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Figure 1. Generalized map of the Summitville mine site showing geologic features (major alteration and ore zones, ferricrete deposits) in relation to past and recent mine
features. Also shown are the locations of active seeps sampled for chemical analysis (see Plumlee et al., this volume). The distribution of argillic and propylitic alteration
was taken from a surficial geologic map prepared by Mike Perkins and Bill Nieman for the Anaconda Company in the early 1980's. The distribution of acid sulfate
alteration (vuggy silica and quartz alunite zones) is approximated by gold grades greater than 0.34 grams per ton (after Gray and Coolbaugh, 1994 in press). The location of
ferricrete deposits is approximate based on distributions observed in aerial photographs taken of the site in 1968 and 1980 by Intra-Search, Inc; many of the deposits are
now covered by material from the recent open pit mining operations.



ible 3. Summary statistics for selected constituents for selected sites on the Alamosa River

oncentrations in micrograms per liter except pH in standard units. Min., minimum concentration; Max., maximum concentration; Med., median concentration; TAl, total-
soverable aluminum; DAI, dissolved aluminum; TCu, total-recoverable copper; DCu, dissolved copper; TFe, total-recoverable iron; DFe, dissolved iron; TMn, total-recoverable
inganese; DMn, dissolved manganese; TZn, total-recoverable zinc; DZn, dissolved zinc)
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TCu <1 2 <1 4 24 8.5 105 2,800 832 100 1,500 450
DCu <1 2 <1 <1 26 2.5 39 2,600 732 14 1,100 250
TFe 40 330 195 1,700 22,000 5,200 4,600 12,000 6,800 3,200 77,000 4,900
DFe 5 44 19.5 250 4,800 1,085 1,600 5,300 2,300 30 2,700 1,300
TMn <10 40 30 90 530 180 470 890 730 390 1,400 570
DMn 2 17 8 54 530 170 450 850 720 360 950 570
TZn <10 40 <10 <10 90 30 120 500 230 90 1,300 220
DZn <3 6 <3 4 87 24 130 500 210 70 290 200
pH 6.4 7.6 6.9 3.5 6.8 6.0 47 54 4.9 46 7.0 6.05
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Errata- This figure illustrates the changes made to the Central Utah Thrust Belt and Paradox Basin stratigraphic columns. In the
Central Utah Thrust Belt, the Morrison Formation is restricted to the Upper Jurassic. In the Paradox Basin, the stratigraphic block
from the base of the Entrada Sandstone to the top of the Morrison Formation should be shifted down as shown above. Other changes
include subdividing the Entrada Sandstone into three members and repositioning the members of the Morrison Formation.
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DISCLAIMER

This Proceedings volume represents information obtained from
authentic and highly regarded sources. Reprinted material is repro-
duced per the authors arrangements with the original sources, and
references are listed. Every reasonable effort has been made by the
editors to provide reliable data and information. However, the edi-
tors, their agencies, the Summitville Forum sponsors, the Organi-
zing Committee, and the publisher cannot assume responsibility for
the validity of all materials, the opinions or conclusions of the
authors, or for the consequences of their use.
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DEDICATION

This publication is fondly dedicated to the memory of Walt Ficklin,
who died unexpectedly on October 11, 1993, at the age of 56.

Walt was a highly respected analytical chemist and environmental
geochemist with the U.S. Geological Survey. He was best known for
his development of techniques for determination of arsenic speciation
in environmental samples, and for his work on mine-drainage geo-
chemistry. Walt’s gentle wit, giving nature, and expertise in his job
made him a joy to work with. His extensive knowledge of wildflowers
and geography made field work with him a true multi-disciplinary
learning experience. He enjoyed gardening, making apple cider, and
pitching a mean game of softball.

The many people whose lives were enriched by knowing Walt will

miss him greatly.



PREFACE

PROCEEDINGS: SUMMITVILLE FORUM ’95

The San Luis Valley is the second most impor-
tant crop producing region in Colorado, and is an
important way station to recreation in the San Juans
and the Rio Grande Basin. The Alamosa River,
which flows east from the Continental Divide into
the southern San Luis Valley, is the principle source
of water for crops and livestock near Capulin and
La Jara and the valley south of Monte Vista. The
most significant cash crops irrigated from the
Alamosa are alfalfa, barley and wheat. Potatoes are
an important cash crop in the Valley, but only a few
potato fields are irrigated by the Alamosa. Cattle
and sheep feed on Alamosa irrigated alfalfa and
water from the river as well. Irrigation ponds, which
are filled with Alamosa River water often are
stocked with fish for private use. Thus, the Alamosa
River is a very important component of the local
economy and provides livelihood for a significant
component of the agricultural community.

