposits.







Pleistocene to Holocene Fluvial 
Geomorphologic Conditions


The numerous surficial deposits in the watershed study 
area serve as porous and permeable pathways for surface-
water infiltration and ground-water flow. From GIS analysis 
of the geology polygon coverage (Sole and others, this vol-
ume, Chapter G), Yager and Bove have estimated that 27 per-
cent of the bedrock in the watershed is covered by between 
1 and 5 m or more of Pleistocene to Holocene sedimentary 
deposits (pl. 1). These deposits formed as a result of mass 
wasting of weathered bedrock outcrops and accumulated in 
cirque basins and on slopes and in valleys to form talus, land-
slides, and colluvium. Alluvial processes have formed multiple 
generations of stream terraces (Gillam, 1998) and caused 
deposition of alluvial fans and flood-plain sediments along 
main drainages and their tributaries (Blair and others, 2002).


The surficial deposits are important in the context of 
abandoned mine land investigations because deposits that 
formed prior to mining record the geochemical baseline of 
sediments that were deposited by natural processes. These 
have been analyzed and compared with deposits that formed 
after the onset of mining to determine how the geochemical 
baseline has changed once mining commenced (Church and 
others, 1997; Vincent and others, 1999; Blair and others, 2002; 
Church, Fey, and Unruh, this volume).


Surficial deposits are also the principal precipitation sites 
for iron-rich water that is initially derived from oxidation of 
pyrite by acidic water and then precipitated to form ferricrete 
deposits. Ferricrete deposits are iron oxyhydroxide cemented 
clastics, or nonclastic bog iron (Verplanck and others, this vol-
ume, Chapter E15, and this report, pl. 2). Radiocarbon dates 
on logs preserved in ferricrete deposits range from modern to 
9,000 yr B.P. (Verplanck and others, this volume). A relation-
ship exists between upslope sources of acidic drainage, miner-
alized bedrock, structures, and the Holocene surficial deposits 
where ferricrete has formed that substantiates the inferred link 
between acidic water and ferricrete deposits (Vincent and oth-
ers, this volume, Chapter E16; Wirt and others, this volume; 
this report, pl. 2).


Current studies indicate that geologic processes affect-
ing erosion prior to mining have not changed dramatically 
in the past 15,000 years (Vincent and others, this volume). 
Around the end of the 19th century, however, mill wastes 
were dumped into streams and transported throughout the river 
system (Nash, 2000; Vincent and others, 1999; Nash and Fey, 
this volume). This affected the Animas River’s hydrology. 
For example, mill waste that was reworked by floods below 
Eureka town between 1900 and 1930 resulted in sediment 
aggradation along a low-gradient reach of the upper Animas 
River (Blair and others, 2002). These fluvial tailings included 
some concentrated metal-rich stamp mill tailings, as well as 
extensive tailings deposits from the Sunnyside Eureka Mill 
(Jones, this volume; Church, Mast, and others, this volume). 


The effect of dumping mill tailings into the streams was 
a dramatic impact on vegetation health, and especially on 
bank-stabilizing willows that were characteristic of the upper 
Animas River riparian zone prior to mining (Vincent and oth-
ers, 1999; Vincent and Elliott, this volume, Chapter E22).


Elsewhere, the fluvial geomorphology in basins such as 
Cement Creek appears to have been minimally affected by 
mining (Vincent and others, this volume). This is not to say, 
however, that mining has not altered historical water composi-
tions. Tracer injection studies along Cement Creek have iden-
tified the principal trace- and major-element loading sources 
(Kimball and others, this volume, Chapter E9).


Although the overall geomorphology of the present 
Cement Creek basin has not been greatly modified, sudden 
storms can cause rapid movement of large volumes of mineral-
bearing and acid-generating sediment. These events occur 
frequently and confound watershed characterization efforts. 
On August 26, 1997, one such storm upstream of Silverton 
sent thousands of cubic meters of sediment pouring into 
Cement Creek, principally from Topeka and Ohio Gulches. 
Furthermore, geochemical analyses of debris-flow sediments 
collected from the August 26 event indicated high concentra-
tions of iron (6.8 weight percent) and aluminum (9.0 weight 
percent). Laboratory passive leach experiments indicated that 
these deposits also had a high potential to generate acidity. 
The following year, the 1998 spring stream runoff transported 
any sediment that remained along the banks of Topeka Gulch 
from the previous summer’s storm event, into Cement Creek.


Summary
One goal of this abandoned mine lands study was to 


investigate the influence that the diverse volcanic lithology and 
alteration assemblages have on the geochemical baseline and 
on water quality in the Animas River watershed. A 1-km thick, 
weakly to intensely altered and mineralized, intermediate- to 
felsic-composition volcanic cover largely determines water-
rock interaction and water quality in the core of the Animas 
River watershed study area. Subsequent regional, low-grade 
propylitic alteration resulted in formation and concentration of 
the acid-neutralizing mineral assemblage of chlorite-epidote-
calcite. Replacement of primary mineral phases by the propy-
litic acid-neutralizing mineral phases is pervasive in the core 
and areas surrounding the Silverton and San Juan calderas. 
Later caldera structures associated with the Tertiary volcanics 
served as conduits for late-stage hydrothermal mineralizing 
fluids, which overprinted the earlier regional propylitic altera-
tion event. Mineralization changed the primary mineral assem-
blage of host rocks and either eliminated or improved their 
acid-neutralizing capacity, depending on the intensity and type 
of alteration. Faults of multiple ages and orientations, bedding 
dip, and fracture density and orientation further dictate fluid 
flow and influence the surface- and ground-water drainage 
from the alpine basins to the adjacent valleys.
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Miocene to Pliocene erosion and Pleistocene glaciation 
exposed the Animas River watershed study area to extensive 
weathering and erosion to form surficial deposits that consti-
tute as much as 27 percent of surface area exposures. Where 
these surficial deposits are derived from sulfatarically altered 
and mineralized bedrock, they serve as porous and perme-
able pathways that permit ground water to react with acid-
generating minerals to produce acid water and load soluble 
major and trace elements to streams. In contrast, where these 
surficial deposits are derived from bedrock of the propylitic 
assemblage, they permit ground water to react with acid-
neutralizing minerals and hence have the potential to neutral-
ize acid drainage.


The red, yellow, and white precipitates from water 
draining hydrothermally altered rock and many mine sites 
are a strong visual indication of the effects that geology and 
mining have had on water quality in some tributary basins 
near Silverton, Colo. The environment is that of an exten-
sively fractured and altered, mountainous watershed and 
water-storage system, which can supply either acid-generating 
or acid-neutralizing water, depending on the composition of 
minerals in the transport media (for example, fractured bedrock 
aquifer, porous surficial deposit, mine-waste pile, and (or) 
fluvial environment) and the amount of surface-water and 
ground-water interaction that transpires along a flow path in 
any of these transport media.
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Abstract
The fish community of the Animas River watershed 


study area is dominated by the introduced brook trout 
(Salvelinus fontinalis), which has replaced native trout 
because it can better tolerate acidity and metals contamination 
and because it is well adapted to small stream habitats. The 
distribution of brook trout in the watershed is discontinuous. 
Fish are absent from the Cement Creek and upper Mineral 
Creek drainages, which are heavily affected by acidic drain-
age from both natural and mining-related sources. The upper 
Animas River has reaches without fish near the headwaters, 
due to acidic conditions, and near Silverton, due to elevated 
concentrations of dissolved metals and precipitated iron and 
aluminum oxyhydroxides downstream of the mixing zone with 
Cement Creek. Self-sustaining trout populations occur in other 
reaches of the Animas River upstream of Silverton, and trout 
populations recover gradually in the Animas River canyon 
downstream of Silverton. The status of benthic invertebrate 
communities generally parallels that of trout populations: 
reductions in abundance and number of invertebrate taxa, and 
shifts from metal-intolerant to metal-tolerant taxa are evident 
in stream reaches affected by acidity and metals.


Metal concentrations in components of stream food 
webs—periphyton, benthic invertebrates, and brook trout—
reflect differences in metal bioavailability and indicate differ-
ing risks of chronic metal toxicity to stream biota. Concen-
trations of the toxic metals cadmium, copper, lead, and zinc 
in periphyton, benthic invertebrates, and liver tissue of trout 
from one or more sites in the Animas River in the study area 
were significantly greater than those in biota from reference 
sites. Periphyton from sites in acidic streams and in mixing 
zones contained high concentrations of aluminum and iron 
and reduced algal biomass. Metal concentrations in benthic 
invertebrates reflected differences in feeding habits and body 
size as well as gradients of metal bioavailability. Concentra-
tions of copper and cadmium remained stable or increased 
in biota across several trophic levels, suggesting that these 
metals were more efficiently transferred via dietary exposure. 


Copper concentrations in invertebrate diets and liver tissue 
of brook trout from the Animas River were closely associated 
with differences in resident fish and invertebrate populations 
and approached levels associated with adverse effects on trout 
populations in field studies and with toxic effects in laboratory 
studies. These results suggest that chronic copper toxicity is 
an important factor limiting the distribution and abundance of 
brook trout in the study area.


Introduction
The water quality, habitats, and biota of streams in 


the Animas River watershed study area are affected by 
metal contamination associated with acidic drainage from 
inactive mines, deposits of mine and mill wastes, and naturally 
acidic soil and altered rock. Biota of streams receiving acidic 
drainage can be adversely affected by exposure to metals via 
multiple exposure routes. These adverse effects can result 
from short-term exposure to stream water (Henry and others, 
1999), suspended colloids (Smith and Sykora, 1976), and bed 
sediment (Kemble and others, 1994) containing toxic levels 
of acid or metals. Toxicity tests conducted on-site and in the 
laboratory have demonstrated that stream water and, to a lesser 
extent, fine streambed sediment from sites with impaired 
biotic communities in the Animas River watershed are directly 
toxic to fish and benthic invertebrates (Nimmo and others, 
1998; Besser, Allert, and others, 2001; Besser and Leib, this 
volume, Chapter E19). Metal-contaminated diets can be a sig-
nificant source of metal bioaccumulation and chronic toxicity 
to trout in stream habitats where aqueous exposure alone does 
not cause toxicity (Miller and others, 1993; Woodward and 
others, 1994, 1995; Farag and others, 1999).


Metal bioavailability to higher order consumers such 
as trout can be substantially modified by the processing of 
metals in stream food webs. Periphyton, the community of 
attached algae, bacteria, and fungi that develops on stream 
substrata, can accumulate high concentrations of metals and 
may be an important source of metal exposure to benthic 
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macroinvertebrates in streams affected by mining (Kiffney 
and Clements, 1993; Farag and others, 1998; Beltman and oth-
ers, 1999). Differential accumulation of metals among different 
invertebrate taxa and differences in taxonomic composition of 
invertebrate communities among locations can lead to substan-
tial variation in metal concentrations in the diets available to 
stream-dwelling trout (Moore and others, 1991; Clements and 
Kiffney, 1994; Farag and others, 1998).


Purpose and Scope


This chapter summarizes available information from 
recent surveys of stream biological communities of the 
Animas River watershed study area and from a study of metal 
bioavailability in stream ecosystems, based on metal concen-
trations in tissues of biota. Data from these sources are used 
to identify associations between metal exposure and biologi-
cal effects and to identify factors that may limit recovery of 
stream communities of the Animas River watershed.
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Status of Stream Biotic Communities


Sources of Data


The fish and benthic invertebrate communities of 
the Animas River watershed have been surveyed repeat-
edly since the 1970s, with recent fish sampling conducted 
primarily by the State of Colorado, Division of Wildlife 
(Robert Gallegos, written commun., 1996), and sampling of 
benthic invertebrate communities conducted by the State of 
Colorado, Department of Public Health and Environment, 
and the Animas River Stakeholders group (Peter Butler, 
Robert Owen, and William Simon, Unpublished report to 


Colorado Water Quality Control Commission, Animas River 
Stakeholders Group, 2001). Sample sites reported in this chap-
ter are shown in figure 1 and described in table 1.


Trout Populations


The fish community of the Animas River watershed 
study area originally consisted of native Colorado River cut-
throat trout (Oncorhynchus clarki pleuriticus) and possibly 
mottled sculpins (Cottus bairdi). Streams and tributaries in 
drainages with extensive areas of alteration (Bove and oth-
ers, this volume, Chapter E3) and (or) extensive past min-
ing (Jones, this volume, Chapter C), such as Cement Creek, 
Mineral Creek (except the South Fork) and the headwaters 
of the upper Animas River, probably never supported trout 
populations. The fish community is now dominated by the 
introduced species, brook trout (Salvelinus fontinalis), with 
cutthroat trout occurring only in high-altitude tributaries with 
good water quality, such as Cunningham Creek and Minnie 
and Maggie Gulches (Wright, Simon, and others, this vol-
ume, Chapter E10). Two other non-native salmonids, rainbow 
trout (Oncorhynchus mykiss) and brown trout (Salmo trutta), 
have been stocked in the study area in the past. Although 
healthy populations of rainbow trout and brown trout occur 
in downstream reaches of the Animas River canyon, and a few 
rainbow trout may still occur in the study area, neither species 
has maintained self-sustaining populations in the study area. 
The current distribution of brook trout in the study area is dis-
continuous (table 1), with reaches supporting fish separated by 
reaches that are fishless due to the influence of acidic drainage 
and metal contamination (Unpub. report to Colorado Water 
Quality Control Commission, ARSG, 2001).


The replacement of cutthroat trout by brook trout 
reflects some combination of the ability of brook trout to com-
pete for habitat in small streams, and the greater tolerance of 
brook trout for acidity and metal contamination. The principal 
current populations of brook trout in the study area occur in 
South Fork Mineral Creek and in two segments of the Animas 
River: from Minnie Gulch downstream to near Silverton, 
and from approximately Molas Creek downstream (fig. 1). 
Greatest densities of brook trout occur in the Animas River 
downstream from Minnie and Maggie Gulches and in South 
Fork Mineral Creek (table 1). Current brook trout populations 
in the Animas River upstream of Silverton are substantially 
greater than those reported in the 1970s (N.F. Smith, unpub. 
report, Colorado Division of Wildlife, 1976), and populations 
in the Animas River canyon, downstream from Silverton, 
have increased since 1992 (table 1). These changes sug-
gest that anthropogenic degradation of water quality and 
(or) habitat changes have been partially reversed by reduced 
mining and milling activity and by reclamation activities in 
the watershed.
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Figure 1. Location of sampling sites for aquatic biological community surveys and food-web metals study. Not shown on map: AR6, 
Animas River above Needle Creek (lat 37°37.845' N., long 107°41.702' W.); AR7, Animas River above Cascade Creek (lat 37°35.909' N., 
long 107°46.331' W.); and CAS, Cascade Creek (lat 37°39.573' N., long 107°48.714' W.).







For the purposes of this chapter, sites were classified into 
three categories based on their populations of brook trout and 
degree of influence of upstream mining or acid rock drain-
age: fishless sites (no fish present; high levels of acidity and 
metals); recovery sites (fish present; downstream of fishless 
sites); and reference sites (fish present; relatively little influence 
of upstream acidity or metals) (table 1; fig. 1). Fishless sites 
included acidic headwater streams (Cement Creek, CEM; and 
upper Mineral Creek, UMC) and neutral-pH sites downstream 
of mixing zones of acidic tributaries (lower Mineral Creek, 
LMC; Animas River upstream of Eureka, AR1; and Animas 
River downstream of Silverton, AR4). Recovery sites on the 
Animas River (Howardsville, AR2; upstream of Silverton, 
AR3; Elk Park, AR5; and Needleton, AR6) had circumneutral 
pH and supported varying densities of brook trout and benthic 
invertebrates. Reference sites (South Fork Mineral Creek, SMC; 
Cunningham Creek, CUN; and Cascade Creek, CAS) supported 
reproducing populations of brook trout and relatively diverse 
and abundant benthic invertebrate communities. Cascade Creek 
flows into the Animas River in northern La Plata County, south 
of the Animas River watershed study area.


Benthic Invertebrate Communities


The status of benthic invertebrate communities provides 
additional resolution of differences in water quality and habitat 
conditions throughout the Animas River watershed study 
area. A study of benthic invertebrate communities conducted 


over three sampling periods in 1996–98 (Unpub. report to 
Colorado Water Quality Control Commission, ARSG, 2001) 
demonstrated both dramatic differences in the status of benthic 
communities of different portions of the watershed and more 
subtle longitudinal shifts in communities resulting from 
gradual changes in water quality and stream habitats (fig. 2). 
Average taxonomic richness in these samples was relatively 
low, even at reference sites, reflecting both the expectation 
for low taxonomic richness in high-altitude streams and the 
small area sampled by individual Surber samplers (0.093 m2). 
Benthic communities at sites with persistent acidic conditions 
and high metal concentrations averaged fewer than five taxa 
per sample and fewer than 100 organisms per square meter, 
whereas communities of reference sites consistently had 15 or 
more taxa and more than 1,000 organisms per square meter. 
Communities also differed qualitatively between sites: fish-
less sites were dominated by tolerant taxa such as fly larvae 
(Diptera; for example, Chironomid midges); whereas recovery 
and reference sites had greater representation of more metal-
sensitive taxa such as mayflies (Ephemeroptera), stoneflies 
(Plecoptera), and caddis flies (Trichoptera).


Longitudinal changes in benthic invertebrate commu-
nities of the Animas River were generally consistent with 
the patterns in the distribution of brook trout. Communities 
exhibited moderately high diversity and abundance in the 
reach between Eureka Gulch and Arrastra Creek, but they 
showed evidence of increasing adverse effects in the reach that 
includes the confluences of Cement and Mineral Creeks near 
Silverton, followed by a gradual recovery in the downstream 


Table 1. Sites for aquatic community sampling and food-web metals study.


[Brook trout population data from Colorado Department of Public Health and Environment (1992; Rob Gallegos, Denver, Colo., written commun., 1992) and 
Colorado Division of Wildlife (Mike Japhet, Durango, Colo., written commun., 1998). No fish sampling occurred at sites indicated by --]


Site ID
(fig. 1)


Site
Elevation


(m)
Site category


(see text)


Brook trout
(number/300 m)


1992 1997–98
Animas River


AR1 Animas at Eureka 3,006 Fishless -- --
AR2 Animas at Howardsville 2,940 Recovery 110 270
AR2a Animas below Cunningham Creek 2,910 Recovery 24 --
AR3 Animas above Silverton 2,854 Recovery 57 2a


AR4 Animas below Silverton 2,805 Fishless 0 0
AR5 Animas at Elk Park 2,707 Recovery 13 23
AR6 Animas at Needleton 2,500 Recovery -- --
AR7 Animas above Cascade Creek 2,353 Recovery 36 102


Tributaries
CEM Lower Cement Creek 2,835 Fishless 0 --
UMC Upper Mineral Creek 2,903 Fishless 0 --
LMC Lower Mineral Creek 2,817 Fishless 0 --
CUN Cunningham Creek 3,008 Reference -- --
SMC South Fork Mineral Creek 2,975 Reference 66 --
CAS Cascade Creek 2,664 Reference -- --


a1997 fish sampling upstream of Arrastra Creek.
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reach between Molas and Cascade Creeks. Comparison of 
these data to the 1992 invertebrate survey conducted by the 
Colorado Department of Public Health and Environment  
shows relatively little change in benthic communities at most 
sites during this period, but it suggests that some recovery 
of benthic invertebrate communities is occurring in certain 
reaches of the Animas River, both upstream and downstream 
of Silverton.


Metal Bioaccumulation in 
Stream Food Webs


Methods


Samples of stream biota of the Animas River watershed 
study area were collected for analysis of metals during fall 
low-flow periods in 1997 and 1998 (Besser, Brumbaugh, and 
others, 2001). Samples of periphyton, benthic invertebrates, 
and fish tissue were collected at some or all of the study sites. 
Periphyton samples were collected at all 12 study sites and 


analyzed for metals, chlorophyll-a (a measure of algal bio-
mass), and total organic carbon (TOC). Benthic invertebrates 
were collected at eight sites, and dominant taxa at each site 
were sorted into separate samples for metal analysis. Samples 
of the mayfly, Rhithrogena sp. (Heptageniidae), and the caddis 
fly, Arctopsyche sp. (Hydropsychidae), were collected from six 
sites. Samples of the stonefly, Megarcys sp. (Perlodidae), were 
collected from five sites, and samples of a second stonefly, 
Zapada sp. (Nemouridae), were collected from one site. Adult 
brook trout were collected with a backpack electrofishing unit 
at six sites (AR2, AR3, AR6, CUN, SMC, and CAS). Livers 
were dissected for metal analysis as an indication of chronic 
metal exposure (Crawford and Luoma, 1993). Biological 
samples were analyzed by inductively coupled plasma–mass 
spectroscopy after microwave digestion with concentrated 
nitric acid (May and others, 1997; Besser, Brumbaugh, and 
others, 2001).


Metal concentrations in tissues of stream biota were 
log-transformed before statistical analysis to improve normal-
ity and homogeneity of variance. Associations among metal 
concentrations and other characteristics of sediment and 
periphyton were evaluated by Pearson correlation analysis. 
Differences in metal concentrations among locations were 


Figure 2. Characteristics of benthic invertebrate communities of Animas River 
watershed study area. Mean number of taxa and mean abundance from three 
sample dates in 1996–97. See table 1 and figure 1 for site identifications and 
locations. Data from Peter Butler, Robert Owen, and William Simon, Unpublished 
report to Colorado Water Quality Control Commission, Animas River Stakeholders 
Group (2001).
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evaluated by analysis of variance (ANOVA), with differ-
ences among means compared by Duncan’s multiple range 
test (Snedecor and Cochran, 1980). Statements of statistical 
significance indicate a probability of Type I error of 5 percent 
or less (p≤0.05).


Periphyton


Concentrations of metals in periphyton differed signifi-
cantly among sites. Greatest concentrations of cadmium, cop-
per, manganese, lead, and zinc occurred in the Animas River 
upstream of Silverton (table 2). Periphyton samples from this 
reach contained zinc concentrations approaching 2 percent on 
a dry-weight basis. Concentrations of copper in periphyton 
from the Animas River decreased gradually from upstream to 
downstream, whereas concentrations of zinc, cadmium, and 
lead were consistently high at sites upstream of Silverton and 
dropped off sharply downstream. As a result, concentrations of 
copper, but not other metals, in periphyton from downstream 
recovery sites in the Animas River remained greater than those 
at reference sites.