When Galactic Resources, Ltd. announced the
pending abandonment of the Summitville mine due
to bankruptcy, it sounded a serious alarm in the citi-
zens downstream. In the wake of the announcement
there came an almost immediate response from the
San Luis Valley residents, particularly the agricul-
tural sector. Their concerns helped focus attention
immediately on the potential downstream effects.

Several entities within the valley—the Alamosa-
La Jara Water Conservancy and Conejos County—
already had suspected problems at the mine before
the bankruptcy was announced, and had commis-
sioned limited water quality studies of the Alamosa
River basin. The State Division of Minerals and
Geology and the Water Quality Control Division,
following up on a protracted record of problems at
the mine—some leading to water quality violations
—were in the midst of a negotiated settlement and
had just one day earlier received a comprehensive
remedial measures plan from the company and its
consultants. The State Division of Wildlife knew
there were problems in the system, and were inves-
tigating mine discharges following fish kills in stock

ponds in 1989 and the complete disappearance of
fish in the Terrace Reservoir, a DOW-stocked
reservoir.

In response to the EPA Emergency Response
Action to take over water treatment at the
Summitville mine, and particularly in response to
local concerns, the Governor of Colorado met with
local citizens and the EPA in December, and in
short order formed the Governor’s Summitville
Advisory Committee. By that time the CSU
Agricultural Extension Service had begun an evalu-
ation of livestock and had initiated a voluntary low-
cost domestic well water sampling program. Local
citizens had formed a Technical Assistance Group
(TAG) and were meeting regularly to discuss han-
dling of the situation. The Governor’s Committee
and several State coordinators were put in place to
track rumors and disseminate accurate and timely
information because, at that time, there was consid-
erable concern that a “food scare™ might flare up.
Such rumors, if allowed to get out of hand, might
have created for the State yet another “Rocky Ford
Cantaloupe” or “Alar” scare and agricultural prices
would have suffered.

Remarkable for its effectiveness and quick
action, the TAG sought relentlessly for attention and
helped the agencies focus on potential problems in
the agricultural community. Several valley residents
testified at a preliminary injunction hearing that
failure to maintain the pumps and treatment system
might endanger crops and livestock and argued sen-
sibly and knowledgeably about past problems from
the mine. So comprehensive was the early response
from the Valley citizenry, the U.S. Geological
Survey, the CSU Agricultural Extension Service,
and local citizens that, much to the surprise of EPA,
a lot of what would later be considered the Remed-
ial Investigation of off site damage was completed
by non-EPA entities in the first year following bank-
ruptcy.

By fall of 1993, it became apparent to the
Editors of this Proceedings that there was a strong
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scientific commitment on the part of the many
researchers involved in the Feasibility Study to
exchange information with the other researchers. In
October of that year, all met for two days of intense
informal presentations of the freshly collected infor-
mation. At that time, we decided that the diversity
and high scientific standards of those presentations
called for the works to be collected into a formal
proceedings and public forum. Hence, the
Summitville Forum ’95.
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CHARACTERIZING SUMMITVILLE AND ITS IMPACTS:
SETTING THE SCENE

James A. Pendleton, Harry H. Posey and Michael B. Long
Colorado Department of Natural Resources, Division of Minerals and Geology
1313 Sherman Street, Denver, Colorado 80203

INTRODUCTION

At 9:00 pm on December 1, 1992, Galactic
Resources Limited (GRL) of Vancouver, Canada notified
the State of Colorado of their intent to declare bankruptcy
and abandon operation of the Summitville mine effective
December 16. The fluid level in the cyanide heap leach
pad at that time stood just five feet below the emergency
spillway and normal winter precipitation would have
caused it to overtop the spillway. Had that happened,
cyanide and metal-bearing processing fluid would have
overflowed by February of the next year. Within hours
of a power outage or mechanical failure, water pumps
would have shut down, leaving acidic cyanide water in
the heap leach underdrain effluent to overflow the
underdrain sump. Effluent from the underdrain would
have discharged directly into Cropsy Creek, then
Wightman Fork, a tributary to the Alamosa River. On
December 4, with no capability to deal with an
emergency of this character, the State requested
emergency response assistance from Region VIII of the
U.S. Environmental Protection Agency (EPA).