Metal concentrations in periphyton samples can reflect 
both trapping of metal-rich colloids and uptake of dissolved 
metals, by bioaccumulation or sorption (Newman and others, 
1985). Concentrations of most metals in periphyton were 
significantly correlated with concentrations in fine stream-
bed sediment, although these associations usually explained 
less than half of the overall variation (Besser, Brumbaugh, 
and others, 2001). Periphyton from the upstream reach of the 
Animas River (AR1-AR3) contained both high concentrations 


of several metals and concentrations of chlorophyll and TOC 
that were similar to those of reference sites (fig. 3). Concen-
trations of chlorophyll and TOC were positively correlated 
with concentrations of zinc and copper in periphyton, suggest-
ing that the presence of algae and other organic constituents 
resulted in increased accumulation of metals. In contrast, 
chlorophyll and TOC were negatively correlated with concen-
trations of iron and aluminum. Samples of periphyton from 
two acidic sites, with pH <4.5 at low flow (CEM and UMC; 
Wright, Simon, and others, this volume), and two neutral-pH 
sites downstream from acid tributaries (AR1, LMC) con-
tained little algal biomass and were dominated by precipitated 
iron and aluminum oxyhydroxides (fig. 3). These minerals 
made up approximately 50–90 percent of periphyton dry 
mass at the sites most affected by precipitates, compared to 
3–10 percent at the reference sites. This finding is consistent 
with experimental studies that found copper and cadmium to 
be preferentially sorbed by algal biomass, relative to Fe, Al, 
or Mn oxyhydroxides (Calmano and others, 1988). Over-
all, our data suggest that periphyton in stream reaches with 
circumneutral pH and low levels of iron or aluminum precipi-
tates can provide a substantial source of metal-contaminated 
food for stream food webs.


Benthic Invertebrates


Concentrations of metals in benthic invertebrates dif-
fered significantly among taxa and among sites. Concentra-
tions of cadmium, copper, lead, and zinc differed significantly 
among invertebrate taxa (Besser, Brumbaugh, and others, 


Table 2. Concentrations of metals in periphyton from the Animas River and tributaries.


[Means, with standard errors in parentheses (n=3–7). For each metal, means followed by the same letter are not significantly different]


Site
Metal concentration 


(µg/g dry wt.)
Cadmium Copper Lead Zinc


Animas River
AR1 33.3 (0.5)a 6,587 (371)a 1,051 (40)abc 18,950 (743)a


AR2 25.3 (1.3)a 1,031 (64)bc 2,023 (33)a 8,520 (465)ab


AR3 27.8 (1.8)a 952 (45)bc 1,597 (24)ab 11,903 (314)a


AR4 5.6 (0.4)b 764 (54)bc 680 (80)abc 2,179 (124)cd


AR5 6.1 (0.3)b 362 (36)c 465 (26)abc 2,656 (272)cd


AR6 9.5 (0.6)b 709 (72)bc 480 (9)abc 3,673 (243)bc


Fishless sites
CEM 0.2 (0.04)e 31 (1)e 207 (9)c 44 (8)e


UMC 0.2 (0.1)e 105 (7)d 753 (54)abc 40 (13)e


LMC 5.2 (0.9)b 1,571 (296)b 605 (150)abc 1,135 (3,830)e


Reference sites
CUN 2.7 (1.4)c 40 (36)f 266 (265)d 338 (300)e


SMC 6.7 (0.3)b 89 (5)d 276 (5)bc 1,783 (87)cd


CAS 0.4 (0.01)d 9 (1) 9 (0.5)abc 84 (6)cd
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Figure 3. Algal biomass (represented by chlorophyll-a) and iron in periphyton. Mean 
and range for chlorophyll (n=2); mean and standard error for iron (n=4).


2001). Concentrations of all four metals were significantly 
greater in two smaller taxa (Rhithrogena and Zapada), 
consistent with previous reports that metal accumulation 
by invertebrates decreases with increasing body size (Smock, 
1980). However, differences in metal concentrations among 
taxa also reflected differences in feeding ecology. Of the two 
small taxa, the periphyton grazer, Rhithrogena, accumulated 
greater concentrations of zinc and cadmium, and the detri-
tivore, Zapada, accumulated greater concentrations of lead. 
Two larger taxa, Megarcys and Arctopsyche, with diets that 
include substantial components of invertebrate tissue, accumu-
lated proportionally greater concentrations of copper. Metal 
concentrations in invertebrates also differed significantly 
among sites, reflecting variation in metal bioavailability in 
the watershed. Lowest concentrations of all metals occurred 
in invertebrates at Cascade Creek (CAS), the reference site 
outside the highly mineralized portion of the watershed 
(Yager and Bove, this volume, Chapter E1), but metal concen-
trations at the other reference sites (SMC and CUN) were not 
consistently less than those from recovery sites in the Animas 
River. Of the metals studied, only copper occurred at consis-
tently greater concentrations in invertebrates from fishless 
and recovery sites in the Animas River, relative to reference 
sites.


Because it is widely distributed and tolerant of elevated 
metal burdens, the caddis fly Arctopsyche grandis has been 
widely used to monitor metal bioavailability in streams 
of the western United States (Cain and others, 1992; Kiffney 


and Clements, 1993; Farag and others, 1998). Arctopsyche 
occurred at five of six sites sampled in the Animas River, 
and samples from these sites were used to evaluate longi-
tudinal patterns of metal bioavailability. Concentrations of 
copper in Arctopsyche were significantly greater downstream 
of Cement and Mineral Creeks, at the fishless site AR4 and 
at recovery sites AR5 and AR6, than at sites upstream of 
Silverton. In contrast, concentrations of zinc, lead, and cad-
mium in Arctopsyche did not show consistent increases at sites 
downstream of Cement and Mineral Creeks, and were gener-
ally lower at AR4 than at other Animas River sites (fig. 4).


Brook Trout


Concentrations of lead, zinc, and copper in liver tis-
sue of brook trout differed significantly among sites (fig. 5). 
Concentrations of both zinc and copper in liver tissue cor-
responded to general trends in the status of stream biota, 
although both differences between Animas River sites and 
reference sites and longitudinal differences among Animas 
River sites were more pronounced for copper than zinc. 
Lead concentrations in trout livers were significantly lower 
at Cascade Creek than at other sites, but differences between 
reference and recovery sites were not evident. Previous 
studies have reported elevated concentrations of copper and 
zinc in livers of trout from metal-contaminated sites (Wilson 
and others, 1980; Moore and others, 1991; Farag and others, 
1995).
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Food-Web Transfer of Metals


Comparisons of trophic transfer factors (TTFs), ratios 
of metal concentrations between aquatic animals and their 
available diets, suggested that the efficiency of transfer via the 
stream food web differed among the metals studied (Besser, 
Brumbaugh, and others, 2001). Overall TTFs for a hypotheti-
cal stream food chain (periphyton-invertebrate-trout liver) 
suggest that cadmium (TTF=4.8) and copper (TTF=4.6) are 
transferred most efficiently via diet. In contrast, zinc was 
apparently transferred efficiently from periphyton to inverte-
brates, but not to trout (overall TTF=0.54), and lead was trans-
ferred least efficiently (overall TTF=0.005). Efficient trophic 


transfer of cadmium from low levels in water and sediment 
may explain the occurrence of elevated cadmium concen-
trations in biota from reference sites and the persistence of 
elevated cadmium concentrations at downstream recovery sites 
in the Animas River. This hypothesis is consistent with find-
ings of a study of a Montana watershed, that higher levels of 
cadmium in stream food chains persisted farther downstream 
than concentrations of other metals (Moore and others, 1991). 
Similarly, the hypothesis of more efficient trophic transfer may 
partially explain the greater enrichment of copper in tissues 
of invertebrates and brook trout, despite low concentrations of 
copper (relative to zinc and lead) in sediment and periphyton. 
Although the presence of relatively high levels of cadmium 
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Figure 4. Concentrations of metals in caddis flies, Arctopsyche sp., from the 
Animas River and Cascade Creek. A, cadmium and lead; B, copper and zinc. 
Means with standard error (n=4). For each metal, means with same letters are 
not significantly different.
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and copper in trout livers reflects at least in part typical pat-
terns of enrichment of these metals in liver tissue (Wilson and 
others, 1980; Farag and others, 1995), internal distribution of 
metals cannot explain the greater concentrations of copper in 
liver tissue of trout from recovery sites, relative to reference 
sites (fig. 5).


Association of Metal Exposure 
with Biological Effects


The distribution and abundance of trout in the Animas 
River watershed study area and adjoining area downstream are 
closely associated with patterns of metal bioaccumulation. The 
absence of brook trout at some fishless sites such as AR4 and 
LMC probably reflects direct toxicity of aqueous copper and 
(or) other metals (Besser, Allert, and others, 2001; Besser and 
Leib, this volume), but results of the food web study suggest 
that brook trout at sites with lower aqueous metal concentra-
tions may also be subject to chronic toxicity via combined 
aqueous and dietary exposure. Concentrations of copper in 
invertebrate diets are substantially greater at Animas River 
sites with reduced densities of brook trout than at reference 
sites. However, mean concentrations of zinc and lead in inver-
tebrates from these Animas River sites overlapped broadly 
with those in reference sites.


Concentrations of copper in diets and liver tissue of 
brook trout from the Animas River approach levels associated 
with chronic toxicity (Besser, Brumbaugh, and others, 2001). 
Dietary toxicity has been reported for other salmonid species 
fed diets containing elevated concentrations of copper and 
other metals (Woodward and others, 1994, 1995; Farag and 
others, 1999). Brook trout from affected sites in the Animas 
River had copper concentrations in liver tissue equal to or 
greater than those associated with toxicity to brook trout and 
rainbow trout in laboratory tests (McKim and Benoit, 1974; 
Lanno and others, 1985) or associated with reduced popula-
tion density of brook trout in field studies (Moore and others, 
1991). The reduced abundance of brook trout at sites where 
tissue copper concentrations approach levels associated with 
toxicity supports the hypothesis that chronic copper toxicity is 
an important factor controlling the distribution and abundance 
of brook trout in the Animas River watershed. The effects of 
copper toxicity on brook trout populations are probably exac-
erbated by toxic effects of other metals and by degradation of 
benthic habitats, leading to reduced biological diversity and 
reduced productivity in stream habitats of the Animas River 
watershed.


A


B


C


D


Figure 5. Concentrations of metals in livers of brook trout, 
Salvelinus fontinalis, from the Animas River and reference sites. 
A, lead; B, cadmium; C, zinc; D, copper. Means with standard 
errors (n=4). For each metal, means with same letters are not 
significantly different.
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Abstract
The Animas River watershed study area in the San Juan 


Mountains of Colorado was the site of extensive mining and 
milling during the late 19th and early 20th centuries. We focus 
on the reach of the Animas River between Howardsville and 
Eureka, which receives water and sediment from the head-
waters area of the upper Animas River. Using geologic map-
ping, stratigraphic and sedimentological studies of flood-plain 
sediment, geochronology, historical records, oblique and aerial 
photographs, sediment transport calculations, and geochemi-
cal analysis of sediment, we conclude the following. Prior to 
mining, the river valley near the eventual town and mill site 
at Eureka was composed of shallow braided, gravel bedded 
channels, and multi-thread channels with well-defined banks 
downstream. The multi-thread channels were located within a 
silty flood plain consisting of willow thickets and intermittent 
and localized beaver ponds. A radical change in the stream 
and flood-plain environment started shortly after A.D. 1900 
and concluded downstream of Eureka with aggradation of 
channels and burial of older sediment with sheets of gravel. 
This was caused by milling, not mining or other anthropogenic 
activities. Mills in and near Eureka supplied huge quantities of 
tailings to the river, at rates 50 to 4,700 times greater than the 
natural rate of production of sediment from hillslopes prior to 
mining. The tailings were introduced at a location where the 
valley profile is strongly concave, where the river is inher-
ently prone to braiding. The introduction of sand-sized tailings 
altered the bed-load sediment transport regime, and the result 
was aggradation and stream braiding.


Flood-plain sediment deposited prior to mining has 
naturally high zinc concentrations close to 1,000 ppm, but 
the introduction of tailings resulted in an increase of zinc 
concentrations to more than 4,000 ppm on average and locally 
to as much as 10,000 ppm. The presence of tailings in stream 
sediment also increased the concentration of cadmium, 
copper, lead, and manganese, above the concentrations in 
prehistorical sediment. Using vanadium as a lithologic tracer 
for sediment derived from hillslope erosion, we estimate 


that the fine fraction of streambed and flood-plain sediment 
deposited after A.D. 1900 contains, in general, two-thirds 
tailings and one-third natural sediment. Of the original tailings 
produced, between 70 and 80 percent has been flushed from 
the study reach by streamflow, and on the order of 10 percent 
was mechanically reclaimed and placed in a repository. Of 
the tailings that remain in the study reach, on the order of 
10 percent exists at the surface as easily identifiable tailings 
beds, but the majority is in the subsurface dispersed within 
gravel deposits.


Introduction and Background


The portion of the Animas River valley between the 
abandoned mining towns of Eureka and Howardsville (fig. 1) 
is important ecologically and in terms of human activities, 
because it constitutes about 20 percent of the broad and flat 
ground available in the otherwise rugged San Juan County, 
Colo. Yet the sediment in this 7-km long reach contains high 
concentrations of metal, and near Eureka the river is braided 
and flows across a gravel flood plain devoid of vegetation. As 
such, that reach is unique in the region. Late 19th and early 
20th century hard-rock mining in the watershed (Jones, this 
volume, Chapter C) created a variety of disturbances. The 
milling of ore, in particular, resulted in the introduction of 
large volumes of fine-grained tailings into the fluvial system.


Recent interest in reclamation of inactive mines and river 
restoration has necessitated identification of contemporary 
and prehistorical fluvial processes active in the upper Animas 
River valley, and that is the subject of this chapter. With a 
better understanding of these processes, strategies designed to 
address channel instability and contaminant mitigation may 
have a greater probability of success.


The written record for the area and mining in the area 
both began in 1871. For that reason the terms prehistori-
cal and premining are synonymous as used herein, and they 
specifically refer to before A.D. 1871.


Chapter E22
Response of the Upper Animas River Downstream 
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Purpose and Scope


The purpose of this study is to define the late Holocene 
geomorphic history of the upper Animas River between the 
abandoned mining towns of Eureka and Howardsville (fig. 1) 
and identify the important fluvial and anthropogenic processes 
that resulted in the current condition of the channel and flood 
plain.


We present the current physical condition of channels • 
and flood plains, and the contemporary hydrology and 
sediment transport regime, for comparison with past 
conditions and potential future conditions.


We discuss the history of mining and milling in the • 
headwaters area because of the large impact the release 
of mill tailings has had on the physical and chemical 
nature of the river channels and flood plain.


We document how the channels and flood plain have • 
changed over the past 3,000 years, based on the stratig-
raphy exposed in a trench excavated across the valley 
floor (pl. 6).


We document where mill tailings currently reside in • 
and on the flood plain at the trench site, and estimate 
that for the rest of the reach.


We compare the historical supply rate of mill tailings • 
with prehistorical supply rates of sediment in order to 
understand the cause of historical channel change.


We compare the chemistry of prehistorical and histori-• 
cal sediment in order to understand how the release of 
mill tailings changed the concentration of metals in 
stream sediment.


We document the recovery of the channels and • 
flood plain over the past 50 years, and changes in 
the locations of tailings, using a time series of aerial 
photographs.


Lastly we discuss constraints on future efforts to • 
mitigate contamination caused by the presence of mill 
tailings, and constraints on future efforts to reconfigure 
the stream channels in the study area.


This chapter also serves as an example for future work 
in other areas. We demonstrate the consequences of the 
introduction of mill tailings into the environment that should 
be expected in other mining areas, and how to identify those 
consequences. We also demonstrate how the results of numer-
ous geomorphological methods can be integrated into an 
understanding of the configuration of stream channels as they 
were prior to disturbance, and an understanding of the con-
straints on future channel configuration. At the national level, 
projects aimed at “restoring” disturbed channels have typically 
proceeded without that basic understanding.
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Geographic Setting


This chapter documents the nature and history of land-
forms along 7 km of the upper Animas River between the 
abandoned mining towns of Eureka and Howardsville (fig. 1). 
The Animas River originates in subalpine valleys of the 
San Juan Mountains of San Juan County, Colo., flows south-
west through the study reach (fig. 2), ultimately passes the 
towns of Silverton and Durango, and joins the San Juan River 
at Farmington, N. Mex. In the study area, the valley floor is at 
altitude of 2,970 m, but the surrounding hillslopes extend up to 
4,111 m. Those hillslopes are dominated by exposed bedrock 
and tundra vegetation above the timberline (at about 3,600 m), 
and are dominated by Engelmann spruce below the timberline. 
In the valley bottom, spruce forest and open grasslands domi-
nate alluvial fans. Stream terraces and flood plains either are 
devoid of vegetation (fig. 2) or support thickets of bog birch 
and willow, sedge wetlands, and spruce forests.


Geologic History


The bedrock geology, and the mineralization that 
made the area famous, are discussed by Yager and Bove 
(this volume, Chapter E1 and pl. 1) and Bove and others (this 
volume, Chapter E3). For our chapter the salient aspect of the 
bedrock geology is that it is composed of erosion-resistant 
volcanic rock. Thus talus fields are common, hillslope soils 
are thin and fragmental, and alluvial deposits are coarse and 
contain little silt and clay. The latest Quaternary geologic 
history of the region has been presented by Blair and others 
(2002) and Vincent and others (this volume, Chapter E16), 
and we add to that knowledge base. Atwood and Mather 
(1932) developed the original maps showing the extent of 
latest Pleistocene glaciation in the San Juan region. Alpine 
glaciers occupied the Animas River valley, and the sub-
sequent action of streams is superimposed on that glacial 
terrain. Few if any surficial deposits predate the last glacia-
tion. Although numerous rock glaciers are scattered through 
the San Juan Mountains, there is no evidence of glaciation at 
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any time during the Holocene. Whether by glacial erosion or 
stream erosion, bedrock became exposed in the valley bottom 
upstream of Eureka forming a waterfall. The exposed bedrock 
controls the base level for the river upstream and causes a 
steep, concave slope in the valley below—at the head of the 
study area. During the Holocene, tributary streams have shed 
sediment into the valley, forming alluvial fans, which the 
Animas River has not been able to remove. In our study area 
(fig. 1), tributary streams enter the valley from the northwest 
and southeast in opposition to one another, and the largest 
fans occur at the mouths of Minnie and Maggie Gulches and 
Cunningham Creek. As a result the Animas River flood plain 
consists of three wide reaches, with intervening reaches where 
the river (with little or no flood plain) passes between pairs 
of encroaching fans (fig. 1). Perhaps only a fraction of each 
fan is active at present. The wide flood-plain reaches have 
been aggrading slowly for at least the last 3,000 years. That 
and other aspects of the late Holocene geomorphic history are 
developed herein.


Hydrology


Precipitation in the area is predominantly snowfall, 
but rain is delivered in the summer by thunderstorms and 
by Pacific tropical storms in the fall. The Silverton weather 
station records mean annual temperature of 1.7°C and mean 
annual precipitation of 61 cm (National Weather Service 
data), but precipitation is about twice that in the surrounding 
mountains (von Guerard and others, this volume, Chapter B). 
The upper Animas River is a snowmelt-dominated stream 
with annual peak discharge usually occurring from late May 
through June (table 1), but intense rainfall in the late summer 
has produced large floods (Pruess, 1996). Streamflow data 
(table 1) are available for the gauging station on the Animas 
River at Howardsville (09357500), which was operated by the 
USGS from 1936 to 1982 and by the Colorado State Engineer 
since 1983. The drainage area upstream from the gauge is 
145 km2. Annual peak discharges vary widely in magnitude 
and reflect the water content of the preceding winter snowpack 
and the spring weather patterns.


Annual floods recorded at station 09357500 have ranged 
from 12.9 m3/s in 1977 to 56.1 m3/s in 1949 (table 1). Other 
large floods were observed in the upper Animas River val-
ley, prior to establishment of the stream gauge, specifically 
in 1927, 1921, and 1911. A streamflow gauging station on 
the Animas River at Durango, Colo., about 80 km downstream 
from Howardsville, recorded a peak discharge of 570 m3/s 
in 1927. A regression between the annual peak discharge 
at the Howardsville gauge and the peak discharge at the 
Durango gauge resulted in a relatively poor coefficient of 
determination (R2 = 0.69); however, the data from the gauge 
at Durango suggest that the 1927 flood at Howardsville may 
have been larger than any recorded since 1936 (the year that 
the USGS began gathering streamflow data at Howardsville). 


Oblique photographs in the San Juan County, Colo., Court 
House collection show two Howardsville bridges washed 
out by flooding in 1921. A tropical storm on October 5, 1911 
(Pruess, 1996) resulted in extreme flooding and damage in the 
watershed (Durango Evening Herald, 1911). The discharge 
of the 1911 flood was probably extreme in the study reach, 
because the site (Gladstone) where the most intense rainfall 
was recorded (21 cm of rainfall in a 24-hour period) is located 
8 km northwest of Howardsville. USGS historical background 
observations indicate that the 1911 flood at Howardsville 
was the “greatest flood since at least 1885.” Although the 
discharges for these historical floods are not known, the 
events are important in that they occurred during or just after 
the period of the largest introduction of sand-sized mill tailings 
to the fluvial system in the reach of concern in this chapter.


Hydrologic characteristics of the upper Animas River 
valley were determined using data for the Howardsville stream 
gauge (table 1) from 1936 through 1982, the period for which 
the gauge was operated by the USGS. Flood frequency and the 
duration of daily mean discharges were calculated by standard 
USGS procedures (U.S. Interagency Advisory Committee on 
Water Data, 1982). A flood recurrence interval is a statistical 
expression based on a long flood series. At the Howardsville 
gauge, an annual peak discharge of 56.8 m3/s is thought to 
be equaled or exceeded every 100 years, and the discharge 
of 41.3 m3/s has a recurrence interval of 10 years (table 1). 
Floods with recurrence interval greater than 10 years occurred 
eight times since the stream gauge was established: in 1938, 
1949, 1952, 1953, 1957, 1973, 1985, and 1995. Only one 
flood (1949) with recurrence interval greater than 50 years 
occurred since 1936. The annual peak flow with 2-year recur-
rence interval has magnitude of 27.7 m3/s. This discharge, as 
an instantaneous annual flood peak, was equaled or exceeded 
in 32 years from 1936 to 1998 (table 1). As a daily mean dis-
charge (table 2), 27.7 m3/s was equaled or exceeded approxi-
mately 0.14 percent of the time on average, or on less than one 
day per year.


Flow and Sediment Transport Theory


In this chapter we make several discharge and sediment 
transport calculations in order to explore why the Animas 
River is locally braided, and in order to understand the general 
magnitude of flow events required to mobilize the streambed 
and certain tailings deposits. To be concise we present in this 
section all of the transport equations used in the chapter. The 
flow equations presented are appropriate for turbulent water 
flows that are steady and horizontally uniform, which can be 
approximated in a complicated geometric situation by reach 
averaging. Where appropriate we note the value of constants 
in parentheses.


We calculate the discharge conveyed by select channels 
using the following relationships. By definition the volumetric 
rate of flow, discharge (Q), equals the cross-sectional area (A) 







times the mean velocity (U) of the flow. In a steady, horizon-
tally uniform flow the reach-averaged mean flow velocity can 
be calculated using


 U = (u*/k) [ln(h/z
o
) – 0.74] (1)


where
 u* is the shear velocity (defi ned in equation 2),
 k is von Karman’s constant (0.408),
 h is the reach-averaged fl ow depth,
and
 z


o
 is a parameter related to the reach-averaged 


channel roughness.


Because the channels in question are gravel bedded, we 
assume that z


o
 is equivalent to 0.1* D


84
 (Whiting and Dietrich, 


1989) where D
84


 is the 84th percentile of the bed-sediment 
size distribution. Owing to bed and channel irregularities 
z
o
 might be as much as three times this value. The equa-


tion assumes a quasi-logarithmic velocity profile (Wiberg 
and Smith, 1991). In our application we ignore bank effects 
because the channels are wide compared to their depths. For 
that reason we estimated the reach-averaged cross-sectional 
shape to be that of the surveyed cross sections, and then we 
subdivided the cross sections into short width-increments of 
uniform depth. Discharge was calculated for each increment 


Table 1. Annual instantaneous peak discharges (m3/s) at streamflow gauging station 09357500 Animas River near Howardsville.


[Discharges were measured in ft3/s and were converted using m3/s = ft3/s * 0.028317 rounded to the nearest whole number. Noted in parentheses are floods 
known from anecdotal evidence, and the position in the time series of aerial photographs used by this study]


Year Month Discharge Year Month Discharge
1885 (unknown) (large flood) 1964 May 24


1965 June 33
1911 Oct. (large flood) 1966 May 20


1967 May 27
1921 (unknown) (flood) 1968 June 35


1969 May 21
1927 June (large flood) 1970 Sept. 33


1971 June 23
1936 May 24 1972 June 23
1937 May 25 1973 June 43
1938 June 48 1973 Sept. (photograph)
1939 June 19 1974 May 18
1940 May 23 1975 July 38
1941 June 31 1976 June 23
1942 June 30 1977 June 13
1943 June 20 1978 June 34
1944 June 32 1979 June 32
1945 June 27 1980 June 34
1945 Oct. (photograph) 1981 June 28
1946 June 30 1982 June 27
1947 June 32 1983 June 34
1948 June 34 1984 May 31
1949 June 56 1985 June 49
1950 June 22 1986 June 36
1951 June 24 1987 June 23
1951 Sept. (photograph) 1987 Sept. (photograph)
1952 June 43 1988 June 22
1953 June 46 1989 May 16
1954 May 15 1990 June 27
1955 June 30 1991 June 24
1956 May 26 1992 June 16
1957 June 48 1993 June 28
1958 June 32 1994 June 37
1959 June 24 1995 July 43
1960 June 34 1996 May 31
1960 August (photograph) 1997 June 41
1961 May 23 1997 October (photograph)
1962 June 23 1998 June 23
1963 May 18
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using equation 1 and the appropriate increment-area, and 
then summed to obtain the total discharge. For rivers with the 
morphology of the Animas River in the upper part of our study 
area, this procedure is accurate (J. Dungan Smith, oral com-
mun., 2004). In equation 1 the shear velocity is


 u* = (ghS)1/2 (2)


where
 g is the acceleration due to gravity (9.8 m/s2),
 h is again the reach-averaged flow depth,
and
 S is the reach-averaged slope of the riverbed.


Technically S is the sine of the slope (slope in degrees), but we 
substituted the tangent (rise over run) into the equation. In this 
application where the slopes are close to 1/2°, that substitution 
results in an insignificant error (0.005 percent).


Sedimentary particles on a riverbed begin to move when 
the local boundary shear stress (τ


b
), approximated here by the 


reach-averaged value, exceeds a critical value (τ
c
) that depends 


on sediment and fluid parameters. In a steady, horizontally 
uniform flow the boundary shear stress is


 τ
b
 = ρghS (3)


where
 ρ is the fl uid density (1,000 kg/m3).


The critical shear stress for initiation of motion was first 
evaluated by Shields (1936) and now forms the basis for sedi-
ment transport calculations. For its application see Henderson 
(1966), Graf (1971), or Middleton and Southard (1984). In 
general, the critical shear stress can be calculated by estimat-
ing what is known as the critical Shields’ stress or Shields’ 
parameter (τ


∗
)


c
 and using


 τ
c
 = (τ


∗
)


c
 [(ρ


s
 – ρ)gD] (4)


where
 ρ


s
 is the sediment density (assumed to be 


2,700 kg/ m3)
and
 D is the particle size of interest.


Although the Shields method can be applied to individual 
grains in a poorly sorted sediment (Wiberg and Smith, 1987), 
it is usually used to calculate the initial motion of the entire 
mixture and for this purpose the median diameter (D


50
) of the 


sediment distribution is used (Wilcock, 1992, p. 297).
The crux of the problem is in evaluating the Shields 


parameter (Elliott and Hammack, 2000; Komar, 1987; Wiberg 
and Smith, 1987; Andrews, 1983; Parker and others, 1982; 
Neill, 1968). The Shields parameter depends on the geometric 
properties of the sediment grains (including shape and angu-
larity), on the pockets within which the sediment particles rest 
(which depend on the shape, angularity, and sorting of the bed 
material), on any cohesive forces among sediment grains, and 
on the particle Reynolds number. For the flows of interest here 
and materials of pebble and larger size, however, the depen-
dence of the Shields parameter on cohesive forces and on the 
particle Reynolds number disappears, but the dependence on 
the geometric properties of the grains and the bed becomes 
very strong. For elliptical-shaped coarse sediment, significant 
motion occurs when the Shields parameter is approximately 
0.06 (Wilcock and McArdell, 1993; Wiberg and Smith, 1987). 
For smoother, more spherical clasts, this value is smaller. 
In addition, the original Shields relation was generated for 
significant motion. The first motion of pebbles and cobbles 
usually occurs at a substantially lower value of the Shields 
parameter because the first clasts to move are those resting in 
favorable pockets in the bed (Lisle and others, 1993; Andrews 
and Smith, 1992; Milhous, 1982). As a compromise when 
Shields’ approach is used for first motion of coarse materials, 
this asymptotic value is usually reduced to 0.03 or less. We use 
0.03 as the value of the Shields parameter in our calculations 
of initiation of first motion, and we use 0.06 as the value of the 
Shields parameter in our calculations of significant motion.


We discuss sites where the bed material D
50


 is 39 mm and 
110 mm (table 4), in the sections titled “Channel Conveyance” 
and “Bed Sediment Mobility.” Using equation 4 and the 
assumptions made herein, we calculated the critical shear 
stress for initiation of motion of those materials to be 19.5 


Table 2. Streamflow characteristics at USGS streamflow 
gauging station 09357500 Animas River at Howardsville, 1936 
through 1982.


[Recurrence interval in years equals the reciprocal of exceedence probability 
(streamflow duration in percentage of time specific discharge is equaled or 
exceeded)]


Peak flow frequency Daily discharge
Recurrence


interval
(years)


Discharge
(m3/s)


Equaled or 
exceeded


(percent time)


Discharge
(m3/s)


1.05 16.5 95 0.371
1.11 18.5 90 0.413
1.25 21.3 85 0.444
2.00 27.7 80 0.475
5 36.0 75 0.507


10 41.3 70 0.538
25 47.7 65 0.591
50 52.3 60 0.654


100 56.8 55 0.741
200 61.3 50 0.869
500 67.2 45 1.01


40 1.24
35 1.58
30 2.08
25 2.87
20 4.05
15 6.06
10 8.98
5 13.5







and 55 N/m2, respectively. The shear stress for significant 
motion of those materials is 39 and 110 N/m2 (Newtons per 
square meter), respectively.


The bed load transport of gravel can be calculated using 
the equation of Meyer-Peter and Müller (1948), which in 
essence is an expression of the boundary shear stress in excess 
of the critical shear stress. Again, for its application see 
Henderson (1966), Graf (1971), or Middleton and Southard 
(1984). Just as critical shear stress is scaled by the Shields 
parameter (equation 4), the relation uses what is called the 
Shields stress


 (τ
*
)


b
 = τ


b
 / [(ρ


s
 – ρ)gD] (5)


which is a function of boundary shear stress (equation 3). 
For the sediment-volume transport rate per unit channel width 
(Qs), equation 5 can be formulated as


 Qs = (8[(τ
*
)


b
 – (τ∗)c


 ]1.5) * ( [ρ′ gD3]0.5) (6)


where the sediment/fluid density contrast is expressed as the 
fraction ρ′ = (ρ


s
 – ρ)/ρ.


We use equation 6 to calculate sediment transport for 
several types of channels present in the landscape, in the 
section titled, “Bed Sediment Mobility.” We also calculate 
sediment transport for a hypothetical single-thread channel, 
and estimate the magnitude of sediment deposition by com-
paring changes in Qs moving in the downstream direction, 
in the latter half of the section titled, “Implications of Channel 
Patterns.”


Present Condition of Channels 
and Flood Plains


We start our analysis by discussing the general planimet-
ric and large-scale geomorphic characteristics of the upper 
Animas River and the flood plain as it was in the latter half 
of the 20th century. We utilized topographic maps, aerial pho-
tographs taken between 1945 and 1997, and onsite measure-
ments made in 1998. The discussion is illustrated using (1) a 
longitudinal profile of the valley (fig. 3) constructed using the 
1955 USGS 1:24,000 quadrangle maps, which have contour 
interval of approximately 13 m (40 feet); (2) aerial photo-
graphs taken in 1951 (fig. 4); and (3) data derived from those 
sources (table 3).


Elsewhere in this chapter we discuss changes that 
occurred during the first half of the 20th century using flood-
plain stratigraphy (pl. 6), and discuss less dramatic changes 
that occurred during the latter half of the 20th century using 
the sequence of aerial photographs.


Spatial Variation in Geometry


The geometry of the channels and flood plain of our study 
area is spatially variable (fig. 1) and for that reason is discussed 
in terms of reaches (fig. 3, table 3, fig. 4), lettered A through E. 
A major spatial pattern is the variability in the width of the val-
ley floor (figs. 1 and 3). By valley floor we mean the deposits 
of the Animas River including the active streambeds, the flood 
plain, and any low terraces present. The repetitive widening 
and narrowing of the valley floor is the result of constrictions 
imposed by tributary debris fans and talus cones. The major 
constrictions are imposed by fans shed from Minnie Gulch, 
Maggie Gulch, Cataract Gulch, and Cunningham Creek, in con-
junction with the fans or cones shed from unnamed watersheds 
directly opposed to the named watersheds (fig. 1).


A second major pattern is the systematic change in valley 
gradient. The longitudinal profile of the study reach is fairly 
smooth and is concave-up (fig. 3), with gradients decreasing 
down valley from 0.029 m/m in the reach just upstream of the 
Eureka townsite to 0.008 m/m in the reach at Howardsville. 
Upstream of the study reach, the river emerges from a steep 
bedrock canyon, and downstream of Howardsville the river 
enters another constricted bedrock canyon. Thus, outside of 
the alluvial study reach the river is bedrock controlled. Inside 
our study reach the stream has formed itself within its own 
alluvium (not bedrock controlled), and the stream gradient 
is not influenced in a major way by the presence of the debris 
fans. By that we mean there are no inflections in the profile 
coincident with the debris fan constrictions (fig. 3). In nar-
rower valleys in the region, such as Cement Creek (Vincent 
and others, this volume), debris fan constrictions have forced 
the main stream to aggrade upstream of them. This resulted 
in a segmented longitudinal profile, with the main stream 
being steep and the streambed being coarse grained on the 
downstream sides of tributary debris fans. Although the valley 
gradient was not obviously influenced, the fan constrictions 
have two consequences. First, the width of any braiding (past 
or present) was restricted by the narrow space available at the 
fan constrictions. Second, flow in the wide reaches during 
major floods must converge as it enters the narrow reaches. 
This is a partial explanation of the channel patterns as they 
were in 1998, and in 1951 (fig. 4). The channel was braided 
with low banks in reaches A and B near Eureka, was confined 
to a single- or double-thread channel adjacent to the Minnie 
Gulch and Maggie Gulch debris fans, and was multi-threaded 
with relatively prominent banks downstream from both fans. 
The reaches are now discussed individually.


What we refer to as reach A (figs. 3 and 4A) heads at 
the base of a waterfall in a constricted canyon and extends 
downstream approximately 0.7 km, past the Eureka townsite, 
to the Eureka Gulch confluence. The valley floor in reach A 
is relatively narrow (mean width 170 m) and steep (mean val-
ley slope 0.025 m/m), and the longitudinal profile is strongly 
concave-up (fig. 3). Elsewhere herein we present evidence 


900  Environmental Effects of Historical Mining, Animas River Watershed, Colorado







Response Downstream from Eureka to Discharge of Mill Tailings  901


Fi
gu


re
 3


. 
Lo


ng
itu


di
na


l p
ro


fil
e 


of
 u


pp
er


 A
ni


m
as


 R
iv


er
 s


tu
dy


 re
ac


h,
 s


ho
w


in
g 


th
e 


gr
ad


ie
nt


, l
oc


at
io


ns
 o


f l
et


te
re


d 
re


ac
he


s 
an


d 
th


e 
tre


nc
h 


(p
l. 


6)
, a


nd
 th


e 
sp


at
ia


l v
ar


ia
tio


n 
in


 w
id


th
 o


f t
he


 v
al


le
y 


flo
or


.


2
,8


5
0


2
,9


0
0


2
,9


5
0


3
,0


0
0


3
,0


5
0


0
1


2
3


4
5


6
7


8
9


1
0


1
1


V
A


LL
E


Y
 D


IS
T


A
N


C
E


 D
O


W
N


S
T


R
E


A
M


, 
IN


 K
IL


O
M


E
T


E
R


S


CONTOUR ELEVATION, IN METERS


02
5


5
0


7
5


1
0


0


1
2


5


1
5


0


1
7


5


2
0


0


2
2


5


2
5


0


2
7


5


3
0


0


3
2


5


3
5


0


3
7


5


4
0


0


VALLEY WIDTH, IN METERS


L
on


gi
tu


di
na


l v
al


le
y 


p
ro


fi
le


R
ea


ch
 b


ou
nd


ar
y


S
ur


ve
ye


d 
cr


os
s 


se
ct


io
ns


W
id


th
 o


f 
va


lle
y 


bo
tt


om


Eureka Gulch


Minnie Gulch


Maggie Gulch


Cunningham Creek


Brendel Gulch


R
ea


ch
A


R
ea


ch
 B


R
ea


ch
C


R
ea


ch
  D


Trench


R
ea


ch E


Eureka


Howardsville


Cataract Gulch


E
X


P
L
A


N
A


T
IO


N







Figure 4 (above and following pages). Aerial photographs taken in 1951 of upper Animas River valley. A, reach A upstream 
of Eureka; B, reach B from Eureka Gulch to north end of Minnie Gulch alluvial fan; C, reach C including constrictions caused 
by Minnie Gulch and Maggie Gulch fans; D, reach D from Maggie Gulch alluvial fan to Cataract Gulch alluvial fan, and upper 
portion of reach E.
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that the Animas River has been, and has the geomorphic 
tendency to be, fully braided in reach A. The river appears as 
a single-thread channel on the photograph of figure 4A, how-
ever, and that probably is the result of anthropogenic activities. 
In the field we observed evidence that the streambed had been 
recently rearranged by heavy equipment upstream of the State 
Road 110 bridge at the Eureka townsite. That road is visible 
as a white stripe in figure 4. In order to protect the integrity of 
the road and bridge (and perhaps the townsite), maintenance 
crews occasionally rearrange the streambed in order to keep all 
streamflow passing under the bridge (Rob Robinson, Bureau 
of Land Management, written commun., 2004). The repeti-
tive nature of that maintenance hints at the sediment transport 
dynamics of the Animas River in reach A.


Reach B (see photographs of fig. 2) extends from the 
Eureka Gulch confluence to the north (upstream) end of the 
extensive Minnie Gulch alluvial fan (fig. 4B). The reach is 
characterized by a valley floor several hundred meters wide 
(mean width 290 m) with mean valley slope of 0.016 m/m. 
The longitudinal profile is concave-up, but the decrease in 
gradient moving downstream is not as pronounced as it is in 
reach A. In 1951 (fig. 4B), a large fraction of the valley floor 
was covered by beds of tailings, visible as irregularly shaped 
white patches on the photograph. The owners of the Sunnyside 
mine (AMLI site # 116) physically removed most of those 
tailings beds before the photograph of figure 2B was taken in 
2001. Thus at present, the valley floor consists of an expanse 
of gravel almost entirely devoid of vegetation (fig. 2B), a 
portion of which is occupied by the braided channels of the 
Animas River. The eastern margin of the valley floor is veg-
etated, and has been protected from the river by the earthen 
causeway supporting the roadbed of State Road 110. The fact 
that the roadbed is elevated above the valley floor in reach B 
suggests that the channels have tended to migrate rapidly or 
frequently, and (or) that floodwaters have frequently spread 
out broadly from the shallow channels. Throughout this chap-
ter we demonstrate that the Animas River in reach B experi-
enced major changes during the first half of the 20th century, 
and less dramatic changes during the second half of the 
20th century. The trench (pl. 6) discussed later was located 
at the downstream end of this reach (fig. 4B).


Reach C extends from the north end of the Minnie 
Gulch fan to the south end of the Maggie Gulch fan. The 
valley floor in reach C was severely constricted by two pairs 
of opposing alluvial fans (figs. 1 and 4C) and the valley-floor 
width ranged from 15 to 240 m with a mean of 87 m. The 
valley slope is fairly linear in profile with mean of 0.011 m/m 
(fig. 3). The river in reach C is a single thread where con-
stricted laterally by the debris fans and multiple-threaded 
where the valley is wide between the fan-pairs.


Reach D extends from the south end of the Maggie 
Gulch fan to approximately Cataract Gulch. This reach 
had a mean valley-floor width comparable with reach B 
(280 m) and a mean valley slope of 0.009 m/m. The river is 
multiple-threaded in reach D; however, the channel position 
has been relatively stable historically. Similar to reach B, the 
active channels in reach D occupy roughly half of the valley 
floor. Unlike reach B, the remainder of the valley floor is a 
low-lying vegetated flood plain locally including wetlands 
(fig. 4D).


Reach E extended from Cataract Gulch to the 
Cunningham Creek confluence at Howardsville (fig. 3). No 
geomorphic measurements were made in this reach because 
of the presence of an active tailings pond on the valley floor 
and an earlier mechanical realignment of the main channel.


Channel Conveyance


In this section discharge calculations are made for 
channels at three sites in order for us to understand the 
general magnitude of flow events required to mobilize 
the streambed and certain tailings deposits. The sites were 
selected to be representative of the range in modern channel 
morphology. The trench site (cross section 1) was selected 
to represent a braided reach, cross section 2 represents sites 
where the river is multi-threaded, and cross section 3 is a 
site where the valley floor was constricted by alluvial fans. 
The site locations are labeled using the cross section num-
bers in figures 1, 3, 4B, and 4C. Cross sections 1 and 2 were 
located at the downstream end of reach B. Cross section 3 
was located at the upstream end of reach C, where the valley 
floor is constricted by the Minnie Gulch alluvial fan on the 
east and by a talus fan shed from an unnamed subbasin on 
the west (fig. 1).


Field measurements were made during the low-flow 
conditions of September 1998. We surveyed channel geometry 
and gradient, using a theodolite with electronic distance meter. 
Water-surface slope was measured for each cross section over 
a downstream length of approximately 180 to 195 m, which 
had vertical fall of from 1.5 to 1.8 meters. The low-flow 
water-surface slope was relatively consistent through the three 
surveyed sections: 0.0093 m/m at cross section 1, 0.0090 m/m 
at cross section 2, and 0.0084 m/m at cross section 3. The 
mean slope for the 700-m long encompassing reach was 
0.0097 m/m. In our calculations we use the local slopes 
previously mentioned.


Table 3. Dimensions and other physical characteristics 
of reaches of the upper Animas River.


[Locations of the reaches are indicated in figures 1, 3, and 4. For reach B, 
0.2931 km2 was used for wetland and vegetation calculation, for reasons 
discussed in the text]


Stream 
reach letter-- A B C D


Reach length, km 1.000 1.475 1.587 1.730
Valley floor area, km2 0.1245 0.4374 0.1751 0.4644
Drainage area, km2 67.83 71.25 100.63 108.55
Valley gradient 


(mean), m/m.
0.025 0.016 0.011 0.009


Valley floor width 
(mean), km.


0.170 0.290 0.087 0.280
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Elsewhere in this chapter we present and use slope data 
derived from topographic contour maps (fig. 3; table 3). For 
the sake of comparison with the reach with surveyed slope of 
0.0097 m/m, the mean slope computed using the three nearest 
contour lines was 0.0121 m/m.


We determined bed-sediment size characteristics 
using the “pebble-count” method of Wolman (1954), which 
involves measurement of sediment-particle intermediate 
(b-axis) diameters. The results are listed in table 4. Measure-
ments of sediment on the channel banks below the approximate 
bankfull elevation were made at regularly spaced intervals 
along the channel at the surveyed cross sections. The measure-
ments excluded tributary-derived debris-flow sediment exposed 
in cut banks at cross section 3. Sediment in the upper Animas 
River ranged from pebbles to large cobbles. Minor amounts 
of coarse sand and small boulders also were found among these 
sediments, although medium sand and finer grained sediment 
were almost nonexistent in the streambed surface. The median 
particle size was 39 mm (medium-sized pebbles) at cross sec-
tion 2, and 110 mm (small cobbles) at cross section 3 (table 4). 
The sediment size characteristics at cross section 1 are similar 
to those at cross section 2.


Cross section 1 coincided with the edge of the trench 
excavated by this project and is thus depicted as the ground 
surface on the stratigraphic log (pl. 6). We direct the reader 
to specific channels using the horizontal distances labeled on 
the trench log. The portion of the valley floor east of the State 
Road, east of 287 m, does not receive streamflow from the 
Animas River and thus is not of concern here. Of the remain-
ing valley floor surface, about 40 percent of the width consists 
of tailings beds or gravel where the clasts have dark coatings 
composed of manganese and iron compounds. As these mate-
rials are visible in the earliest aerial photographs, we conclude 
that they were not substantially modified by streamflow during 


the latter half of the 20th century. The remainder of the valley 
floor has been modified by streamflow during recent decades. 
The active channels consist of one main channel at 155 m, 
which has one prominent bank 0.9 m high and a point bar, 
and two wide zones containing numerous shallow channels 
with indistinct banks and intervening low gravel bars. The two 
zones of shallow braided channels are located between 107 
and 161 m (including the main channel), and between 191 and 
286 m. Two discharge calculations were made using the chan-
nel cross-sectional geometry shown on plate 6, equation 1, 
slope of 0.0093 m/m, and D84


 of 9 cm. As mentioned in the 
section on theory, the channel cross sections were subdivided 
into short increments of relative uniform depth, and the dis-
charge for each increment calculated using equation 1 and the 
appropriate increment-area; then the incremental discharges 
were summed to obtain the total discharge.


We estimated the minimum discharge needed to inundate 
the tailings beds along the trench transect by assigning the 
water surface to be at the lowest level of those beds, at 7.38 m 
on the elevation scale of plate 6. This means that we assumed 
the water surface was horizontal (everywhere at the same 
elevation) across the width of all zones of flooding. The cumu-
lative top-width of flow was 124 m. The result was a discharge 
of 42 m3/s, which is a rare discharge according to the measure-
ments made at the Howardsville stream gauge (tables 1 and 2). 
As an annual instantaneous peak at that gauge, this discharge 
has a recurrence interval of about 10 years (table 2).


That result is used where we discuss the fate of the tail-
ings that remain in our study area. The discharges determined 
in the remainder of this section are used in the two immedi-
ately following sections of this chapter.