Responding quickly, the EPA sent emergency
response personnel and contractors to the site to assess the
situation. Most of GRL’s staff were retained by the
EPA’s contractors, the U.S. Bureau of Reclamation and
Environmental Chemical Corporation, to facilitate the
transition. Steps were taken to assure that necessary
water circulation and water treatment systems remained
operable. Thus, the immediate threat of a direct
contaminant release from the site was averted. A
technical team comprised of EPA, DMG, and CDPHE
personnel and emergency response personnel began
assessing longer term consequences of GRL'’s operations.

For nearly eighteen months prior to bankruptcy, GRL
and its daughter company Summitville Consolidated
Mining Company Inc. (SCMCI) had been under constant
State agency enforcement mandates to evaluate
contaminant releases from the site and develop remedial
measures to resolve the problems and reclaim the site.
Also, state and federal agencies with varying regulatory

responsibilities had been monitoring the mine site and its
surroundings. As a result, though inadequate to answer
the challenge, considerable environmental monitoring data
were available with which to evaluate the Summitville
Mine and its environmental impacts.

In the six months following GRL’s abandonment of
the site, a broad selection of environmental
characterization and monitoring projects were initiated.
Funded by a broad selection of state and federal agencies
with differing mandates and authorities, these projects
were performed in some cases according to standard EPA
protocols for risk assessment and feasibility study, and in
other cases in response to different mandates. Several
projects were initiated to respond to public concern about
risks to health and related potential agricultural product
scares. Project personnel, including state and federal
workers, contractors, university staff members, private
sector technical professionals, water conservancy district
officials, local government officials, and concerned
citizens sometimes combined their efforts. The projects
focused both on potential contaminant generation and
potential exposure within the mine area and off-site.
Overall, each of these diverse projects addressed some
aspect of the characterization of the Summitville mine site
and its impacts. It is the purpose of this paper to set the
scene for the separate project reports that follow.

BACKGROUND

A general explanation of the physical situation,
history, construction of the mine site, and on-site
contaminant generation problems will assist the reader’s
comprehension of the project reports.

Site Location and Description
The Summitville mining district is located about 25
miles south of Del Norte, Colorado, in Rio Grande
County (Figure 1). Occurring at an average elevation of
11,500 feet in the San Juan Mountain Range, the mine
site is located two miles east of the Continental Divide.



The mine pit occupies the northeastern flank of South
Mountain (Figure 2). The permit area occupied by the
State’s Mined Land Reclamation permit covered 1440
acres, of which approximately 550 acres have been
disturbed (Figure 3).

The Site is located in the Rio Grande Drainage Basin
near the headwaters of the Alamosa River. The northern
part of the Site is bounded by the deserted townsite of
Summitville - last occupied in the mid-1930s - and by the
Wightman Fork of the Alamosa River. Cropsy Creek, a
tributary to Wightman Fork, bounds the site on the east.
The confluence of Cropsy Creek and Wightman Fork is
located near the northeastern perimeter of the site at the
downstream boundary of the site. Wightman Fork enters
the Alamosa River approximately 4.5 miles below its
confluence with Cropsy Creek.

Climate

The climate of the Summitville mine site is
characterized by long cold winters and short cool
summers. Snowfall is heavy (commonly 400 inches) and
thunderstorms are common in the summer, particularly
during the monsoonal season in August. Temperatures
range from -about 70°F to 17°F in summer and 40°F to -
15°F in winter. Annual precipitation averages 55 inches,
mostly as snowfall between November and April with
annual evaporation of approximately 24 inches.

Topography

South Mountain, the prominent topographic feature of
the site, is a relatively steep-faced, faceted surface hosting
sparse vegetation in the upper surfaces grading to a gently
sloping alpine valley that forms the headwaters of the
Wightman Fork. The oversteepened rock faces on South
Mountain bear evidence partly of alpine glaciation and of
rapidly eroding clay-rich rocks that break down readily in
the local climate.