We calculated the approximate bankfull discharge at 
cross section 1 by modeling the flow needed to overtop the 
gravel bars adjacent to the channels. For this calculation of a 
moderate flow, it would be inappropriate to assume that the 
water surface was everywhere at the same elevation. Note that 
during low-flow conditions the water surface in each channel 
was at a unique elevation (pl. 6), which is typical of braided 
streams. For that reason we modeled the flow needed to over-
top the gravel bars adjacent to each channel that conveyed low 
flow at the time the trench was excavated in August of 1988 
(pl. 6). The result is four flow-width zones between 106 and 
113 m, 147 and 160 m, 195 and 236 m, and 268 and 281 m on 
plate 6. The cumulative top-width of flow was 69 m, and the 
result was a discharge of 17 m3/s.


Cross section 2 is located 217 m downstream from cross 
section 1, and along that distance channels begin to converge 
as they enter the valley floor constriction caused by the two 
fans (figs. 1 and 4B). At cross section 2, both the channels 
and flood plain are distinctly different from those upstream 
in reach B. The channels have transitioned from being braided 
(multiple shallow channels with largely indistinct banks) to 
what we call multi-threaded: more than one channel but most 
having steep and relatively high banks. At cross section 2, 
the valley floor is about 240 m wide, and about 60 percent of 
that width consists of flood plain vegetated by willows and 


Table 4. Streambed sediment characteristics of the upper 
Animas River near Eureka.


[The critical shear stress for initiation of motion of the median sediment 
size was calculated with equation 4 and the given Shields parameter (τ


*
)


c
]


Location
Cross section (fig. 1) 2 3
Downstream distance km 2.77 2.98
Stream reach B C


Sediment size characteristics
1st percentile size mm 6 13
16th percentile size mm 21 53
Median sediment size mm 39 110
84th percentile size mm 91 196
99th percentile size mm 145 311
Mean size mm 51 125


Standard deviation mm 37 73
Geometric mean mm 44 101


Standard deviation 2.1 1.9
Critical shear stress


Using (τ
*
)


c
 = 0.030 N/m2 19.5 55







grasses. During low-flow conditions four channels conveyed 
water. One channel was small, and a second was a beaver pond 
at the time of the field measurements. The other two channels 
had steep banks about 0.6 m high. One channel was about 
16.5 m wide and contained a mid-channel bar, and the other 
channel was 12.5 m wide and did not contain a bar.


We calculated the approximate bankfull discharge at 
cross section 2 by modeling the flow needed to overtop the 
banks of the two main channels. The consequence of ignoring 
the small channel and the beaver pond cannot be evaluated 
with available data, but the result is likely an underestimate. 
The discharge calculations were made using the surveyed 
cross-sectional geometry, a slope of 0.009 m/m, D


84
 of 9 cm, 


and equation 1. The cumulative top-width of flow was 27 m, 
and the result was a discharge of almost 16.6 m3/s—essentially 
the same as the 17 m3/s bankfull discharge calculated for cross 
section 1.


Cross section 3 was located 255 m downstream from 
cross section 2, and along that distance the fan constrictions 
cause all channels to converge into one (figs. 1 and 4C). No 
flood plain was present at cross section 3, and the channel is 
shaped like a parabola with high banks exposing fan sediment. 
As there was no clear evidence of bankfull stage at cross 
section 3, we solved the flow equation for the stage required 
for the channel to pass a discharge of 17 m3/s. We used the 
surveyed cross-sectional geometry, slope of 0.0084 m/m, D


84
 


of 20 cm, and equation 1. The result is that a flow top-width 
of 11 m, maximum depth of 1.14 m, and mean depth of 0.75 m 
will convey 17 m3/s.


As flow moves from cross sections 1 to 2 to 3, the chan-
nel geometry and hydraulics change. The channels transition 
from being braided (multiple shallow channels with largely 
indistinct banks), to what we call multi-threaded (more 
than one channel but most having steep and relatively high 
banks), to a fully confined single channel. For the modeled 
discharge of 17 m3/s, the calculations indicate the follow-
ing changes moving downstream. Flow width diminishes by 
about 85 percent, decreasing from 69 to 27 to 11 m. Mean 
flow depth increases by more than a factor of 3, increas-
ing from 0.22 to 0.41 to 0.75 m. Mean flow velocity nearly 
doubles, increasing from 1.1 to 1.5 to almost 2 m/s.


Bed Sediment Mobility


We next evaluated the mobility of the bed sediment at 
the three cross sections, using equation 4 and the assumptions 
contained in the section on theory. Using the results for the 
modeled discharge of 17 m3/s, and the measured sediment 
characteristics (table 4), we calculated whether the local shear 
stress on the bed exceeded the critical shear stress for initia-
tion of motion. By local shear stress we mean that within each 
width increment of the cross sections.


For a discharge of 17 m3/s at cross section 1, initial motion 
of the bed would occur over cumulative width of 26 m or about 
22 percent of the total width of the bed. For that discharge at 


cross section 2, initial motion of the bed would occur over 
cumulative width of 25 m or slightly more than 90 percent of 
the total width of the bed. For that discharge at cross section 3, 
initial motion of the bed would occur over cumulative width of 
almost 7 m or about 62 percent of the total width of the bed.


The volumetric rate of bed load transport was calculated 
at the three cross sections using equation 6 and the assump-
tions contained in the section on theory. A model discharge 
of 17 m3/s was used. The resulting bed load transport for 
cross section 1 was 22 m3/hr, and for cross section 2 it was 
15 m3/hr. The bed load transport calculations involve a variety 
of assumptions, and the results are highly sensitive to slope. 
In the calculation for cross section 2, for example, if a slope 
of 0.0095 m/m had been used (instead of 0.0090 m/m) the 
resulting transport rate would have been 22 m3/hr. Thus, 
given the uncertainties in the calculations, we consider the 
bed load transport rates at the upper two cross sections to be 
indistinguishable.


From the calculations for cross section 3, using the 
properties of the cobble gravel observed there during low-
flow conditions, we learned that the Shields stress on the 
bed (equation 5) did not exceed 0.05. Thus the cobble gravel 
would not experience significant motion, rather some slow rate 
of marginal transport. Calculation of the marginal sediment 
transport at this location is not necessary to achieve the goals 
of this project. From the calculations for the upstream cross 
sections, it seems clear that considerable pebble gravel would 
be delivered to cross section 3 during bankfull flows. Assum-
ing the entire bed was covered by pebble gravel, the calculated 
transport rate was 78 m3/hr, but that is far in excess of the cal-
culated supply of pebble gravel from upstream. We repeated 
the calculation assuming 20 m3/hr of pebble gravel was 
transported in the thalweg (the lowest portion of the channel 
bed) of cross section 3, and learned the width of the zone of 
pebble gravel transport would be on the order of 1 m, or about 
9 percent of the bed width. We suspect that the cobble gravel 
is something of a lag deposit, moving during major floods but 
only occasionally (slowly) during normal high flows. During 
normal high flows, however, the calculations show that all 
pebble gravel supplied from upstream would be transported 
through the confined reach.


It is possible to conclude the following, considering 
the limitations of the analysis. The bed material of the study 
area can be mobilized by bankfull flows, and pebble gravel 
is particularly mobile. As we discuss in the next section, 
bankfull flow may have a recurrence interval on the order of 
2 years; thus the bed material is mobilized frequently. At the 
downstream end of reach B, the Animas River transitions from 
being fully braided, to multi-threaded, to a single confined 
channel. Through that transition the changes in flow width, 
depth, and velocity are substantial. Yet, it appears that dur-
ing bankfull flows the bed load sediment transport rate may 
be uniform (not changing in the downstream direction) and 
thus neither substantial net-aggradation nor net-erosion of the 
bed is expected. That reach at least, may be in geomorphic 
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equilibrium, no net-changes in bed level during channel form-
ing flows, even though the channel geometries change moving 
downstream in substantial ways.


The reach encompassing the three cross sections has a 
relatively uniform slope, in comparison to the profile of our 
7-km long study area as a whole (fig. 3). We develop the sedi-
ment transport implications of the convex longitudinal profile 
in the next section.


Implications of Channel Patterns
One objective of this study was to identify the range 


of channel characteristics likely to be in equilibrium with 
the existing streamflow regime, valley morphology, and the 
caliber and supply rate of sediment in the upper Animas River 
valley. We asked whether the stream channels could have been 
meandering in the past or could be in the future. We evaluated 
this in two ways, first by comparing data for the Animas River 
to empirical relations for other rivers.


All other factors being equal, valleys tend to have 
braided channels as the gradient increases beyond some 
threshold condition. Leopold and Wolman (1957) demon-
strated that channel gradient and bankfull discharge could be 
used to define a threshold condition between channels with 
a meandering versus braided pattern. Leopold and Wolman 
(1957) used a broad definition of braiding, including both 
fully braided streams such as those in our area located above 
the trench site and multi-threaded channels such as those 
located downstream of the trench site (figs. 2 and 4). They 
also avoided sites where channels were laterally confined, 
such as at our cross section 3. The Leopold and Wolman 
(1957) threshold is illustrated in figure 5, where sites plotting 
above the line had braided channel patterns whereas those 
plotting below the threshold had meandering patterns. Subse-
quent work has shown that the tendency to braid is influenced 
by sediment supply rate (Schumm and Khan, 1972) and that 
the threshold is influenced by the grain size of bed and bank 
sediment (Osterkamp, 1978; Begin, 1981). Streams with high 
sediment supply tend to be braided, and sand-bedded streams 
braid at lower gradients than do gravel-bedded streams. There 
are other nuances involved with the threshold of braiding; 
nonetheless, the Leopold and Wolman (1957) relation remains 
a rough statistical discriminator between meandering and 
braided patterns where the bed sediment is relatively fine 
grained gravel (Carson, 1984), such as the bed of the Animas 
River in our study reach.


In order to place data for the Animas River in figure 5, 
we had to estimate the magnitude of bankfull flow moving 
down the study reach. Hydrologists have long recognized that 
flood discharge (in perennial streams) increases moving down-
valley as tributaries enter and thus increase drainage area. This 
phenomenon must be considered here because numerous tribu-
taries join the Animas River within the 7-km long study reach 


(fig. 1). Leopold and Miller (1956) studied streams draining 
mountains near Santa Fe, N. Mex., and related bankfull dis-
charge (QBf


) to drainage area (A
d
) using a power function


 Q
Bf


 = a(A
d
)b (7)


Conceptually, if precipitation were uniform throughout a 
watershed having uniform infiltration properties, runoff 
would be directly proportional to watershed area. In other 
words the exponent of equation 7 would be b = 1. This is gen-
erally not the case for flood events, however, because runoff is 
not generated from all portions of large watersheds (whereas 
it might be for small watersheds). For example, the exponent 
typically ranges from b = 0.7 to b = 0.9 (Dunne and Leopold, 
1978). In the Leopold and Miller (1956) study, the exponent 
was b = 0.8, Q


Bf
 had a recurrence interval of 2.3 years, and 


the coefficient was a = 0.52 for metric units of discharge 
(m3/s) and drainage area (km2). An alternative scaling rela-
tion was developed from measurements of low flow. Kimball 
and others (this volume, Chapter E9) made synoptic discharge 
measurements at numerous locations in the upper Animas 
River study area on August 14, 1998. The low-flow discharges 
ranged from 0.357 m3/s above Eureka Gulch to 3.56 m3/s at 
the Howardsville gauge (fig. 1). Casting these data in the form 
of equation 7 results in an exponent of b = 1.8.


We started by assuming that bankfull discharge for the 
study area has a recurrence interval of 2 years, and ultimately 
tested that assumption. As shown in table 2, the flow with 
a 2-year recurrence interval (Q


2
) at the Howardsville gauge 


has a magnitude of 27.7 m3/s. The sites where low flow was 
measured were plotted on maps, and the drainage area upstream 
of each site was determined from the topographic maps. We 
estimated Q


2
 at each site by scaling (decreasing) 27.7 m3/s using 


equation 7 and exponents of b = 0.8 and b = 1.8. The results 
are plotted in figure 5, with the sites labeled using the letter of 
the reach in which they were located. The two methods yielded 
nearly identical estimates for Q


2
 above Cunningham Creek, the 


first tributary upstream of the gauge, but they vary by a factor 
of about three in reach A above the Eureka townsite (fig. 5). 
Because the exponent 1.8 is greater than 1, use of that exponent 
likely results in unrealistically low estimates of Q


2
 for sites 


upstream of the gauge.
We tested our assumptions by using the calculated bank-


full discharge near the trench site (fig. 1). As discussed in the 
section titled, “Channel Conveyance,” a bankfull discharge of 
17 m3/s was estimated by calculating the flow needed to over-
top the active bars at the trench site and at cross section 2. The 
combined assumptions that bankfull discharge was equivalent 
to Q


2
, and that an exponent of 0.8 in equation 7 was appro-


priate for the study area, result in a discharge of 15 m3/s that 
closely approximates the bankfull discharge determined using 
field measurements. Use of the exponent of 1.8 results in a 
discharge of 7.5 m3/s, a low value, as expected; but the impor-
tant issue at hand is that we not grossly overestimate bankfull 
discharge and erroneously place the results into the braided 
field of figure 5.







Data for all study reaches plot above the threshold line in 
figure 5, within the field for braided streams. Data for reaches 
A and B plot the highest on the diagram. In conclusion, the 
Animas River in the study area was likely never a classical, 
single-thread meandering stream, and this is certainly true for 
the reaches near Eureka. This simple comparison with data for 
other streams suggests that the Animas River has the propen-
sity to be multi-threaded, or fully braided where not confined 
by alluvial fans or dense brush on the flood plain. We next 
addressed the channel pattern issue by exploring the sediment 
transport dynamics.


Meandering streams persist in the landscape because 
sediment transport is uniform along the length of the stream, 
over time scales of individual floods. Stream braiding is 


caused by localized sediment deposition resulting in shoaling 
and branching of the flow. Thus, in order for a single-thread 
channel to persist, local, even temporary bed aggradation 
cannot be large relative to the channel depth during a flood. 
Otherwise the channel may widen, adding sediment and 
promoting shoaling, or excess flow will pass overbank likely 
creating additional channels. Spatially uniform sediment trans-
port is accommodated by adjustments in channel geometry, in 
response to changes in independent variables. For example, 
at the downstream end of reach B, the narrowing valley floor 
forces channels to converge, and the character of the channels 
to change dramatically, yet our calculations indicated that sedi-
ment transport may be uniform during bankfull flows. A major 
independent variable (over time scales of individual floods) 


Figure 5. Threshold relation between valley slope and bankfull discharge 
for braided and meandering streams, modified from Leopold and Wolman (1957). 
The 2-year discharge for the Animas River was used as a proxy of bankfull 
discharge.
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for the Animas River is the 72 percent decrease in valley 
slope from 0.029 to 0.008 m/m within our study area (fig. 3). 
From a sediment transport perspective that decreasing slope is 
counterbalanced, at least in part, by the discharge increasing 
downstream. Here we pose a thought question: in our study 
area is it possible for bed load transport to be uniform within a 
single-thread channel?


Consider a hypothetical single-thread channel running 
the length of our study area, which has imposed upon it the 
existing valley gradient, general bed material, and flow regime. 
By flow regime we mean how discharge increases downstream. 
We utilized the discharge with 2-year recurrence interval 
(27.7 m3/s at the stream gauge) scaled as a function of drain-
age area raised to the 0.8 power, calculated previously. That 
discharge pattern is presented, and the valley profile is repro-
duced, in figure 6. For simplicity, the hypothetical channel 
is rectangular in cross section and its width increases down-
stream as a function of discharge raised to the 0.5 power. It 
has long been recognized for meandering streams that bankfull 
width scales as a function of bankfull discharge, and a typi-
cal exponent is 0.5 (Dunne and Leopold, 1978, p. 639). We 
arbitrarily assigned the width to be 8 m at the head of reach A, 
and used that scaling relation to obtain the widths downstream. 
The width was 11.3 m at the downstream end of reach D. We 
ignored any supply of sediment from tributaries, and as it turns 
out that assumption was not detrimental to this calculation. We 
assumed the streambed to be uniformly composed of pebble 
gravel with D


50
 of 4 cm and D


84
 of 9 cm. Calculations were 


made for subreaches, each bounded by the contour lines from 


which slope was calculated. As such there are two subreaches 
for both reach A and reach B, shown by the breaks in slope in 
figure 6.


Flow depths were calculated using equation 1, and the 
discharge and width specified for each subreach using the 
approach discussed in the preceding paragraph. The depth 
nearly doubled, increasing from 0.41 m near the head of 
reach A to 0.74 m at the downstream end of reach D. The 
boundary shear stresses for the hypothetical flow, calculated 
using equation 3, decreased by more than half through the 
study area. The calculated shear stress values for each sub-
reach are shown in figure 6, along with a smoothed profile 
emphasizing that most of the decrease occurred within reaches 
A and B. Uniform sediment transport in our hypothetical 
channel requires uniform boundary shear stress, and this was 
not achieved. If sediment were in transport at the upper end of 
reach A, then sediment must deposit as boundary shear stress 
decreases downstream. The necessity for sediment deposition 
would be exacerbated if tributary streams also delivered sedi-
ment to the trunk stream.


In order to demonstrate the general magnitude of sedi-
ment deposition, we calculated hypothetical bed load sedi-
ment transport rates using equation 6. Sediment transport 
rates decreased by 86 percent, from 316 m3/hr near the head 
of reach A to 43 m3/hr at the downstream end of reach D. Most 
of that decrease occurred within reaches A and B, and we con-
sidered changes in sediment transport in reaches C and D to be 
essentially not detectable. An estimate of deposition rate was 
made by subtracting the transport rate in a subreach from that 
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Figure 6. Pattern of boundary shear stress for a hypothetical single-thread channel conveying a flow with 2-year 
recurrence interval (RI).







in the subreach just upstream. Technically the results are for 
the solid-volume of particles, so a porosity of 30 percent was 
used to convert particle-volume to bulk-volume of the deposit. 
The deposit was assumed to spread out uniformly over the 
width and length of a subreach. The results were a deposition 
rate of about 4 cm/hr in the lower half of reach A, and less 
than 1 cm/hr in the lower half of reach B. If the hypothetical 
flow were sustained, the channel in the lower half of reach A 
would be full of gravel in about 10 hours, and the channel in 
the lower half of reach B would be full in about 2 days. Recall 
that as a daily mean discharge, the flow with 2-year recur-
rence interval was equaled or exceeded at the stream gauge 
approximately 0.14 percent of the time on average (table 2), 
or 12 hours per year. When channels fill with gravel, flow is 
forced around the deposit, and a braiding pattern is the inevi-
table result.


The results of the calculation for this hypothetical chan-
nel allowed us to conclude the following. A meandering 
stream (self-sustaining, single-thread, gradually widening 
channel) cannot persist in reaches A and B. Aggradation is 
inevitable, because of the influence the rapidly decreasing 
valley slope has on sediment transport. Perhaps an engineered 
channel resembling a meandering stream could be designed to 
accomplish uniform sediment transport. The width of such a 
stream would need to gradually narrow, and the banks would 
have to be hardened, and very high, to prevent the river from 
widening or escaping onto the previous braid plain. Natural 
processes would not create such a channel. Natural processes 
did create a channel network with spatially varying geometry 
that did accommodate uniform bed load transport. In subse-
quent sections we use a variety of evidence to demonstrate the 
following. In prehistorical times reach A was broad, shallow 
and braided. Through reach B the Animas River transitioned 


into being multi-threaded; each thread was relatively narrow, 
with meter-high banks composed of cohesive flood-plain silt 
strengthened and protected by a dense thicket of willows. That 
bed load transport was uniform is evidenced by the fact that 
during the thousand years before A.D. 1900 the channels did 
not aggrade appreciably, as will be demonstrated.


Sources of Sediment Supplied 
to the River


In order to understand the origin and ages of metal-laden 
sediment in our study reach, and to help identify the causes 
of channel change, we evaluated the various sources and rates 
of supply of sediment to the river. This involves an under-
standing of the history of mining and other land-use practices, 
in particular the milling of ore (fig. 7). In this section we 
present various measurements as they were reported, in feet, 
miles, and tons. Presumably “tons” means U.S. short tons 
(2,000 pounds).


History of Ore Milling


Jones (this volume) has discussed the history of mining in 
the whole region. The history presented herein focuses on the 
mills in the headwaters area of the upper Animas River that 
produced significant tailings, which might have impacted the 
river between Eureka and Howardsville. We adopt the names 
and site numbers (given in parentheses) of Church, Mast, 
and others (this volume, Chapter E5, fig. 5). The Sunnyside-
Thompson Mill (site # 113) was located in upper Eureka 
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Figure 7. Combined ore processing rates for the succession of mills in the town of 
Eureka and in Eureka Gulch. These rates (from Bird, 1986; Marshall, 1996; and Sloan and 
Skowronski, 1975) were quoted in “tons,” which presumably means U.S. short tons. (To 
convert short tons to metric tons, multiply by 0.907; ?, production rate uncertain.)
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Gulch about 5.5 km from the Eureka townsite and close to the 
Sunnyside mine on the shores of Lake Emma. The Sunnyside 
Mill # 1 (site # 158), sometimes called the Midway Mill, was 
located about 3 km up Eureka Gulch from its confluence with 
the Animas River. The Sunnyside Mill # 2 (site # 165) and 
the Sunnyside Eureka Mill (site # 164) were both located in 
Eureka. There were also various mines and mills (sites # 24, 
# 26, and # 27) near the Animas Forks townsite, which is on 
the Animas River about 7 km upstream of Eureka.


The first prospectors explored the area in 1860; however, 
the Civil War brought those expeditions to a halt (Bird, 1986). 
In 1871 expeditions resumed and the prospectors learned that 
placer mining would not be viable, but that money could be 
made mining hard rock. Mining did not begin in earnest until 
after the September 13, 1873, Brunot Treaty, which ceded land 
from the Ute Indian tribe. Through the 1870s mining produced 
valuable metals, but the quantity of ore (hand sorted and 
“high-graded” by miners and shipped from the area on mules 
and burros for processing) was relatively small. Mines around 
Animas Forks, for example, “were worked in the 1870’s and 
produced 800 tons of ore” (Marshall, 1996, p. 140). Compared 
to later production, 800 tons in a decade is paltry and none of 
that ore was milled on site. The Sunnyside mine ultimately 
became famous as the biggest gold mine in Colorado history, 
but in 1879 its “workings consisted of one shaft 10 feet deep 
and one drift 30 feet in length” (Bird, 1986, p. 16).


During the 1880s and 1890s mining (and eventually 
milling) occurred at a limited scale, and was intermittently 
disrupted by mechanical failures, natural disasters, and eco-
nomic setbacks. In 1888 the first mill (a “ten-stamp” mill) 
was constructed close to the Sunnyside mine and located 
“just below Lake Emma” (Bird, 1986, p. 29), meaning that 
the sand-sized tailings were discharged into the Eureka Gulch 
drainage. Late in 1889 the Sunnyside Mill # 1 began opera-
tion next to the creek in Eureka Gulch and processed 15 tons 
of ore per day. This early mill would have been much like that 
shown in figure 11 of Jones (this volume). Stamps were added 
to that mill in 1897, increasing capacity to 50 tons per day. 
After the Silverton Northern Railroad tracks reached Eureka 
in 1896 (Sloan and Skowronski, 1975), the first mill in Eureka 
(Sunnyside Mill # 2) was constructed in 1899 and began 
production in 1900 (Marshall, 1996). It was designed for a 
capacity of 125 tons per day; in figure 2 it is visible as a dark 
rectangle on the right side of the mouth of Eureka Gulch. It 
was similar to that shown in figure 12 of Jones (this volume).


These stamp mills were inefficient. A “stamp” was a 
piston device used to crush ore to the size of sand, and eco-
nomical minerals were then concentrated using various means, 
generally mechanical, for railroad shipment to smelters. The 
remaining sandy material was discharged from a mill’s tail-
race into the Animas River or its tributaries, and these tailings 
contained metals. In 1899 “60 percent of the values ended up 
in the tailings that were carelessly dumped into Eureka Creek” 
(Bird, 1986, p. 34). These “values” were unrecovered gold and 


silver, but the tailings also included pyrite, galena, pyroxman-
gite, and some sphalerite hosting other metals such as lead 
and zinc. Around 1900, the Sunnyside Mill # 2 recovered less 
than 50 percent of the metals contained in lead-zinc ores being 
exploited at that time, having been designed to recover gold 
(Bird, 1986, p. 68). The stamp mills were thus inefficient at 
recovering minerals of economic value at the time, and the 
tailings released then contained elements such as lead and zinc 
that are of concern now.


The stamp mills were generally in full production from 
1900 to 1918. Late in 1904 the Silverton Northern Railroad 
began service to the town of Animas Forks and the new Gold 
Prince Mill (site # 27) located there. The Gold Prince Mill had 
a reported capacity of 500 tons per day (Marshall, 1996), but 
production from the mill (and others in the area) was prob-
ably small. It was dismantled in 1910, and railroad service to 
Animas Forks was abandoned in 1916 (Sloan and Skowronski, 
1975). Uniquely, the Sunnyside mine remained profitable, 
because its ores were rich in gold. In 1910 it consisted of 
“ten miles of underground workings” and the Sunnyside 
Mill # 2 was processing 3,500 tons of ore per month (Bird, 
1986, p. 114). In 1912 an electrostatic zinc recovery plant 
was added to the Sunnyside Mill # 2 (presumably reducing 
zinc concentrations in the sand-sized mill tailings), and that 
and rising zinc prices probably saved that mine (unlike the 
others) during World War I.


The year 1918 marked the beginning of a new era. The 
new Sunnyside Eureka Mill was completed; it is shown in 
figure 19 of Jones (this volume). This mill was capable of pro-
cessing as much as 600 tons of ore per day using a revolution-
ary selective flotation process that increased mill efficiency 
and profitability (Bird, 1986). Ore crushing techniques were 
also significantly improved at this time, resulting in fine-
grained tailings composed of silt-sized and finer (<300 mesh) 
particles. The old stamp mills were abandoned. Full-scale pro-
duction was hampered, however, because of various disasters, 
until the end of 1919; but then the Sunnyside mine was forced 
to close late in 1920 because metal prices plunged. In the fall 
of 1921 the mine reopened and the boom years began. By 
1923 the mine was producing 16,000 tons of ore per month, 
20,000 tons per month by 1925, and broke all records by pro-
ducing 1,100 tons of ore per day by 1929 (Bird, 1986). After 
the October 1929 stock market crash, however, the Sunnyside 
mine struggled and then closed in September 1930. The mine 
was reopened again in 1937, faltered, and closed again in 
August 1939. At the time of closing, a total of 2,500,000 tons 
of ore had been mined and milled, producing $50,000,000 in 
metals—and Eureka became a ghost town (Bird, 1986).


Figure 7 illustrates the trend in the quantities of ore 
milled by the Sunnyside mine. About 80–90 percent of the 
processed ore was released as tailings (King and Allsman, 
1950). Using the 80 percent value and the ore processing rates 
in figure 7, mill tailings production rates were calculated and 
converted to metric tons. Most coarse-grained stamp mill 







tailings were produced between 1900 and 1918, at rates in 
excess of 35,000 t (metric tons) per year. Most fine-grained 
tailings were produced after 1921 and before 1930, at rates 
between 150,000 and 330,000 t per year.


Other Sources of Sediment


The rates of sediment supply from other sources are esti-
mated for comparison with that from milling. The calculations 
herein include the watershed area of Eureka Gulch, so we 
are discussing the delivery rate to the top of reach B. Known 
rates of hillslope sediment yield span 6 orders of magnitude, 
from 0.004 to 500 t/hectare/year. These two numbers are for 
undisturbed primeval forests and for intensely disturbed crop-
lands and construction sites, respectively (Dunne and Leopold, 
1978). The prehistorical sediment production rates for the 
upper Animas River setting were probably at the low end 
of that spectrum, around 0.01 or perhaps 0.1 t/hectare/year, 
resulting in total yield from the 73.6 km2 watershed of perhaps 
74 or 740 t per year.


Logging probably did not increase sediment yields sig-
nificantly, because only 12 percent of the watershed is forested 
and only a fraction of the original forest was logged. The area 
was grazed, and grazing can increase sediment yields by per-
haps 10 times (Dunne and Leopold, 1978), but only about half 
of the headwaters area of the upper Animas River basin is soil 
mantled and thus susceptible to increased erosion by grazing, 
which by nature of the high altitude is seasonal. Grazing (and 
to a lesser extent logging) may have increased the watershed 
sediment yield by hundreds to a few thousand metric tons per 
year.


Erosion of mine-waste dumps also supplied sediment to 
streams. In the Animas River basin upstream of the trench site, 
there are 24 mine shafts, 209 mine portals, and 679 prospect 
pits, based on the mining symbols on the USGS topographic 
maps. Each of these excavations has a pile of waste rock, and 
each waste dump contains about 200 t of material covering 
an area of about 50 m2, on average (J.T. Nash, oral commun., 
1999). Together the waste dumps cover an area of approxi-
mately 4.5 hectares. An erosion rate of 100 t/hectare/year is 
typical for disturbed land in general (Dunne and Leopold, 
1978). If this is appropriate for mine dumps, collectively the 
dumps in the basin lost 450 metric tons of sediment per year, 
but only a fraction of the coarse sediment mobilized from 
dumps reached streams because most mine sites are located 
high on hillslopes several kilometers from streams.


In conclusion, prehistorical sediment production rates 
for the watershed upstream of reach B may have been on the 
order of 74–740 t per year. Human activities, such as logging 
and mining (but excluding ore milling), may have increased 
sediment production to a few thousand metric tons per year, 
or less. Ore milling in the early part of the 20th century, in 
contrast, resulted in tailings being supplied directly to the flu-
vial system at rates varying from 35,000 to 330,000 t per year.


Photographic Evidence of Change 
and Recovery


Matched pairs of photographs taken over various inter-
vals of time have been used as a scientific tool for a century 
or more (Rogers and others, 1984), and have been particu-
larly useful for documenting changes in the physical land-
scape (Malde, 1973) and changes in vegetation communities 
(Hastings and Turner, 1965). Oblique photographs allow 
qualitative evaluation, at least, of changes occurring during 
periods as long as 150 years. Aerial photographs allow quan-
titative evaluation, using modern computational techniques, 
of changes over periods generally less than 60 years. We have 
used both types of photographs to help understand historical 
changes that have taken place in the study reach.


Early Oblique Photographs


We inspected historical photographs in order to under-
stand the character of the Animas River during the early days 
of mining, before milling and other human activities became 
intense. For that reason attention was paid toward authentica-
tion of photograph dates.


The earliest picture of the study reach that we were able 
to find is a print based on a photograph taken in 1877 (fig. 8) 
and shows reach A and the town of Eureka (fig. 4A), which 
was established in 1876. The title on the print gives the 1877 
date and states that it was “photographed by P.A. Felt.” The 
picture was clearly reproduced using a printing press, and 
therefore the accuracy of the image depends in part on the 
method used to transfer the photograph to the printer’s plates 
(Ostroff, 1981). Certain lithographic plates were made directly 
from negatives, similar to the way photographic prints are 
made, and the result was a highly accurate image (although 
an artist could make changes like adding clouds). Other plates 
were wood engravings made by either tracing directly or copy-
ing by eye from a photograph, and the results were variable 
in accuracy (Ostroff, 1981). Based on the high contrast and 
absence of gray-tone range, we believe the image in figure 8 
was printed from a wood engraving. We compared the cliffs 
and strips of trees in center-left background to photographs 
(see fig. 2) and found they were rendered accurately. For that 
reason, we believe figure 8 accurately depicts the Animas 
River as it was in 1877. Felt took the photograph 1 year after 
Eureka was established and 6 years after miners arrived in 
the area. Before 1877 it is likely the miners had only two 
impacts of potential significance to this discussion. One was 
the cutting of trees for firewood and building material, and 
indeed what appear to be tree stumps are visible in center 
foreground of figure 8. No tree stumps are visible adjacent to 
the channel, however, so apparently the Animas River in reach 
A was not previously lined with riparian trees. The second 
impact was the use of beaver as a food source, and their likely 
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extermination. Beaver promote the growth of woody shrubs, 
which in turn promote the stability of channel banks and flood 
plains (Kean and Smith, 2004; Smith, 2004). We cannot evalu-
ate the efficacy of beaver in our study area, because they were 
likely eradicated prior to this earliest depiction of the area. 
Nonetheless, thickets of willow are not apparent adjacent to 
the channel in figure 8. In conclusion, the channel of reach A 
was wide, sinuous, had low banks, and was apparently braided 
in 1877, if not before. The apparently braided nature of reach 
A is consistent with our findings in the section on implications 
of channel patterns, and other evidence present in the next 
paragraphs.


Another early photograph of Eureka (Bird, 1986, his 
fig. 41), attributed by Bird to have been taken in 1880, shows 
the channel in the upper portion of reach B as wide and 
braided. We were unable to locate the original print, and thus 
cannot confirm the date or describe the detailed character of 
the channel, but the tracks of the Silverton Northern Railroad 
are not evident, so that photograph was likely taken before 
1896. The next photograph discussed (C-Eureka, 92.181.35) 
was found at the Colorado Historical Society archive in an 
album of photographs taken by the “Candee and McNutt fami-
lies in 1883 and 1884.” The photograph is of people standing 
on the edge of the channel just downstream of Eureka. The 
streambed was composed of small-diameter cobbles, had verti-
cal banks less than 1 m high, and may have been on the order 
of 30 m wide. The flood plain was composed of fine-grained 
sediment (not gravel), and was vegetated by scattered clumps 
of willow (about 2 m high and wide) on an otherwise barren 
plain that appears to have been heavily grazed. No tree stumps 
were visible. Currently in that viewscape of the upper portion 
of reach B, there are no willows, the channel is fully braided 
and no meter-high banks are present (fig. 2B). Evidently the 
upper portion of reach B aggraded since the late 1800s, bury-
ing the channel banks observed in the 1883–84 photograph.


In 1906 George L. Beam took the photograph reproduced 
as figure 9A, from the railroad grade looking downstream 
(south) at Eureka, and at our reaches A and B of the Animas 
River. Although Sloan and Skowronski (1975, p. 256) indi-
cated that the photograph was taken by Beam in 1911, Thode 
(1989, p. 86) stated it was taken by Beam in 1906. We assume 
the 1906 date is correct because Thode is the acknowledged 
authority on George Beam and his photographs, which Thode 
resurrected from long-forgotten Denver and Rio Grande 
Railroad Company files. In any case, a photograph taken 
earlier from the identical viewpoint shows the same braided 
nature of the channels in reach A, except the channels are in 
slightly different locations. That photograph (labeled “Eureka” 
in the Silverton Northern folder of the Colorado Railroad 
Museum) must have been taken earlier because of the absence 
of the large white building that is prominent in the middle of 
figure 9A. Sloan and Skowronski (1975) credited the Colorado 
Historical Society as the source of the photograph (fig. 9A), 
but we have not been able to locate the original in that 
archive nor in the Jackson Thode collection of Beam pho-
tographs at the Colorado Railroad Museum. We reproduced 


the photograph with permission from Sundance Publications 
(D.A. McCoy, written commun., 2004). For spatial reference, 
the oval-shaped patch of spruce on the hillslope in the center 
of the photograph, above the large white building in Eureka, 
is visible in the center of the left half of figure 2. The canyon 
of Minnie Gulch meets the Animas River valley off the center 
of the left margin, and the patch of spruce on the valley floor 
in the background is on the Minnie Gulch debris fan. In the 
1999 repeat photograph (fig. 9B) the toe of the Minnie Gulch 
fan is located at the apex of the dogleg in the road, visible as 
a light stripe at center left. Our boundary between reaches B 
and C crosses that bend in the road (fig. 4B). This pair of 
photographs is important for three reasons. First, the lower 
portion of reach A was clearly braided in 1906. By 1999 the 
channel was much less braided, and appears to have incised 1 
or 2 meters. In addition onsite inspection revealed the tracks 
of heavy machinery on the streambed in 1999. Notice in 
figure 9B the elevated berm of gravel on the left bank adja-
cent to the townsite that serves to orient the channel under the 
bridge. The braided pattern (fig. 9A) and the need for mainte-
nance to protect the bridge and townsite (fig. 9B) are consis-
tent with our findings in the section on implications of channel 
patterns. Second, in 1906, in the upper portion of reach B, just 
downstream of Eureka, the channel was wide and apparently 
braided or at least multi-threaded. Third, in the lower portion 
of reach B, approaching Minnie Gulch, wide areas of densely 
vegetated flood plain existed, unlike today. These observations 
from the 1906 photograph help interpret figure 2A, because of 
the tonal quality and perspective of the ca 1904 print discussed 
next.


The earliest photograph that shows a large extent of 
our study reach is reproduced as figure 2A. A print of this 
photograph is on file with the Colorado Historical Society 
(C-Eureka, F7005) but is not dated on the back. We believe 
that the photograph was taken in 1904, or shortly before, 
for two reasons. It was published in 1904 by the Silverton 
Standard (1904). The railroad grade leading upstream to 
Animas Forks is clearly visible in figure 2A, which is signifi-
cant because the Silverton Northern Railroad began service to 
the town of Animas Forks late in 1904 (Sloan and Skowronski, 
1975), and thus the photograph could not have been taken too 
many years before 1904. This photograph was repeated in 
2001 (fig. 2B) from approximately the same site.


The following changes in the landscape between 1904 
and 2001 are evident by visual comparison of the prints in 
figure 2. Vegetation on bedrock hillslopes and talus slopes 
changed very little, and certain individual spruce trees can be 
identified in both prints. The present road is located along the 
same general course as was the railroad, and these features 
tended to protect the east (foreground) side of the valley 
floor from erosion by the Animas River. Within that eastern 
fringe of the valley floor, the willow bushes and scattered 
spruce trees are only slightly less dense in the 2001 photo-
graph (fig. 2B). In 1904 a number of large deciduous trees, 
presumably cottonwood, were present near the railroad. A 
few cottonwoods are present now. The fringe of shrubs just 
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Figure 9 (following two pages). Photographs showing reaches 
A and B of the Animas River, taken from the Silverton Northern 
Railroad grade looking downstream at Eureka. A, Photograph taken 
in 1906 by George L. Beam, reproduced courtesy of Sundance 
Publications. B, Repeat photography by Kirk Vincent in 1999, from 
approximately the same location as A.


west of the railroad in 1904 is essentially absent now. The 
band of dense (dark) shrubs and spruce along the west edge of 
the valley in 1904 is entirely absent now. The areas of dense 
shrubs might have been low terraces, or flood plain that had 
not been reworked in some number of centuries. The nature 
of the channel and flood plain varied along the central axis of 
the valley in 1904, but care must be taken in the interpretation 
(Rogers and others, 1984) because of the presence of areas in 
sunlight and areas of shadow in figure 2A. Just downstream of 
the Eureka bridge (and in the foreground of the large building 
with the white roof) the channel is clearly wide and multi-
threaded and apparently had prominent banks. In the center 
of the photograph the river channel or channels are obscured, 
but the flood plain is occupied by sparse and small bushes 
that are absent now. The density and sizes of willows increase 
downstream in the 1904 photograph, and those plants are also 
absent now. At the downstream end of reach B, in the vicinity 
of our trench labeled T (fig. 2B), the 1904 print shows sunlight 
apparently reflecting off a multi-threaded stream, but the zone 
of channels is narrow and is bounded by flood plain covered 
by dense shrubs. At present, that area consists of a wide zone 
of shallow braided channels, and the flood plain is devoid 
of shrubs. The stratigraphy of the trench (pl. 6) supports the 
interpretation of multi-thread channels with prominent banks 
at that location early in the 20th century, and before, as will 
be discussed later.


In conclusion, reach A was braided before mining 
and milling became intense (figs. 8 and 9A), and was likely 
braided in prehistorical times. In the early days of mining, the 
Animas River in reach B consisted of multi-threaded channels, 
and the valley bottom consisted of areas of sparse willows and 
areas of dense vegetation. Except for the areas protected by 
the elevated roadbed, that entire reach is now fully braided and 
devoid of vegetation. The changes documented using oblique 
historical photographs largely occurred during the period of 
production of sand-sized tailings (see section on flood-plain 
stratigraphy), but other changes occurred after 1945, as dis-
cussed next.


Aerial Photographs 1945 to 1997


Methods
Aerial photographs of the upper Animas River valley, 


figure 4 for example, reveal the channel condition and posi-
tion at several discrete moments in time. Examination of sets 
of rectified photographs allows quantification of changes in 
channel position and vegetation during the periods between 
the photograph dates (Gurnell, 1997), and is most accurately 
done in a Geographical Information System (GIS). Aerial 
photographs of the upper Animas River valley taken in 1945, 
1951 (fig. 4), 1960, 1973, 1987, and 1997 were selected for 
that type of geomorphic analysis. Most of the photographs 
were taken in August or September when seasonal streamflow 
had receded to low levels, and the timing of the photographs 
with respect to the flood series is shown in table 1.


The upper Animas River aerial photographs were enlarged 
to 18×18 inch prints having scales of between approximately 
1:6,300 and 1:14,000. The enlarged photographs were digitally 
scanned and these images were electronically processed to 
remove optical distortion and photographic parallax com-
mon to many aerial photographs. These aerial photographs 
were registered and rectified before geomorphic measure-
ments and analysis were conducted. Digital image processing 
and geometric correction are described in greater detail by 
Jensen (1996). Image digital processing, rectification, and 
registration were done with ArcView Spatial Analyst software 
(Environmental Systems Research Institute, 1996).


Raw, unprocessed photographs can be registered and 
rectified to a digital orthophoto quadrangle (DOQ) map 
(Elliott and Gyetvai, 1999), or they can be registered and 
rectified to points of known latitude and longitude. Because 
DOQ maps of the upper Animas River valley did not exist at 
the time of this analysis, two 1997 aerial photographs were 
rectified to 10 and 13 reference points on or near the upper 
Animas River flood plain using a Precision Lightweight 
Global-Positioning System Receiver (PLGR). Reference 
points were features identifiable both on the ground and in 
the 1997 aerial photographs, for example, railroad intersec-
tions, building foundations, road culverts, and earthen berms. 
Calculated PLGR latitude and longitude coordinates in the 
upper Animas River valley had horizontal errors ranging 
from 5 to 13 meters.


The rectified 1997 photographs became the standard-
ized images to which the other aerial photograph sets were 
registered and rectified. Features visible in all photographs 
were used as rectification control points. These points were 
at elevations similar to the flood-plain elevation, thereby 
reducing the potential for rectification error caused by relief 
displacement (Gurnell, 1997). The unprocessed, earlier aerial 
photographs were rectified to the scale and coordinates of the 
1997 standardized photos with second order polynomial affine 
transformation functions fitted to the (17 to 39) control points 
using a least-squares criterion (Jensen, 1996). The goodness of 
fit between the rectified and the 1997 standardized photo was 
evaluated quantitatively with root-mean-square error (RMS) 
statistic calculated by the ArcView Spatial Analyst extension. 
The RMS error describes the deviation between the control-
point locations on the rectified photograph and the control-
point coordinates calculated by the transformation function 
for the Easting and Northing directions. Table 5 presents 
summary statistics from the photograph rectification proce-
dure. The RMS errors (0.83 to 2.50 m) were small (Gurnell, 
1997). Consequently, we have a high degree of confidence that 
the apparent channel and flood-plain changes observed during 
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Table 5. Statistics from the digital processing and rectification of upper Animas River valley aerial photographs.


[The 1997 photographs were rectified to reference point coordinates determined in the field with a Precision Lightweight Global Positioning System Receiver. 
Earlier photographic images were rectified to the standardized 1997 image with a second-order polynomial affine transformation function. The term “upper 
reach” covers our reaches A, B, and C. “Lower reach” covers our reach D]


Photograph date
and reach


Number
of control


points


Root mean
square error,


Easting
(meters)


Root mean
square error,


Northing
(meters)


Chi square,
Easting


Chi square,
Northing


1945 Upper reach 17 1.34 1.44 30.53 35.43


1945 Lower reach 19 1.88 1.64 66.90 51.06


1951 Upper reach 23 0.83 1.09 15.98 27.48


1951 Lower reach 19 1.60 1.49 48.68 42.00


1960 Upper reach 24 1.12 1.10 30.21 29.06


1960 Lower reach 31 1.30 1.40 52.48 60.87


1973 Upper reach 27 1.57 1.29 66.13 44.92


1973 Lower reach 39 1.13 1.13 49.77 49.79


1987 Upper reach 29 1.37 1.29 54.26 47.90


1987 Lower reach 24 1.50 1.00 53.78 23.82


1997 Upper reach 13 1.99 1.47 51.65 156.64


1997 Lower reach 10 2.50 2.00 62.44 40.09


the five photo-defined periods represent true changes on the 
land surface. After rectification, channel locations from all 
6 years were digitized and plotted on a single map. Changes 
in the stream channel position and other characteristics 
were measured with the ArcView Spatial Analyst extension 
(Environmental Systems Research Institute, 1996).


We started the analysis by mapping the extent of 
Animas River deposits. We refer to these areas as the valley 
floor because they include the active streambeds, the flood 
plain, and any low terraces present. Operationally the bound-
ary of the valley floor was defined as the foot of hillslopes or 
the toes of alluvial fans or talus cones. The intention of the 
valley floor map unit was to depict areas that have been or 
could be inundated during floods on the Animas River.


One measurement typically obtained from aerial photo-
graphs is sinuosity. Channel sinuosity is defined as the ratio 
of stream channel length to valley length for a specified valley 
segment or reach. Sinuosity is most commonly used as a 
descriptor of a meandering, single-thread channel; however, it 
also can be used to describe a property of a braided or multi-
threaded channel (Richards, 1982, p. 10). In this study, we 
measured the normalized stream length (L


ct
/L


r
), which is the 


total of all conveying channel segment lengths (L
ct
) visible in 


an aerial photograph divided by valley length of the reach (L
r
). 