Before 1870, when gold was first mined from the
Wightman Fork, the Site consisted of upland surfaces,
wetlands and the peak of South Mountain. The
predominant ground cover was alpine tundra at the higher
elevations with coniferous forest and subalpine meadow in
the lower elevations. Since then, mining has altered
grossly the local topography. From 1870 through 1873
limited placer mining was conducted in the alluvial
deposits of Cropsy Creek and Wightman Fork. Following
that was limited open cut mining in several outcrops of
gold-bearing quartz veins. From 1873 through 1940 the
northeastern flank of South Mountain was mined
extensively during several underground mining
campaigns. To access the underground, the surface
became laced with road cuts and was disturbed by
deposition of waste rock in downslope piles near adit

portals.

Several mills were constructed at the mine site, '
including stamp mills and a flotation-cyanidation mill in
1934. Tailings were deposited downslope of each mill.
In the late 1960’s Wightman Fork was diverted to the
north side of the stream valley to accommodate
construction of a large tailings pond. Mill tailings at that
time were deposited largely on what was to be called later
the Beaver Mud Dump, just upslope of the tailings pond,
and fine "slimes" were discharged to the pond (Figure 3).

Starting in 1984, SCMCI significantly altered and
enlarged the pre-existing disturbed surface over most of
the mine site. Waste rock and ore were excavated to
form an open pit on the northeastern flank of South
Mountain and were dumped into waste rock piles or
placed onto a pad for heap leaching. Waste rock from
the pit and other locations was used to construct the
extensive road system, various building pads, parking
lots, sediment ponds, and the earthen embankment that
now contains the valley-fill heap leach pad (Dike 1).
Cropsy Creek was diverted into a constructed channel
upslope of the heap leach pad along the southeastern
valley wall of the Cropsy Creek valley. Waste rock and
fines were deposited on the Cropsy Waste Pile, the North
Waste Pile, the Beaver Mud Dump and the Clay Ore
Stockpile.

Several deviations from the original mining plan
caused disturbances that might have been avoided. The
original mining plan called for the processing of two
separate types of ore: clay ore and vuggy silica ore. A
separate crusher and conveyor system was installed for
each of these ores. The clay ore was to have been
agglomerated and leached on a pad upslope of the main
heap leach pad, on what is now the Cropsy waste rock
dump. However, agglomeration was abandoned, the
experimental clay "ore" stockpile remains on the site, and
the clay ore crusher and conveyor went virtually unused.

Geology

The Summitville mining district is located near the
margin of the Platoro-Summitville caldera complex
(Figure 4). Ore-bearing rocks in the immediate area of
the mine site consist of the South Mountain Quartz Latite
Porphyry (Steven and Ratte, 1960). The porphyry is
underlain and surrounded by the Summitville Andesite.
The contact between the latite and andesite is intrusive,
faulted in some areas, and nearly vertical. The contact on
the northern margin of the latite intrusive is marked by
the Missionary Fault. South Mountain is bounded on the
southwest by the South Mountain Fault, a large northwest
trending regional fault. The South Mountain Quartz
Latite Porphyry is bounded to the west, on both sides of
the South Mountain Fault, by the slightly older Park



Creek Rhyodacite. The latite is overlain at higher
elevations in nearby erosional remnants by the Cropsy
Mountain Rhyolite.

Emplacement of the South Mountain volcanic dome,
hydrothermal alteration, and mineralization occurred in
rapid succession approximately 22.5 million years ago
(Rye and others, 1990). Stoffregen (1987) concluded that
magmatic, hot and highly acidic, sulfate-laden water that
suffused from the quartz latite magmas caused extensive
alteration of the quartz latite. Hydrothermal alteration
consists of four zones, generally occurring in sequence:
vuggy silica, quartz-alunite zone, quartz-kaolinite zone,
and the clay alteration zone (see Plumlee, and others, this
volume, for more details). The vuggy silica zone
generally is a porous unit from which most major
elements except silica and iron were leached by acidic
solutions and replaced in places by excess silica. This
zone is comprised of irregular pipes and lenticular pods
that generally show greater vertical than lateral continuity.
The next outwardly occurring zone, the quartz-alunite
zone, contains feldspars of the quartz latite porphyry
which have been replaced by alunite. This zone grades
outward to a thin quartz-kaolinite zone, which is not
always present, and then into an illite-montmorillonite-
chlorite zone in which feldspar and biotite crystals were
replaced by illite and quartz, with lesser kaolinite and
montmorillonite. The quartz-alunite and clay alteration
zones are the most volumetrically significant. Fine-
grained pyrite is disseminated through the groundmass in
all zones (Rye, et.al., 1990). Overall, the alteration
mineralogy at Summitville is most similar to alteration
near the crest of Cropsy Peak, a lava-capped peak
southeast of South Mountain (see King et al., this volume,
for more information).