A value of 1 would represent a single and perfectly straight 
channel. Larger values reflect the combined effects of the sinu-
osity of individual threads and, to a larger degree in this case, 
the total number of threads of flow. Values of L


ct
/L


r
 were cal-


culated for reaches A, B, C, and D for each aerial photograph 
year (table 6), and help document recent channel adjustments 
in the upper Animas River valley.


Channel density describes the relative abundance of 
channel segments per area of the valley floor. In this study, 
channel density is defined as the total length of conveying 
channels in a reach divided by the reach valley-floor area. 
Channel density was calculated for reaches A, B, C, and D for 
each aerial photograph year (table 6). A high value for channel 
density can occur because numerous channel threads occupy a 
specific area of the valley floor, as with a braided channel, or 
a high value can occur if there is a single channel in a later-
ally confined reach with a small valley-floor area. The trends 
in channel density match the trends in the normalized stream 
length (L


ct
/L


r
), as discussed later in this section.


Riparian vegetation promotes streambank and flood-plain 
stability by increasing flow drag and thus decreasing bound-
ary shear stress, by increasing bank sediment mass cohesive-
ness, and by inducing deposition of sediment carried in the 
streamflow (Thorne, 1990; Smith and Griffin, 2002; Smith, 
2004). Vegetation cover and wetland areas also have important 
ecological functions. Valley-floor areas classified herein as 
either vegetated or wetland were delineated on the rectified 
aerial photographs from all six sets of aerial photographs, and 
the results are presented in table 6. These areas on the 1987 
aerial photographs were field checked in 1998. Vegetated areas 
were covered with grasses and woody species including wil-
low, cottonwood, and spruce, and generally had at least thin, 
rudimentary soils at the surface. Wetland areas were covered 
with willows, grasses, and sedges, or were flood-plain areas 
where water was impounded predominantly by beaver dams 
and manmade impoundments. Areas of bare fluvial sediment 
and actively conveying channels were excluded from either 
classification. The area of reach B evaluated for vegetation and 
wetland analysis was 67 percent of the reach B area evaluated 
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for channel parameter due to a large, late-day shadow that 
obscured part of the valley floor in the 1973 aerial photograph. 
That same unobscured portion of valley-floor area was used 
to compute wetland and vegetated areas in the other aerial 
photographs (table 6). The numbers of ponds evident in the 
photographs were counted. The ponds visible in the 1997 pho-
tographs were verified in the field in 1998 to be beaver ponds. 
The Forest Queen wetland in reach B has an area of open 
water, but it was not obvious in the aerial photographs.


Results


During the time period represented by the aerial pho-
tograph series, the nature and position of channels and the 
character of the flood plain changed within individual reaches 
(table 6). The least change occurred in areas where the valley 
floor was narrow, such as at fan constrictions.


There were both spatial and temporal variations in the 
normalized stream length within reaches. Reaches A and C 
consistently had the lowest L


ct
/L


r
, and the positions of channels 


were the most stable. Streamflow usually was contained in a 
single- or double-thread channel in reaches A and C in most 
years for which aerial photographs were analyzed. These 
reaches had the narrowest valley floors and consequently 
offered the least opportunity for multiple channels to develop 
and move. The normalized stream length values for these 
reaches, typically1.5–2.0, are controlled by the sinuosity of 
the channels. As discussed in several sections of this chapter, 
however, reach A has the inherent tendency to be braided, but 
a single channel was maintained through use of heavy equip-
ment. Reaches B and D had the largest L


ct
/L


r 
values, typically 


2.7–4, reflecting the presence of multiple channels in the 
reaches with the widest valley floors.


Reaches A, C, and D experienced the same pattern of 
changes in L


ct
/L


r
 through time (table 6). In general, normal-


ized stream length values increased during the period between 
years 1945 and 1973, and then decreased after that. This 
change may be a response (creation of threads of flow) to 
the large floods that occurred in 1949, 1952, 1953, and 1957 
followed by natural recovery (abandonment of certain chan-
nels). Each of these floods (table 1) had recurrence interval 


Table 6. Changes in geomorphic and wetland characteristics in reaches of the upper Animas River, from 1945 to 1997.


[Channel density, L
cr
/reach area; normalized stream length, L


cr
/reach length; nc, not calculated]


Year of 
photo


Total channel
length (Lcr)


(km)


Channel 
density 


(km/km2)


Normalized
stream  length


(km/km)


Wetland or
vegetated area


(km2)


Reach
wetland or


vegetated area
(percent)


Number
of beaver


ponds


Reach A—”The Falls” to Eureka townsite
1945 1.502 12.07 1.50 nc nc 0
1951 1.384 11.12 1.38 nc nc 0
1960 2.222 17.85 2.22 nc nc 0
1973 2.519 20.24 2.52 nc nc 0
1987 1.579 12.68 1.58 nc nc 0
1997 1.443 11.60 1.44 nc nc 0


Reach B—Eureka townsite to Minnie Gulch fan
1945 2.875 6.57 1.95 0.0214 7.30 0
1951 4.860 11.11 3.29 .0107 3.64 0
1960 4.001 9.15 2.71 .0110 3.74 0
1973 4.292 9.81 2.91 .0125 4.27 0
1987 4.643 10.61 3.15 .0095 3.25 0
1997 6.532 14.93 4.43 .0084 2.86 0


Reach C—Minnie Gulch fan to Maggie Gulch fan
1945 2.498 14.27 1.57 nc nc 0
1951 2.311 13.20 1.46 nc nc 0
1960 3.185 18.19 2.01 nc nc 0
1973 3.214 18.36 2.03 nc nc 0
1987 2.333 13.33 1.47 nc nc 1
1997 2.657 15.18 1.67 nc nc 1


Reach D—Maggie Gulch fan to Cataract Gulch fan
1945 5.232 11.27 3.02 0.2738 58.95 4
1951 6.266 13.49 3.62 .2399 51.65 5
1960 6.617 14.25 3.83 .2446 52.66 5
1973 6.883 14.82 3.98 .2245 48.34 5
1987 4.896 10.54 2.83 .2315 49.85 14
1997 3.948 8.50 2.28 .2900 62.44 17







greater than 10 years (table 2) and generated sufficient bound-
ary shear stresses to erode banks and transport large volumes 
of sediment as bed load.


Reach B had a contrasting trend: L
ct
/L


r
 generally 


increased through the period of record—but in a complicated 
way. Normalized stream length was higher in 1951 than it 
was in 1945 or 1960, and it increased dramatically between 
1987 and 1997 (table 6). The trend for this reach is unique, 
and it is difficult to explain in terms of a response to large 
floods (table 1). The actions of heavy machinery, however, 
are evident in the reach. For example, five manmade berms 
oriented perpendicular to the valley axis were conspicuous 
in the earliest aerial photographs of reach B (fig. 4B). They 
did not impound the river during the period of record. The 
purpose of these berms was evidently to trap tailings on their 
upstream sides, and they deflected streamflow eastward in 
the earlier aerial photographs. With time, each of these berms 
was breached at one or more locations and their east ends 
were removed, increasing the area of the valley floor that the 
river channels could occupy. Remnants of the berms were 
about 4 m high in 1998, and thus the Animas River did not 
cause the new breaches. Lastly, operators of the Sunnyside 
mine removed tailings from reach B in 1997 (Rob Robinson, 
Bureau of Land Management, written commun., 2004), which 
likely explains the unnatural ground-surface texture evident 
in figure 2B. These mechanical actions may have increased 
stream branching, and thus normalized stream length.


Data for the vegetated and wetland areas illustrate 
important differences between reaches B and D (table 6). 
Approximately 50–60 percent of the valley floor in reach D 
was vegetated or wetland during the period covered by the 
aerial photographs. In reach B, however, only 3–7 percent of 
the valley floor hosted vegetation or wetlands during the same 
period. The trend in vegetation and wetland area for reach D 
is almost the inverse of the trend in normalized stream length 
for that reach. When vegetation or wetland areas were lost in 
reach D, presumably due to lateral erosion accompanying the 
large floods in 1949, 1952, 1953, and 1957, both the length of 
channels and the portion of the valley floor occupied by active 
channels increased. Following those large floods, the vegetated 
and wetland area of reach D increased from 48 to 62 percent, 
and the normalized stream length decreased from 4.0 to 
2.3 km/km, between 1973 and 1997. Part of that decrease 
resulted from certain channels having been turned into ponds 
by the action of beaver. The large flood in 1985 apparently had 
little adverse effect on the vegetated and wetland area calcu-
lated from the 1987 aerial photograph.


A dramatic increase in the number and size of beaver 
ponds in reach D was observed between the 1973 and 1987 
photographs (table 6), perhaps partially reducing the flood-
erosion susceptibility in this reach. These changes were not 
the result of introduction of beaver, as they are indigenous. 
For example, the growth rings of a spruce tree rooted in a 
relict beaver dam near Gladstone (Vincent and others, this 
volume, pl. 5) indicate that the tree sprouted in 1818; thus, 


beaver were present in the area prior to mining. The increase 
in beaver habitat since the 1970s might, in part at least, be the 
result of reduced hunting pressure (according to a long-time 
resident who did not give his name). No beaver ponds were 
evident in reaches A and B during the study period, and the 
near absence of a food source may be a partial explanation. 
One pond appeared in the 1987 photograph of reach C.


Vegetation and wetland areas in reach B have been nearly 
nonexistent since at least 1945, in contrast to the vegetation 
cover evident in 1904 and 1906 photographs in figures 2A and 
9A. There has been no recent recovery in reach B vegetation 
since 1987, in contrast to reach D. Almost no trees and shrubs 
were present along the banks of the upper Animas River in 
reach B when on-site measurements were made in 1998 or in 
2001 when the photograph of figure 2B was taken. The lack of 
vegetation recovery in reach B could be explained in several 
ways. The vast expanse of gravel may simply be an unsuitable 
substrate for rapid colonization of willow in this high-altitude 
setting. The floods of 1949, 1952, 1953, and 1957 (fig. 2) may 
have removed some emergent vegetation in reach B, and the 
actions of heavy machinery may have done the same. Large 
areas of tailings beds were evident in the photographs, and 
these beds may have inhibited the growth of young willows in 
those locations by either physical or chemical processes. The 
extent of those tailings beds decreased through time, however, 
as discussed in a later section. For example, 40 percent of the 
light-colored tailings visible in the 1951 photograph (fig. 4B) 
had been removed, presumably by the action of floods, by the 
time the 1960 photographs were taken. Yet tailings remain in 
the interstices of the gravel, as demonstrated in a later section. 
The presence of tailings in the gravel may have contributed to 
the absence of willow recruitment by some chemical pro-
cesses, although that possibility has not been tested directly.


Changes Inferred from Flood-Plain 
Stratigraphy


We excavated a trench (pl. 6) across the alluvial valley 
bottom in order to understand from a stratigraphic point of 
view the following: the prehistorical nature of the Animas 
River, the historical changes in that system, and the chemistry 
of fine-grained sediment deposited in the distant and recent 
past. The location of the trench was at the downstream end of 
reach B, as indicated in figures 1, 2, 3, and 4B.


The trench was excavated using a trackhoe in September 
of 1998. For practical reasons the trench was excavated and 
studied in “skip sections” (fig. 10), such that short (10–30 m 
long) sections of the transect were excavated, studied, and 
backfilled. Then the intervening sections were excavated to 
complete the stratigraphic log of plate 6. One reason that the 
trenching was feasible is that the water table of the shallow 
alluvial aquifer was on average 1.5 m below the streambed at 
the time of excavation (fig. 10). An electric pump connected 


922  Environmental Effects of Historical Mining, Animas River Watershed, Colorado







Response Downstream from Eureka to Discharge of Mill Tailings  923


Fi
gu


re
 1


0.
 


Ph
ot


og
ra


ph
 o


f a
 s


ec
tio


n 
of


 th
e 


st
ra


tig
ra


ph
ic


 tr
en


ch
 (n


ea
r 1


56
 m


 o
n 


pl
. 6


), 
sh


ow
in


g 
th


e 
gr


ou
nd


-w
at


er
 ta


bl
e 


1.
6 


m
 b


el
ow


 th
e 


le
ve


l o
f t


ha
t t


hr
ea


d 
of


 th
e 


st
re


am
 in


 la
te


 S
ep


te
m


be
r 1


99
8.


 V
ie


w
 is


 lo
ok


in
g 


ea
st


 d
ow


n 
th


e 
tre


nc
h 


tra
ns


ec
t, 


w
ith


 C
ol


or
ad


o 
St


at
e 


ro
ad


 1
10


 v
is


ib
le


 in
 th


e 
ba


ck
gr


ou
nd


. T
he


 tr
en


ch
 w


as
 lo


ca
te


d 
at


 th
e 


do
w


ns
tre


am
 e


nd
 o


f r
ea


ch
 B


, a
s 


in
di


ca
te


d 
in


 fi
gu


re
s 


1 
th


ro
ug


h 
4.







to a portable generator was used to temporarily lower the 
water table in trench sections, which allowed us a short time 
to view and sample the deeper sediment. Our depiction of the 
stratigraphy beneath the water table on plate 6 is therefore less 
reliable than that above the water table, which was available 
for inspection for many days.


Figure 10 is an appropriate vehicle for starting the 
discussion of the valley bottom stratigraphy for several reasons. 
The ground-water table was below the level of (and thus discon-
nected from) the stream during that period of late-season base-
flow conditions. In late July 1998 the water table was observed 
to be about 1 m below the ground surface in a test pit (at hori-
zontal distance 187 m, pl. 6), and 2 months later it had dropped 
to about 2.2 m below the ground surface at that location when 
the trench was excavated. The water in the stream was not 
infiltrating, and thus not recharging the shallow ground water in 
a significant way, because the streambed was completely coated 
and sealed by an algal mat. The algal mat evidently formed 
during the summer because the streambed had no shade. The 
mat was also fragile. After the trackhoe rolled over a channel 
(shown at 275 m on plate 6) one time, all of the stream water in 
the channel abruptly drained into the subsurface. Understanding 
the connection or disconnection of surface water and shallow 
ground water is essential to tracer dilution studies such as that 
of Kimball and others (this volume). They did not detect a gain 
in discharge within the braided reach upstream of the trench 
during their August 1998 tracer dilution study, which is con-
sistent with our field observation of the surface water/ground 
water disconnection.


The foreground of figure 10 also illustrates the weak 
stratification typical of the gravel deposits, and that the 
pebbles and cobbles were subangular to subrounded. That 
rounding of the edges of clasts was the result of abrasion by 
natural stream processes through time. We mention this to 
indicate that the origin of these clasts was not the result of 
blasting of bedrock or milling of ore. In the middle left of the 
photograph, a vertical bank of dark gravel with an orange layer 
was exposed, illustrating the discoloration and cementation 
of gravel by iron (orange) and iron/manganese (dark) second-
ary salts that were common in the stratigraphic section. Much 
of that cementation must have occurred in the past century 
or less. In the background were several large relict willow 
bushes. These appear similar to the clumps of willow observed 
in the 1883–84 photograph, and in the 1904 photograph of 
figure 2A.


Stratigraphy and Sedimentology


The trench was excavated perpendicular to streamflow 
and extended nearly the full width of the alluvial valley bottom. 
The only areas not excavated were the two main channels, 
Colorado State road 110, and short sections of flood plain at 
the extreme east and west sides of the valley. The trench face 
was 297 m long and exposed 607 m2 of sediment in the trench 
wall (pl. 6). Four sedimentary facies were present, and their 


spatial extents are discussed next in percents of the total area 
of the exposure. Those sediments consisted of (1) sandy gravel 
deposits (83 percent), (2) dark-brown silt beds (12.6 percent) 
containing minor amounts of peat, (3) lenses and tabular beds 
of sand-sized tailings (1.2 percent), and (4) tabular beds of 
fine-grained tailings (3.2 percent). The gravel facies repre-
sents sediment transported as bed load and deposited on the 
streambed, and the brown silt beds represent sediment carried 
in suspension and deposited on the flood plain. These deposits 
are discussed in terms of their stratigraphic position, low to 
high elevation in the section, and thus in terms of general age 
from oldest to youngest.


The base of the section was dominated by sandy gravel 
deposits. These gravels locally contained (1) discontinuous 
parallel bedding usually inclined less than 5°, (2) medium, 
curved, parallel, trough crossbedding, (3) sixteen lenticu-
lar (two were tabular) beds of brown sandy silt between 5 
and 60 cm thick and less than 3 m in length, and (4) tabular 
or irregular-shaped beds of silty to gravelly sand.


The elevational middle of the section consisted of 
extensive silt beds separated laterally by gravel deposits. 
Eight thick beds of dark-brown (10YR 4/3 moist, 5/3 dry) 
sandy silt were present in the section. The color names (such 
as dark brown) and color codes (such as 10YR 4/3) used herein 
are standardized technical descriptions (Munsell Color, 2000) 
determined using soil color charts. These large silt beds were 
from 20 to 170 cm thick, ranged in length from 4 to 25 m, and 
spanned about 30 percent of the trench length. The bases of 
the silt beds were generally in planar-horizontal contact with 
underlying gravel, but lenticular or wedge-shaped silts also 
interfingered with underlying gravel. The silt beds contained 
(1) lenses of gravel, (2) a few lenses of peat (as much as 5 cm 
thick and less than 3 m long), (3) fourteen peat lamina (1 cm 
thick and 1–10 m long), (4) leaves and root casts possibly left 
by grasses, and (5) abundant twigs (presumably willow) some 
of which were in growth position. One twig was obviously 
chewed by a large mammal, possibly a beaver. Aside from 
those features, the silt beds appeared from a distance to be 
uniform and without sedimentary structures. Close inspection, 
however, indicated that the silt beds also contained very thin 
lenses of fine sand, irregular-shaped bands of climbing ripples 
composed of coarse silt, and 10-cm deep indentation mark-
ings left by large mammal hooves. The silt beds were either 
overlain conformably or were truncated by wavy or irregular 
erosional surfaces.


Also in the elevational middle of the section, channel-fill 
gravel deposits truncated the lateral extent of the thick silt beds 
at several locations. The former stream banks composed of silt 
were about 1 m high. The channel-fill deposits consisted of 
sandy gravel that contained (1) discontinuous parallel bedding, 
(2) medium, curved, parallel, trough crossbedding, (3) and len-
ticular or irregular-shaped deposits of coarse sand 10–40 cm 
thick. Nine of the sand lenses were dominated by angular 
grains of sulfide or gangue minerals (sphalerite, pyroxmangite, 
and pyrite); two of these lenses contained historical iron 
objects. The surfaces of pyroxmangite crystals were still pink, 
which is important because pyroxmangite darkens rapidly 
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when exposed to oxygen. We inferred that these were deposits 
of stamp-mill tailings, and they ranged in size from medium 
sand to granule (0.25–4 mm).


The upper meter of the section consisted of sheets of 
sandy gravel and extensive beds of fine-grained tailings. The 
gravels were either horizontally bedded or trough crossbedded. 
These gravels contained lenses and two beds (10–40 cm thick 
and 3–11 m long) of coarse tailings, and numerous historical 
artifacts including sawn lumber and metal objects. The sheet 
gravels were exposed at the surface for about half the length 
of the trench. Elsewhere the surface consisted of extensive 
tabular beds of fine-grained tailings typically 10–50 cm thick. 
The beds of fine-grained tailings were generally without obvi-
ous sedimentary structures, but locally contained crossbedded 
laminations, and climbing ripples suggesting deposition from 
suspension. Although generally composed of silt-sized par-
ticles, the tailings also contained very fine sand and clay-sized 
particles. The colors of the fine-grained tailings were variable, 
but so unusual and vivid that they were diagnostic (fig. 11). 
The beds were typically white (10YR 8/2) or yellowish brown 
(7.5YR 5/9 to 10YR 5/8), and occasionally olive (5YR 5/3), 
where observed in fresh exposures. Where undisturbed, 
however, the surface of the tailings deposits was consistently 
colored light olive gray (5Y 6/2).


Locally the gravel and sand deposits were stained or 
cemented by compounds of manganese and iron (fig. 10; 
pl. 6). Typically the coatings and cement were bluish black 
(SPB 2.5/1) in color. The cemented or discolored zones were 
irregular in shape, with the only generalities being they were 
typically laterally elongate and the tops of the zones were 
usually located from 0.5 to 1 m below the ground surface. 
The bottoms of zones were located as much as 1 m above the 
ground-water surface (as it was at the time of trenching), or 
extended down to or beneath the ground-water surface. Thus 
the zones were generally restricted to within the elevation 
range of annual fluctuations of the water table. The boundar-
ies of the cemented or discolored zones were not restricted 
to changes in hydraulic conductivity of the host sediment. 
Locally the boundaries conformed to stratigraphic contacts 
or internal bedding, but locally the boundaries also crosscut 
stratification or ended within a bed. The cementing com-
pounds were precipitated from the alluvial ground water after 
deposition of the host gravel, much of which is historical in 
age. A portion of the surface of the gravel flood plain was also 
locally bluish black in color, as indicated on plate 6. In those 
locations the tops of surficial stones had continuous, 1-mm 
thick varnish-like coatings, which evidently precipitated from 
stream water or temporarily ponded water. These blackened 
gravel bars were evident in the 1945 aerial photographs.


Constraints on Ages of Sediment Deposition


Four types of evidence (historical artifacts, radiocarbon 
dating, willow growth rings, and photographs) were used 
to constrain the depositional ages of deposits exposed in 
the trench (pl. 6), and retrieved from a hole augered into the 


nearby Forest Queen wetland. That wetland is located on the 
east side of the valley floor, just downstream from the trench, 
and is discussed by Stanton, Fey, and others (this volume, 
Chapter E25) and Finger and others (this volume, Chapter F).


Numerous historical artifacts were discovered in the 
trench wall (pl. 6), in the middle and upper (elevational) 
portions of the exposed stratigraphy. These artifacts include 
iron objects (cans, pots, barrel hoops, and a stove leg), cloth 
fabric, sawn lumber, porcelain fragments, a rubber machin-
ery belt, and a brick. We could not determine a refined 
manufacturing-age for any of these objects, but we can 
constrain when they were introduced to the area. We con-
clude that the sediment containing any historical artifact was 
deposited after 1871 and probably after 1899 when the first 
mill was constructed in Eureka. The tailings are like historical 
artifacts in that we know when they were manufactured, and 
that is also when they were introduced to the fluvial system. 
The coarse-grained stamp-mill tailings were first produced in 
1888; quantities increased and began being discharged adja-
cent to the Animas River starting in 1900. The use of stamp 
mills ended in 1918, but the tailings became increasingly 
finer as new technology was employed. For example, Jones 
(this volume) suggests that the “Gravity Milling era” ended 
in 1913, so we use that date for the end of, or diminished rate 
of, production of coarse tailings. The fine-grained tailings 
were produced between 1913 and 1930. Like any artifact, 
the age of tailings deposits must be younger than when the 
material was first produced or introduced to the area. The tail-
ings, particularly the coarse-grained tailings, may have resided 
elsewhere in the landscape for a long or short period of time 
before being transported and deposited at what became the 
trench site.


The gravel bars blackened by compounds of manganese 
and iron (discussed in the preceding section) are evident in 
the 1945 aerial photographs. Thus gravel aggradation ceased 
before 1945 at those specific sites, if not in general.


Important age constraints were derived from a pair of 
willows that had been pushed over by flood waters, covered 
by sediment, and subsequently resprouted. This occurred 
repeatedly, and one of the plants is illustrated in figure 12. 
The plants were discovered alive and recently exhumed and 
exposed in a streambank 100 m downstream of the trench 
site. The stratigraphy at that site consisted of three gravel 
beds (labeled G1 to G3) covered by a stratified bed of fine-
grained tailings (labeled T). The tailings are thicker on the 
downstream side of the plant (fig. 12) than on the upstream 
side. Analysis of plant growth rings has long been used to 
determine the timing of tissue damage (scarring or bend-
ing) or burial, and thus the age of causal events such as 
floods. (See, for example, Sigafoos, 1964; Scott and others, 
1997.) Mike Scott of the USGS analyzed the growth rings of 
10 slabs cut from the two willow plants (written commun., 
1999) allowing the following conclusions to be made. The wil-
low shown in figure 12 sprouted in 1915 (±3 years) on a gravel 
bar close to the present level of the stream. Thus the gravel at 
the base of the section (G1) was deposited before that, perhaps 







Figure 11. Fresh exposure of flood-plain sediment located near the trench site. The base of the 1-m high 
exposure was composed of dark-brown sandy silt. The middle of the exposure was composed of sandy silt 
containing very thin beds of fine-grained tailings. The top of the exposure was composed of thin to medium-
thick beds of yellowish-brown, white, and olive-colored fine-grained tailings.
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during the 1911 flood of record. The previously undisturbed 
plant stems were permanently bent downstream around 1920; 
thus, gravel bed G2 may have been deposited during the 1921 
flood that is known to have caused damage in the area. Plant 
tissue from within gravel bed G3 showed signs of burial by 
1929; thus, bed G3 may have been deposited during the large 
1927 flood recorded at the Durango gauge. The aggrada-
tion of gravel at the site occurred during or shortly after the 
introduction of large quantities of coarse-grained tailings, and 
perhaps coincidentally during the period of huge production 
of fine-grained tailings (fig. 7). Willow stems showed signs 
of slowed growth caused by some disturbance around 1941, 
1949, possibly in the late 1950s, between 1970 and 1974, and 
during the first half of the 1980s. Thus the fine-grained tailings 
shown in figure 12 may have been deposited from suspen-
sion during the floods of 1949, 1957, 1973, and 1985. One 
other disturbance must be accounted for. At some point lateral 
migration of the stream, or incision, exhumed and presumably 
stressed the plants; this may have occurred during the 1973 or 
1985 floods.


Select twigs and peat samples were dated using standard 
radiocarbon techniques (data are presented in table 7). The 
results appear graphically in figure 13 and are discussed in the 
next section.


Stratigraphic Interpretations


The oldest dated sediments are under the Forest Queen 
wetland on the east side of the valley. Peat obtained from 
a depth of nearly 5 m below the surface is slightly more 
than 3,000 years old (fig. 13). Since that time sediment in 
the spring-fed wetland accumulated at the average rate of 
1.5 m/ka (meter per thousand years), with rates ranging from 
0.8 to 3.4 m/ka. These rates were calculated using calibrated 
radiocarbon ages (table 7). The rates were slowest (0.8 and 
1.1 m/ka) in the lowest 2 m of the section, perhaps in part due 
to compaction of those sediments. These rates are fairly rapid 
compared to other prehistorical rates of aggradation, based on 
measurements made in the area. For example, Carrara and oth-
ers (1991) determined that several bogs in the area aggraded 
about 0.2 m/ka through the early and middle Holocene. 
Vincent and others (this volume) determined that peat wet-
lands on the flood plain of Cement Creek aggraded at rates 
on the order of 0.5 m/ka during the late Holocene. Vincent 
and others (this volume) also determined that the channel of 
Cement Creek aggraded as rapidly as 1.7 m/ka during the late 
Holocene. Three dates of about 1,100 years were obtained by 
this study from a depth of about 2 m below the present flood-
plain level (fig. 13), but approximately 1 m of that overlying 
sediment is historical in age. The average prehistorical 
aggradation rate for the Animas River and flood plain is thus 
on the order of 1 m/ka. These rates pale in comparison to that 
for the historical period, when more than a meter of sediment 
accumulated over several decades.


Extensive gravel deposits dominate the base of the 
stratigraphic section exposed in the trench. We interpreted 
this to represent a period of deposition and reworking by broad 
braided streams, with only localized deposition (or preserva-
tion) of fine-grained flood-plain deposits. This period appar-
ently ended about a thousand years ago.


Two changes in the landscape are evident in the middle 
of the stratigraphic section. After 1,000 or 2,000 years ago, 
the brown silt flood-plain deposits began to accumulate (and 
were preserved) in between multiple channels of the Animas 
River at the trench site. The flood plain likely consisted of 
dense thickets of willow and areas of grasses between sparse 
willow bushes. The thin layers of peat within the silt beds 
suggest that beaver ponds were locally or occasionally present 
on the flood plain. This period of multi-threaded channels 
surrounded by vegetated flood plain persisted until the early 
20th century, based on the observations made from early 
historical photographs discussed previously. The existence of 
the multi-threaded channels evident in the ca 1904 photograph 
(fig. 2A), in particular, supports the stratigraphic interpretation 
of the nature of channels and flood plain. That general timing, 
of the development of the silty flood plain, is consistent with 
the results of the better dated study of Cement Creek (Vincent 
and others, this volume). Cement Creek was apparently not 
aggrading between about 6,000 and 1,500 years B.P., after 
which both the channel and flood plain began to aggrade. 
About 500 years B.P., Cement Creek incised 2–3 m, but if the 
Animas River in our study area incised at that time it was only 
by a small amount.


Rapid changes in the upper Animas River valley 
occurred during historical times. The channels were filled 
with gravel, broad sheets of gravel were deposited on the flood 
plain, and then fine-grained tailings were deposited over much 
of the valley floor at the trench site. The deepest stamp mill 
tailings (at 34 and 44 m on pl. 6) may have been deposited late 
in the 19th century or early in the 20th century, before rapid 
channel filling began. The two large beds of stamp-mill tail-
ings (between 44 and 53 m, and between 87 and 99 m on pl. 6) 
were deposited on the flood plain before the channels were full 
of gravel, based on crosscutting relationships at the margins 
of the beds. This likely occurred after 1900, because only a 
modest quantity of tailings was produced before that (fig. 7). 
Channels at the trench site were not full of gravel in 1904 
(fig. 2A). The channels may have been partially filled with 
gravel during the 1911 flood, but this cannot be demonstrated 
conclusively. At the site of the dated willows (fig. 12) 100 m 
downstream of the trench, gravel at the base of the section was 
likely deposited in 1911, but the bulk of the streambed gravel 
was probably deposited during the 1921 and 1927 floods. 
Much of the gravel accumulation in the reach at the trench 
also likely occurred in the 1920s. The 1945 aerial photograph 
shows broad sheets of blackened gravel and also tailings at the 
trench site; thus, the period of rapid aggradation ended before 
that time. After 1945, the surficial tailings beds were locally 
reworked and transported downstream, as discussed in a later 
section of this chapter.
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Sediment Chemistry
In order to understand the chemistry of sediment depos-


ited in the distant and recent past, we obtained and analyzed 
82 samples of sediment. These were extracted from the trench 
wall or obtained from cores of tailings and silt beds adjacent to 
the trench.


Geochemical Methods and Results


The sediment samples extracted from the trench wall 
were generally about 1 L (liter) in volume, whereas samples 
from cores were somewhat smaller. Four 5-cm diameter cores, 
each approximately 1 m long, were taken adjacent to the 
trench. The cores were subsequently divided at visual changes 
in mineralogy or sedimentology into from 4 to 12 subsamples, 
with typical volumes of 50 cm3 (cubic centimeters).


Sample preparation and geochemical analysis followed 
the methods used by Fey and others (2000) in their regional 
study of the geochemistry of sediment in the Animas River 
watershed. All samples containing gravel were passed through 
a stainless steel sieve with 2 mm mesh opening, and the gravel 
clasts were discarded. All samples were air dried, and sieved 
to –100 mesh (<0.15 mm), and then crushed to –150 mesh 
(<0.1 mm), except for the early stamp-mill tailings, which 
were crushed to –150 mesh without sieving beyond 2 mm. 
The chemistry was thus determined for very fine sand, silt, 
and clay-sized particles in the samples of silt beds, fine-
grained tailings, and sandy gravel. For the stamp-mill tail-
ings samples, only, the chemistry of the coarse sand and finer 
particles (<2.0 mm) was determined. The analytical results are 
therefore representative of the entire volume of brown silt beds 
and tailings deposits, but representative of only the fine frac-
tion (<0.15 mm) of the sandy gravel samples.


After grinding, all samples were digested using a mixed-
acid procedure (Briggs, 1996). This procedure is very effective 
in dissolving most minerals, including silicates, oxides, and 
sulfides. Some refractory minerals such as zircon, chromite, 
and tin oxides are only partially attacked; however, elements 
contained in these minerals were not of concern in this study. 
The resulting solutions were analyzed by inductively coupled 
plasma–atomic emission spectrometry (ICP-AES) for major 
elements and trace elements. To monitor the quality of analy-
ses, laboratory duplicates were analyzed to assess precision, 
and three standard reference materials were analyzed with 
the sample sets to assess analytical accuracy. The reference 
materials were NIST-2704, NIST-2709, and NIST-2711, avail-
able from the National Institute of Standards and Technology 
(NIST, 1993a, 1993b, 1993c). We discuss here results for zinc 
and vanadium, but all analytical results are found in the data-
base of Sole and others (this volume, Chapter G).


In order to establish the trends in element concentra-
tions in the streambed and flood-plain sediment, we ranked 
all samples by their stratigraphic position (relative age) using 
the trench log of plate 6. The horizontal axis of figure 14A 


and B reflects that ranking. The 14C ages allowed identifica-
tion of those sediments that were definitely deposited before 
the mining era (fig. 14C). The age constraints provided by 
the presence of tailings and historical artifacts, and the growth 
rings of willows, allowed identification of those sediments 
that were definitely deposited after milling began (fig. 14C). 
The geochemical data are presented using symbols for four 
deposit types, and the differences in the concentration of 
various metals in those deposit types are discussed in a few 
paragraphs.


The concentrations of vanadium in sediment deposited 
prior to mining at the trench site (fig. 14A) and elsewhere in 
reach B (Church, Fey, and Unruh, this volume, Chapter E12) 
average 140 ppm, which is close to the 160 ppm crustal 
abundance of vanadium (Emsley, 1991). The concentra-
tions of vanadium in historical (post-1888) deposits average 
50 ppm, in contrast. The vanadium concentrations in some 
of the fine-grained tailings samples are close to 20 ppm.


The concentrations of zinc in sediment (fig. 14B) 
deposited prior to the mining era are uniform and close to 
1,000 ppm, which is an order of magnitude greater than the 
75 ppm crustal abundance of zinc (Emsley, 1991). Compared 
to this premining background, the concentrations of zinc in 
most (38 out of 46 samples) of the sediment samples from 
material known to have been deposited after mining began 
are elevated by as much as 10 times.


The tailings deposits contain other metals that are sub-
stantially elevated above concentrations in sediment deposited 
during prehistorical times (table 8). Compared to that back-
ground, lead concentrations are elevated about 40 times in 
fine-grained tailings and are elevated about 20 times in coarse-
grained tailings. Cadmium, copper, and manganese concentra-
tions are elevated above background by factors between 4 and 
14. In contrast, arsenic concentrations in tailings are equivalent 
to background. Nickel as well as vanadium concentrations are 
substantially less than that found in premining sediment.


In that light, the concentrations of metal in the two types 
of tailings are not substantially different from one another. The 
concentrations of zinc and cadmium are equivalent in the two 
tailings types. The coarse-grained tailings contain somewhat 
less (from 20 to 50 percent less) lead, arsenic, copper, and 
manganese than the fine-grained tailings.


Geochemical Conclusions


We draw the following conclusions from these 
geochemical results. Sediment known to have been deposited 
prior to the mining era has concentrations of certain metals 
that are substantially elevated above concentrations typical of 
the Earth’s crust, which is not surprising. That sediment was 
produced by erosion of hillslopes in the watershed, where 
locally the surficial bedrock contains high concentrations, even 
economical concentrations, of metal. The introduction of mill 
tailings into the fluvial system resulted in dramatic increases in 
concentration of certain metals (and dilution of other elements) 
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Figure 14. Concentrations of vanadium (panel A) and zinc (panel B) in the fine fraction of sediment of various types, plotted 
against stratigraphic (relative) age. The relative age scale (panel C) is based on numerical ages from radiocarbon dating (fig. 13) 
and tree-ring analysis (fig. 12), and the stratigraphic position of sediment containing cultural artifacts (which provides the 
relative timing of sediment deposition after onset of ore milling). All samples were obtained from the trench (pl. 6) excavated into 
the Animas River flood plain 1.4 km downstream of Eureka townsite (fig. 1).
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in historical sediment compared to the premining background 
sediment at the trench site (Vincent and others, 1999), and at 
sites downstream (Church, Fey, and Unruh, this volume).


The trend in zinc concentration shows a dramatic 
increase, by as much as 10 times (fig. 14B). This increase 
occurred both in sediment deposited in streambeds and bars, 
and in sediment deposited on brush-covered flood plains. 
The concentrations of zinc in sediment known to have been 
deposited prior to the mining era are uniform and close to 
1,000 ppm. The concentrations of zinc are also close to 
1,000 ppm in most (all but four) of the samples whose depo-
sitional ages are uncertain relative to the beginning of mining 
and milling (fig. 14B). The concentrations of zinc are elevated, 
however, in most (38 of 46 samples) of the samples of sedi-
ment known to have been deposited after mining began, and 
more specifically after mill processing of ore began in earnest. 


We infer, therefore, that the increase in zinc concentrations in 
streambed and flood-plain sediment was caused by the release 
of huge quantities of tailings from the mills, most notably the 
Sunnyside Eureka Mill (site # 164).


The trend in vanadium concentration is opposite to that 
for zinc (fig. 14A). The vanadium concentrations in premin-
ing sediment are similar to that typical of the Earth’s crust. In 
contrast, they are also, in general, three times higher than the 
concentrations in historical deposits. Mining did not cause an 
increase in the release of vanadium to the environment; rather 
it diluted the premining vanadium concentration with mill tail-
ings. We conclude that vanadium can be used as a lithologic 
tracer for sediment derived from premining erosion of the 
watershed. The average vanadium concentration is 23 ppm, 
for the 10 tailings samples with the lowest values (out of 28), 
and we assume this is representative of pure tailings. The 


Table 8. Concentration of selected elements (in parts per million) in deposits of coarse-grained and fine-grained mill tailings.


[Samples were obtained in or near the trench (pl. 6) of this study. Data for prehistorical sediment are from Church, Fey, and Unruh (this volume, Chapter E12, 
sample sites B19–B23) from samples obtained within reach B. Crustal abundance values from Emsley (1991)]


 Element
Deposit type Prehistorical


sediment
n = 44


Crustal
abundanceCoarse tailings


n = 9
Fine tailings


n = 19
Arsenic: Median 40 51 55


Mean 40 53 52 1.5
1 sigma 10 18 16
Range 28–61 28–100 23–85


Cadmium: Median 16 14 4
Mean 20 15 4 0.1
1 sigma 12 8 4
Range 9–42 2–34 1–18


Copper: Median 1,500 2,000 120
Mean 1,390 1,990 142 50
1 sigma 454 720 67
Range 530–2,000 760–3,100 92–480


Lead: Median 7,800 14,000 360
Mean 7,756 16,900 403 14
1 sigma 3,085 13,700 212
Range 3,800–14,000 5,500–65,000 150–1,600


Manganese: Median 28,000 35,000 3,700
Mean 27,778 33,632 4,448 950
1 sigma 4,295 10,084 1,737
Range 22,000–34,000 13,000–47,000 2,500–9,100


Nickel: Median 7 4 14
Mean 6 5 14 80
1 sigma 2 2 3
Range 3–8 2–8 9–20


Vanadium: Median 64 38 140
Mean 56 40 135 160
1 sigma 17 20 12
Range 30–78 12–77 120–160


Zinc: Median 3,200 4,500 940
Mean 4,411 4,585 1,022 75
1 sigma 3,209 2,437 258
Range 1,300–10,000 920–10,000 720–1,800







average vanadium concentration for the fine-grained fraction 
of premining gravel samples is 135 ppm, and is 60 ppm for 
that of historical gravel samples at the trench. Using a simple 
mixing equation, we conclude that the fine-grained fraction of 
historical sediment at the trench site is, in general, composed 
of two-thirds mill tailings and one-third premining sediment 
unrelated to mining or milling. This proportional tailings 
content is, if anything, an underestimate. Using a value larger 
than 23 ppm for the vanadium concentration of pure tailings 
would result in a larger estimate of the proportional tailings 
content. Given the way we use this mixing result in the section 
titled, “Current Location of Tailings,” however, we consider 
this estimate (two-thirds of the fine fraction is tailings) to be 
conservative.


The concentration of lead in fine-grained tailings is 
16,900 ppm, substantially higher than the 7,760 ppm for 
coarse-grained tailings (table 8). We conclude that lead can be 
used as a lithologic tracer for determining the provenance, and 
manufacturing age, of tailings. For example, the ratio of lead 
and vanadium concentrations is about 3 for premining sedi-
ment. The ratio of lead and vanadium concentrations is about 
140 for the older coarse-grained tailings, whereas it is about 
420 for the younger fine-grained tailings.


The concentrations of other metals in the two types 
of tailings are not substantially different from one another 
(table 8). The concentrations of copper, manganese, and zinc 
are somewhat higher in fine-grained tailings compared to 
that in coarse-grained tailings. More important, however, is 
the surface area of mineral grains available for geochemical 
reactions, per unit volume or mass of sediment, which depends 
on particle size. For example, silt-sized particles have about 
100 times more surface area (per unit mass) compared to 
medium sand (Birkeland, 1984). The fine-grained tailings are 
dominated by silt-sized particles and should be more reactive, 
compared to the coarse-grained tailings dominated by sand. In 
addition, most of the fine-grained tailings reside at the ground 
surface and thus are easily accessible, whereas most of the 
coarse-grained tailings reside in the subsurface. For that reason 
it might be prudent to base decisions for prioritizing mitigation 
of the two types of tailings on factors other than differences in 
chemistry.


Current Location of Tailings
The desire to remove mill tailings from the landscape for 


environmental reasons has been expressed. The environmental 
concern is that metal may be extracted from the sediment by 
geochemical processes and transported by water. That water 
may enter streams where the metal may have an adverse effect 
on aquatic life, or enter plants where the metal may have an 
adverse effect on wildlife using the plants as a food source. 
Although discussion of geochemical processes is beyond the 
scope of this project, the presence of tailings within stream 
sediment may result in increased metal concentrations in local 


water. Indeed the Animas River in our study area does have 
elevated zinc concentrations, comparable to that in Cement 
and Mineral Creeks (Kimball and others, this volume). 
Therefore, we discuss where the tailings currently reside in 
the study reach, and how that has changed through time. The 
tailings reside in the landscape at the ground surface and in the 
subsurface, and these two deposit types need to be discussed 
separately, for practical reasons.


Beds of fine-grained tailings at the ground surface 
can be remediated relatively easily and efficiently, for three 
reasons. These beds of tailings are easy to identify because 
of their unique colors (fig. 11), and they are easy to excavate 
because they are at the surface. They can also be efficiently 
processed because they do not contain gravel clasts, which 
otherwise would presumably be separated from the tailings 
before shipment to a repository. The owners of the Sunnyside 
mine removed most of the surficial beds of tailings in reach B, 
proving the viability of remediation of that deposit type. In 
addition, unless those deposits are reclaimed, they are to 
some degree susceptible to being mobilized by streamflow 
and flushed downstream to be deposited in dilute form in 
inaccessible locations, as discussed next.


The spatial extent of beds of fine-grained tailings 
(table 9) was interpreted using the aerial photographs dis-
cussed previously, based on the gray tone and smooth texture 
of the ground surface typical of those beds. For an example 
see figure 4. The extent of tailings in 1945 was not interpreted 
because of the poor tonal quality of that photograph set. 
Tailings deposition was most extensive closest to the source 
mills in Eureka, namely in reach B. The apparent extent of 
tailings beds in reach D was and is relatively minor. The 
extent of the tailings beds decreased dramatically through 
time, in reaches B and C. Of the tailings present in 1951, 
by 1960 about 40 percent disappeared from reach B, and 
about a third disappeared from reach C (table 9). We pre-
sume that was largely the result of the three large floods that 
occurred in the 1950s (table 1). Between 1960 and 1987 the 
areas of tailings in reaches B and C continued to decrease, 
but at a less dramatic rate; and we attribute these changes to 
the actions of streamflow, which mobilized the fine-grained 
tailings and largely transported them out of the study reach. 
The decrease in reach B between 1987 and 1997, however, 
is attributed to the remediation actions of the owners of the 
Sunnyside mine.


Table 9. Spatial extent of surficial fine-grained tailings as 
interpreted from aerial photographs, by reach and year.


Reach-- B C D
Date Area of tailings, square kilometers
1951 0.23 0.06 0.01


1960 .14 .04 .02


1973 .13 .04 .01


1987 .09 .03 .01


1997 .03 .02 .00
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In conclusion, streamflow has mobilized and exported 
tailings from the study area and will continue to do so. This 
is not without consequences. Church, Fey, and Unruh (this 
volume) studied the chemistry of streambed sediment at 
many locations along the Animas River. They demonstrated 
that stream sediment deposited in historical times contains 
elevated concentrations of several metals, compared to sedi-
ment deposited in prehistorical times. Just as we have done 
in this study, they attributed the elevated metal concentrations 
to the presence of mill tailings within the historical stream 
sediment. The geochemical signature of tailings is present in 
stream sediment at least as far downstream as Durango, Colo. 
The rate of export of tailings from the study area by streams, 
however, should be much slower in the future than it has been 
in the past, for two reasons. First, the extent of fine-grained 
tailings is currently much less than it was previously (table 9). 
Second, the remaining beds of fine-grained tailings reside 
at elevated sites, or are otherwise protected from common 
streamflows. In a previous section, we estimated the discharge 
needed to begin to inundate the tailings beds observed at the 
trench (pl. 6). The result was a discharge of 42 m3/s, which 
is a rare discharge according to the measurements made at 
the Howardsville stream gauge (tables 1 and 2). As an annual 
instantaneous peak at that gauge, this discharge has a recur-
rence interval of about 10 years (table 2). The tailings beds 
could be locally mobilized by lateral migration of channels, 
as well as by flood inundation, but the calculation illustrates 
that the remaining tailings beds are relatively protected from 
erosion.


The coarse-grained tailings residing in the subsurface 
are even more protected from stream erosion, and remedia-
tion of that material would be an involved process. Relatively 
pure beds of tailings occur in the subsurface, but they are thin 
and are discontinuous, and their locations cannot be pre-
dicted accurately. For example, Campbell and Eckhart (2000) 
conducted geoelectrical studies along the trench transect just 
before the trench was excavated. They measured the local 
magnetic field and the electric conductivity and polarizability 
of the ground, and they did a ground-penetrating radar survey. 
The results were compared to the stratigraphy of plate 6, but 
they could not accurately or consistently predict the locations 
of tailings beds in the subsurface. Subsurface tailings also 
occur disseminated within other sediment, principally gravel 
deposits. The following simple calculation illustrates one 
aspect of remediating subsurface tailings.