Summitville mineralization is an example of acid-
sulfate epithermal Au-Ag-Cu mineralization associated
with advanced argillic alteration (see Plumlee et al, this
volume). Magmatic water (derived from the magma)
mixed with the less acidic and more reducing meteoric
water (derived from snowmelt and rainfall), and deposited
metal sulfides at relatively shallow depths (less than 1
kilometer). Mineralization is associated mostly with the
porous vuggy silica zone, and occurs as covellite +
luzonite + native gold changing with depth to covellite +
tennanite (see Plumlee and others this volume for an
explanation of these minerals). Gold also occurs in a
near-surface barite + goethite + jarosite assemblage that
crosscuts the vuggy silica zone (Stoffregen, 1987).
Numerous minerals comprised of secondary metal salts
occur throughout the fractures and groundmass (Plumlee
and others, this volume).

Post-volcanic geologic processes have been largely
erosional, in part glacial. The two major streams that
drain the site, Cropsy Creek and Wightman Fork, tend to

follow the quartz latite/andesite contact. Numerous
springs and seeps issue along this junction between the
fractured quartz latite porphyry aquifer and the underlying
dense andesite aquitard. Discharges of iron-rich waters
from these springs and seeps, when mixed with air, form
ferricrete bogs, concrete-like deposits of iron oxides and
iron hydroxides that cement together whatever lies in the
path of the mineral water including rock, vegetation, and
rarely, wildlife. Site cover material consists of topsoil,
silt, clay, and gravel.

Hydrogeology

Ground water at the Summitville mine site is present
in several local, shallow, discontinuous perched aquifers.
Shallow ground water occurs in surficial deposits
consisting of colluvium, "slope wash" alluvium and/or
glacial ground moraine, and weathered and fractured
portions of the Summitville Andesite. These shallow
systems discharge to surface water seasonally. The upper
perched aquifer system also contributes to the ground
water recharge of the fractured bedrock system. Both the
quartz latite and andesite bedrock throughout the mine site
are fractured extensively. Several local highly productive
wells were installed apparently in zones of high fracture
density, and are coincident with surface lineaments.
Numerous springs and seeps occur throughout the mine
site, the greatest number near the contact zone between
the productive, upgradient quartz latite and the
surrounding less permeable andesite. Most of these
discharge in direct response to the annual precipitation
cycle, with high and low flows corresponding to the
surface water flows in the area. Rainstorm related
discharges, particularly in August, occur at some seeps.

Surface Water Hydrology and

Human Occupation

Surface water from the Summitville Site flows past
the town of Jasper into Terrace Reservoir, approximately
17 miles downstream from the confluence of the
Wightman Fork with the Alamosa River. Below the
Terrace Reservoir, the river flows into the western side of
the San Luis Valley, past the town of Capulin.
Throughout this drainage area, homes, farmsteads and
ranches depend on alluvial and bedrock wells or river
water for potable and agricultural water production.
Additionally, the Alamosa River is used for surface
irrigation on lands within a small portion of the Alamosa
River Wildlife Refuge (see Balistrieri and others, this
volume). Part of the Alamosa River is diverted through
the Empire Canal into La Jara Creek. La Jara Creek
stream flow and irrigation return water reach the Rio
Grande River during several times of year. However,
because of irrigation diversion and recharge loss to the



alluvial aquifer, the Alamosa River channel rarely has in-
chann‘el flow east of U.S. Highway 287, so it does not
flow into the Rio Grande at their historic confluence. In

places the historic Alamosa River channel has been
plowed.

Present Surrounding Land Use

The Summitville Mine occurs mostly on private
(patented) land, and is surrounded by lands of the Rio
Grande National Forest. Within the mine site are 22
acres of Forest Service land. The Forest Service lands
are highly desirable for outdoor sports and recreation,
both in winter and summer. Additionally, logging is
conducted adjacent to the site and the main access roads.
Cattle and sheep are grazed in the surrounding area
during summer and autumn the area is heavily hunted.