We developed an estimate of the volumes and weights 
of the two types of tailings (table 10). The volume of surficial 
tailings was estimated by assuming an average thickness of 
the beds. Although not exhaustive, our field observations of 
the tailings beds visible in the trench (pl. 6) and other expo-
sures suggest that they are 0.3 m thick on average. Using 
that thickness and the extent of the beds visible in the 1997 
photographs, the volume of the surficial tailings beds totals 
16,000 m3 (21,000 cubic yards). The greatest uncertainty in 
this estimate is our assumption of average thickness.


Estimating the volume of tailings in the subsurface is 
more complicated (table 10). We assumed that areas where 
gravel is presently exposed at the surface are areas where the 
stream aggraded or reworked the substrate in historical times, 
and thus are areas with tailings in the subsurface. The spatial 
extent of exposed gravel, including the active streambed, was 
estimated from the 1997 photographs (table 10). The gravel 
containing tailings is approximately 1 m thick at the trench, 
and we assume this thickness for all exposed gravel in reach B. 
The aggradation or depth of reworking in reaches C and D 
was likely less than in reach B, so we assumed a thickness of 
0.5 m for all exposed gravel in those reaches. The limit to the 
accuracy of the results is probably these thickness assumptions. 
Accordingly the bulk volume of gravel containing tailings in the 
study area is on the order of 600,000 m3 (780,000 cubic yards). 
Only a fraction of the gravel volume is tailings, however, so 
we assumed that 30 percent of the gravel deposits is sand and 
that two-thirds of the sand is tailings, which was derived in 
the section titled, “Geochemical Conclusions.” In other words 
we assumed that 20 percent of the gravel volume is tailings. 
Accordingly the bulk volume of tailings in gravel of our study 
area is on the order of 120,000 m3 (160,000 cubic yards). If the 
tailings in the subsurface were to be reclaimed, presumably the 
gravel would be sieved, separating the coarse clasts from the 
sand, and all of the sand would be hauled to a repository.


In conclusion, in order to reclaim the 120,000 m3 of 
tailings, 600,000 m3 of gravel would have to be excavated 
and sieved and 180,000 m3 of material hauled to a repository. 
Reclaiming the 120,000 m3 of coarse-grained tailings from 
the subsurface would thus be more involved than reclaiming 
the 16,000 m3 of surficial beds of fine-grained tailings. The 
fine-grained tailings are also more susceptible to geochemical 
reactions, all other factors being equal, because the surface 
area (per unit mass) of the silty tailings is so much larger 
(perhaps 100 times larger) than that of the sandy coarse-
grained tailings. On the other hand, the coarse-grained tailings 
are saturated by ground water for a large portion of the year, 
increasing the opportunity for geochemical reactions, whereas 
only rain and snowmelt wet the fine-grained tailings. It is 
beyond our expertise to evaluate the geochemical consequence 
of these differences in wetting times.


We estimated tailings volumes in order to also under-
stand how much of the original tailings released still reside 
in the study area. The production of mill tailings was given 
in terms of weight, so the volume of tailings just discussed 
was converted to weight using a bulk density (table 10). 
Bulk density is the average density of mineral grains reduced 
by the volumetric proportion that is void space (porosity). 
The typical density of various minerals is given herein, in 
parentheses, in grams per cubic centimeter. The rocks of 
the watershed largely consist of volcanics of intermediate 
to silicic composition, which means that they are dominated 
by quartz (2.65) and feldspars (≈2.6) and a minor amount of 
mafic minerals (3.0–3.5). A fraction of the rocks are sulfides 
and other economic minerals that are fairly dense (3.5 to 5 
and much greater). Thus the average density of bedrock may 
be close to 2.7 g/cm3. Because of the presence of tailings, 







the dense minerals are more abundant in the sediment than 
they are in the bedrock. We assume an average mineral 
density of 3.5 g/cm3 for the fine sediment containing tail-
ings. We also assume a porosity of 25 percent, which yields 
a sediment bulk density of 2.6 g/cm3. The results are given 
in table 10. Of the original tailings produced, the major-
ity, perhaps 70–80 percent, has been flushed from the study 
reach by streamflow. The owners of the Sunnyside mine had 
“120,000 cubic yards” of tailings mechanically removed from 
reach B in 1997 (Rob Robinson, Bureau of Land Management, 
written commun., 2004), which constitutes a significant frac-
tion, perhaps 10 percent, of the amount produced. The tailings 
remaining in the study area are also a fraction of the original, 
on the order of 12 percent, but are substantial in terms of 
their volume and weight (table 10). Of that remaining in the 
landscape, on the order of 10 percent exists at the surface as 
identifiable and accessible tailings beds, and the majority is in 
the subsurface dispersed within gravel deposits.


Summary and Conclusions


In this study we document the physical nature of the 
upper Animas River and its flood plain in several study 
reaches between Eureka and Howardsville (figs. 1, 3, 4), dur-
ing the latest Holocene and in detail during the past century. 
The Animas River was likely never a classical (narrow, deep, 
tree-shaded, and single-threaded) meandering stream, based 
on comparison with meandering and braided streams in 
general (fig. 5). In addition, a sediment transport calculation 
indicated that a hypothetical single-threaded channel would 
be unstable: it would locally fill with gravel and thus force 
braiding to occur. This is the result of the strongly concave 
shape of the longitudinal profile in reaches A and B (fig. 3), 
which causes boundary shear stress (fig. 6), and thus bed 
load transport rates, to decrease rapidly downstream. Spatial 
variation in bed load transport rates causes local erosion and 


Table 10. Estimates of volumes and weights of tailings remaining in our study reach.


[Weights are expressed in metric tons (t)]


Reach B Reach C Reach D Total Footnote
Surficial beds of fine-grained tailings


Surface area, km2 0.030 0.018 0.005 0.053 1


Thickness, m 0.3 0.3 0.3 ng 2


Volume, m3 9,132 5,250 1,392 15,774 3


Volume, yd3 11,944 6,867 1,821 20,631


Tailings weight, t 23,742 13,650 3,619 41,011


Coarse tailings buried in gravel
Surface area, km2 0.429 0.168 0.174 0.771 1


Thickness, m 1 0.5 0.5 ng 2


Gravel volume, m3 429,000 84,000 87,013 600,013 3


Gravel volume, yd3 561,111 109,868 113,809 784,787


Sand volume, m3 128,700 25,200 26,104 180,004 4


Tailings volume, m3 84,942 16,632 17,229 118,803 5


Tailings volume, yd3 111,100 21,754 22,534 155,388


Tailings weight, t 220,849 43,243 44,794 308,887 6


Fraction of total tailings produced
Total weight, t 2,032,000


Removed by streamflow 76 percent


Reclaimed from reach B 12 percent


Surface beds remaining 1 percent


Within gravel remaining 11 percent
1Estimated from 1997 aerial photographs.
2Assumed based on field observations; ng, not given.
3Bulk volume calculated as thickness times area.
4Bulk volume of sand assumed to be 30 percent of gravel volume.
5Bulk volume of tailings assumed to be 20 percent of gravel volume.
6Assumes a bulk density of 2.6 g/cm3.
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deposition that will persist until the channel morphology 
adjusts to remove the uneven transport rates. Given a strongly 
concave valley profile, the end result of uniform bed load 
transport down the Animas River inevitably involves a spatial 
transition of channel shape down the valley. Prior to the activi-
ties of miners, this involved a transition from a braided stream 
in reach A to multi-threaded channels at the downstream end 
of reach B. The channels transitioned from being braided 
(multiple shallow channels with largely indistinct banks) to 
what we call multi-threaded: more than one relatively stable 
channel with most having steep and relatively high banks. A 
century ago, reach A consisted of a braided and shifting chan-
nel (figs. 8 and 9A). Reach A is upstream of Eureka and thus 
upstream of the source of tailings from the mills associated 
with the Sunnyside mine.


The sediment transport model suggests that reach B is 
inherently susceptible to braiding, and other evidence dem-
onstrates that the Animas River in reach B was alternately 
braided and multi-threaded during periods of the late Holocene. 
Extensive gravel deposits dominate the base of the stratigraphic 
section exposed in the trench (pl. 6). We interpreted this to rep-
resent a period of deposition and reworking by broad braided 
streams, with only localized deposition (or preservation) of 
fine-grained flood-plain deposits. This period apparently ended 
about a thousand years ago (fig. 13). After that, the brown silt 
flood-plain deposits began to accumulate (and were preserved) 
in between multiple channels of the Animas River at the trench 
site. The banks of these channels were on the order of 1 m 
high. The flood plain likely consisted of dense thickets of wil-
low and areas of grasses between sparse willow bushes. Thin 
layers of peat within the silt beds suggest that beaver ponds 
were locally or occasionally present on the flood plain. This 
period of multi-threaded channels surrounded by vegetated 
flood plain persisted until the early 20th century, based on 
the observations made from early historical photographs. The 
multi-threaded channels evident in the ca 1904 photograph 
(fig. 2A), in particular, support the stratigraphic interpreta-
tion of the nature of channels and flood plain. The persistence 
of that channel configuration for perhaps a thousand years 
demonstrates a geomorphic equilibrium involving uniform bed 
load transport. This equilibrium condition ended abruptly. The 
stratigraphy (pl. 6) reveals that dramatic and rapid changes in 
the upper Animas River valley occurred during historical times. 
At least at the trench site, the channels were filled with gravel, 
after which the Animas River reverted to a braided condition 
and broad sheets of gravel were deposited over the formerly 
vegetated flood plain. The upper end of reach B also apparently 
aggraded, as that would explain the current absence of 1-m 
high banks that are evident in that area in the 1883–84 pho-
tograph, and which are faintly visible in the 1904 photograph 
(fig. 2A). Subsequently, beds of fine-grained tailings were 
deposited over much of the valley floor of reach B (fig. 4).


The timing of this episode of dramatic channel change 
is fairly tightly constrained. Coarse-grained tailings are locally 
found at the base of buried channels (pl. 6) and may have been 
deposited late in the 19th century or early in the 20th century. 


This deposition likely occurred after 1900, however. Only a 
modest quantity of tailings was produced before 1900 (fig. 7); 
and after 1900, coarse-grained tailings were produced in 
quantity directly adjacent to the Animas River at the head of 
reach B. Channels in reach B were not full of gravel in 1904 
(fig. 2A). The channels may have been partially filled with 
gravel during the 1911 flood, which is the flood of record. At 
the site of the dated willows (fig. 12), 100 m downstream of 
the trench, gravel at the base of the section was likely depos-
ited in 1911, but the bulk of the streambed gravel at that site 
was probably deposited during the 1921 and 1927 floods. 
Much of the gravel accumulation in the reach at the trench also 
likely occurred in the 1920s. In the aerial photographs (fig. 4), 
the fine-grained tailings appear to have been purposely placed 
behind the gravel berms in reach B, and tailings stopped being 
produced in quantity in 1930. Thus channel aggradation may 
have ceased before 1930. In the field we observed large areas 
of ground surface consisting of blackened gravel or tailings 
beds at the trench site, and these features are evident in the 
1945 aerial photograph. Thus, at the latest, the period of rapid 
aggradation ended before 1945.


Why did the channels in reach B aggrade? The first argu-
ment involves a coincidence in space and in time. The Animas 
River underwent a dramatic change from a stable geomorphic 
condition and transformed into a braided reach that is unique 
in the region. Mining activities (but not milling) were exten-
sive in the Cement Creek basin, for example, but Cement 
Creek did not experience dramatic physical changes during 
historical times (Vincent and others, this volume). The unique 
reach B is located immediately downstream of mills that 
produced between 35,000 and 330,000 metric tons per year of 
tailings. Furthermore, the channels began to fill immediately 
after the period when mills supplied large quantities of sand-
sized tailings directly to the fluvial system. This argument sug-
gests that tailings played an important role in causing channel 
change.


Understanding the causal mechanism is tricky, however, 
and two issues must be explained. The first issue is the source 
of the gravel clasts filling the paleochannels of reach B (pl. 6). 
This is important, because the bulk of the gravel consists 
of subrounded stream-gravel clasts, unrelated to mining or 
milling. We believe that these clasts were derived from the 
substantial deposits in reach A, in part because the Animas 
River in reach A appears to have incised after 1906 (fig. 9). 
The second issue involves our explaining how the delicately 
balanced condition of uniform bed load transport through 
reach B became altered. We do not think that the fine-grained 
tailings played the major role. On the one hand, the tailings 
beds may have acted to increase the heights of banks, locally 
allowing flows to be deeper and exert higher boundary shear 
stress, resulting in anomalously high bed load transport rates. 
On the other hand, however, the beds of fine-grained tailings 
are dominated by silt, and field evidence (climbing ripples) 
demonstrated that silt was carried in suspension. As suspended 
load, silt could influence bed load transport by decreasing the 







fluid viscosity and decreasing the density contrast of the fluid 
and bed material. Suspended sediment rarely makes up even 
5 percent of the fluid volume, however, and we do not think 
that the influence on bed load transport is sufficiently strong 
to cause the observed changes. We suspect the sand-sized 
tailings altered bed load transport in the following way. Sus-
pended transport of sand cannot be supported unless patches 
of sand are present on the bed, which essentially makes the 
bed smoother, effectively lowering the critical shear stress 
for transport of pebbles on the bed.


We offer the following sequence of events as a hypoth-
esis. After 1900 sand-sized tailings were produced in abun-
dance but largely resided near the mill until a major flood 
occurred. A major flood occurred in 1911, depositing tailings 
from this site in the Animas River canyon (Church, Fey, and 
Unruh, this volume, fig. 20). This flood mobilized gravel in 
reach A, but when the gravel encountered the abundant sand 
near the mills the sediment transport rate increased, perhaps 
causing local incision in the upper portion of reach B. As the 
excessive bed load encountered the decreasing gradient of 
the middle and lower portions of reach B, the transport rate 
decreased and gravel was deposited in the multi-threaded 
channels, but did not fill them. Sand-sized tailings continued 
to be produced until at least 1913, if we interpret the discus-
sion by Jones (this volume) of the “Gravity Milling era” 
correctly. Alternatively, sand-sized tailings may have contin-
ued to be produced in abundance until the efficient Sunnyside 
Eureka Mill was completed in 1918. In any case the sand 
largely resided near the mill(s) until a large flood occurred. 
A large flood did occur in 1921, and an even larger flood 
occurred in 1927; and just as in 1911, gravel was removed 
from reach A and deposited in the lower portion of reach B, 
with one change occurring. As sediment was deposited in the 
channels at the downstream end of reach B, the gradient of 
the reach was reduced. The reduced gradient, and shallowing 
of the flow due to braiding, caused the locus of deposition 
to migrate upstream until all channels in reach B were filled. 
The original gradient was thus restored and uniform bed 
load transport resumed, just as our calculations suggest that 
transport is currently uniform in the subreach containing the 
surveyed cross sections at the downstream end of reach B. In 
any case aggradation did occur in reach B, whereas changes in 
reaches C and D, which have more uniform profile gradients, 
were comparatively minor.


Tailings became disseminated within streambed gravel 
in the subsurface (pl. 6) during aggradation, and are also found 
as easily identifiable beds at the ground surface (fig. 11). As 
a direct result of the presence of tailings, the concentrations 
of zinc (fig. 14) and other metals (table 8) are dramatically 
elevated compared to those of prehistorical sediment, whereas 
vanadium and other elements are more dilute. Streamflows 
have been reworking the tailings (table 9), and have trans-
ported between 70 and 80 percent of the tailings originally 
produced out of our study area (table 10). Of the tailings that 
remain in our study area, on the order of 10 percent exists 
as distinct beds of fine-grained tailings at the ground surface 
(table 10). If the assumptions of our calculations are correct, 


the majority (90 percent) is located in the shallow subsurface, 
and consists of predominantly sand-sized tailings particles 
mixed with gravel. It is our understanding that the environ-
mental concern over tailings is that “water/rock” geochemi-
cal reactions will liberate metals from tailings particles and 
increase metal concentrations in ground water and (or) 
surface water. The concentrations of metals are similar in the 
two types of tailings (table 8), with the exception of lead, and 
manganese to a lesser degree, which have higher concentra-
tions in the fine-grained tailings. Thus, the two deposit types 
are similar in that way. Yet, there are important differences 
in the two types of tailings deposits. It is our understanding 
that the rates of geochemical reaction with solid particles are 
directly proportional to the surface areas of those particles, 
all other factors being the same. The fine-grained tailings have 
about 100 times more surface area (per unit mass) compared 
to the coarse-grained tailings. It is also our understanding that 
the efficacy of geochemical reactions increases with increas-
ing duration of the contact of water and solid particles. We 
presume that the duration of contact with water is greater for 
the coarse-grained tailings, as they are located in the subsur-
face and are presumably in contact with ground water for a 
large portion of the year. Thus, the rates of geochemical reac-
tions of water with coarse-grained tailings may be relatively 
slow (per unit time), yet the coarse-grained tailings are far 
more abundant and the duration of their contact with water is 
longer, compared with that for the fine-grained tailings. On the 
other hand, the fine-grained tailings are susceptible to being 
mobilized by streamflow (but, at present, likely only by large 
floods), and being exported to areas outside of our study area 
where they may cause problems. The coarse-grained tailings 
are comparatively protected in the subsurface from mobiliza-
tion by streamflow. It is beyond our expertise to balance these 
different factors and judge the relative environmental impact 
of the two tailings types, but we hope that the information that 
we have provided will enable others to do so.
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Larry Perino, Reclamation Manager 
Sunnyside Gold Corporation 
P.O. Box 177 
Silverton, CO 81433 


Re: Consent Decree Termination 


Dear Mr. Perino, 


STATE OF COLORADO 


February 26, 2003 


As you have requested, the Water Quality Control Division has conducted the Permit Termination 
Assessment, consistent with Section VIII of the Consent Decree and Order in Sunnyside Gold 
Corporation v. Colorado Water Quality Control Division of the Colorado Department of Public Health 
and Environment (94 CV 5459). 


Summary 


As a result of the Permit Termination Assessment, the Division has concluded that there has been 
successful Consent Decree Completion. In a separate action, the Division has already released SGC 
from the financial surety requirement and returned the letter of credit to the Bank. It is appropriate that 
CDPS Permit Nos. C0-0044.768 (the remediation permit) and C0-0036056 (Tetry Tunnel permit) be 
terminated and Court jurisdiction should cease. In addition, in a separate action the Division has 
transferred CDPS Permit No. C0-0027529 from Sunnyside Gold Corporation to Gold King Mines 
Corporation. 


Permit Termination .Assessment 


Paragraph 14 of the original Consent Decree, dated May 8, 1996 and amended on December 6, 2002, 
contains the Criteria for Successful Permit Termination Assessment as follows: 


14. The Division .will determine that there has been a Successful Permit Termination 
Assessment if all of the following criteria are met: 


a. Five years have elapsed from the date of valve closure at the American 
Tunnel property line plug. 


b. Two years have elapsed since notice of mine pool equilibrium has been 
given pursuant to Paragraph 9a. 


c. Valves and pipes in the seals in the American and Terry Tunnels have 
been grouted. 
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d. Hydrologic controls and seals eliminating flows from the lower American 
T.unnel portal have been completed, or CDPS. Permit No C0-0027529, for water 
treatment at the American Tunnel, will have been accepted by another party or 
parties. 


e. All projects on the "A" List are confirmed by the Division to be completed 
pursuant to paragraph 8a. 


f. Treatment of Cement Creek has ceased 
g. It ls cleinonstrated in accordance with Appendix A that the Reference 


Water Quality is being maintained without continued treatment of Cement Creek 


The following table presents the status of each criterion: 


Consent Decree Permit Termination Assessment 


Criteria for Termination Status 
a. Five years from the date of valve closure at the valve was closed at the American Tunnel 
the American Tunnel property line plug property line plug in September 1996. Six 


years and three months 
b. Two years since notice of mine pool Mine pool reached equilibrium in November 
equilibrium has been given pursuant to 2000. Two years and one month. 
Paragraph 9a 
c. · Valves and pipes in the seals in the Valves and pipes in the seals at the property 
American and Terry Tunnels have been line in the American Tunnel were grouted in 
grouted June 2001. Valves and pipes in the seals in the 


Terry Tunnel inside plug were grouted in 
August 2000. The near-surface Terry Tunnel 
plug was constructed in September 2000 and 
valves and pipes were grouted in October 2000. 
Valves and pipes in the second plug in the 
American Tunnel were grouted in August 2002. 


d. 1) Hydrologic controls and seals eliminating 1) The near surface plug was installed in the 
flows from the lower American Tunnel portal American: Tunnel in November 2002. Valves 
have been completed, or and pipes in the seals were grouted in 
2) CDPS Permit No C0-0027529, for water December 2002. 
treatment at the Am,erican Tunnel, will have 2) Permit No C0-0027529 was transferred to 
been accepted by another party or parties; Gold King Mines Corporation on January 14, 


2003. 
e. All projects on the "A" List are confirmed 
by the Division to be complete: 
- American Tunnel Mine Waste September, 2001 
- Boulder Creek Tailings Project September, 2001 
- Ransom Portal April, 1998 
- Surface Mill Tailings at Eureka April, 1998 
- Gold Prince Mill Tailings September, 2001 
- Longfellow Koehler Mine Waste September, 2001 
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Consent Decree Permit Termination Assessment 


Criteria for Termination Status 
- Pride of the West Tailings September, 2001 
- Sunnyside Mine Pool Mitigation September, 2001 
f. Treatment of Cement Creek has ceased. Deleted, pursuant to the Fourth Amendment to 


the Consent Decree (December 6, 2002), 
paragraph 9 


g. Reference Water Quality is being Division concurs with SGC's assessment in the 
maintained without continued treatment of request for termination, that water quality will 
Cement Creek be maintained without continued treatment of 


Cement Creek. 


Each criterion in the termination assessment has been successfully accomplished. Therefore, the 
Division has concluded that there has been Successful Consent Decree Completion. 


Administrative Termination of Permits 


.J 


.J 


.J 


.J 


We have initiated the administrative permit termination process for CDPS Permit Nos. C0-0044768 (the 
remediation permit) and C0-0036056 (Terry Tunnel permit). We anticipate that public notice of the 
Division's intent to terminate these permits will be made on March l, 2003 with comments accepted 
until March 31, 2003. If there are no adverse comment to address, we will terminate the permits on 
April 31, 2003. At that time, we will notify the District court that, under the terms of paragraph 20 of 
the Consent Decree, the District Court's jurisdiction has ceased. 


If you have questions about this assessment or would like to discuss it further, please call me (303/692-
3609). 


Sincerely yours, 


~d_n~~ 
- Sarah Johnson, MJs~r , · 


Assessment Unit 
Water Quality Control Division 


xc: Mark T. Pifher, WQCD 
Dave Akers, WQCD 
Pat Kowaleski, AGO 
Eugene Megyesy.J)ufford and Brown 
Andrew Ross, WQCD -
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