Production of the Summitville Gold Resource

Placer gold was first discovered in the alluvium of
the Wightman Fork of the Alamosa River by J. L.
Wightman in 1870. In 1873 the first lode gold deposits
were located and claimed on South Mountain. Like many
mining communities in the west that are now ghost towns,
Summitville materialized overnight to accommodate the
miners who worked the mines and mills on South
Mountain. Between 1873 and 1949, Summitville yielded
approximately 240,000 troy ounces of Gold, worth
approximately $7 million at the time of production.
Between 1950 and 1984, activities at Summitville were
limited largely to exploration. Between 1984 and 1992,
SCMCI produced approximately 249,000 troy ounces of
Gold. Based on an average price of $325 per ounce, this
production represents a value of approximately $81
million. (The price of gold fluctuated during mining
operations and what SCMCI recovered in value is not
known.)

GRL’s Operating Problems

In 1984, GRL acquired the property, completed
additional drilling, and proceeded to obtain a permit for a
"limited impact” test pit and heap leach. (A limited
impact operation, in terms of the Mined Land
Reclamation Board, covers less than 10 acres of
disturbance and can disturb no more than 70,000 tons of
rock per year.) The test project was completed in the
summer and fall of 1984 and pronounced a success. GRL
formed a local subsidiary, Summitville Consolidated
Mining Company Inc. (SCMCI), in early 1984. SCMCI
was a wholly-owned subsidiary of Galactic Resources,
Inc. (GRI), of Idaho, which was in turn a wholly-owned
subsidiary of Galactic Resources, Limited (GRL) of
Canada. For simplicity hereafter, we will refer to GRL,
the parent corporation, when referring to any of the three

corporate entities.

GRL obtained a mine permit for the full scale open
pit and heap leach operation in October 1984. However,
the depressed gold price during 1985 apparently .
prolonged the raising of investment capital. Construction
corhmenced in 1985, continued through the winter of
1985, and was completed during the summer of 1986.
Considerable difficulty was encountered during
construction, due to the extreme winter conditions at
12,000-foot elevation, and this resulted in extensive
avalanche damage to the heap leach liner system.

Even though SCMCI produced a reported 249,000
troy ounces of gold, the company’s December 4, 1992
U.S. bankruptcy petition reported a net operating loss of
approximately $85 million. Complemented by equally
unprofitable involvements in the Ridgeway (South
Carolina) and Ivanhoe (Nevada) gold mines, Galactic
Resources Limited of Vancouver, Canada, SCMCI’s
parent, reported a combined net operating loss of $297
million in its January 21, 1993 Canadian bankruptcy
petition.

SCMCI notified the State of its intention to file for
Chapter VII bankruptcy petition by facsimile delivery of a
draft press release at 9:00 pm on December 1, 1992. The
press release stated that SCMCI intended to seek
protection of bankruptcy because it lacked the financial
ability to continue operations at the Summitville Mine
after December 15, 1992. On the previous day, SCMCI
had delivered a revision to their mined land reclamation
plan that had been required by the Division of Minerals
and Geology (the Division) and the Mined Land
Reclamation Board (the Board). This revision application
included cost estimates covering several amended
reclamation plans; these ranged from $20.6 and $38.6
million. Upon completion of a technical adequacy
review, the Division, as statutorily mandated, would have
required the operator to submit additional warranty,
increasing the bond to an amount equal to the projected
reclamation cost. SCMCI filed its petition with the
federal bankruptcy court in Denver on the afternoon of
December 3, 1992,

ON-SITE CONTAMINANT SOURCES

The Heap Leach

Crushed ore was first deposited in the heap leach,
and cyanide solution application commenced in June of
1986. During the first month of processing, cyanide-
bearing fluids were detected in the leak detection layer
between the primary fabric liner and the secondary
compacted clay layer and in the underdrain installed
beneath the secondary compacted clay liner. The



Division of Minerals and Geology (the Division) reported
the loss of containment to the Mined Land Reclamation
Board (the Board). GRL and its retinue of consultants
attributed both occurrences to sloppy application of
solution which allowed overspray outside the partially
lined basin. In addition, GRL presented the rationale that
the leak detection system is also an interceptor system
because no 45-acre heap could be constructed with zero
leakage.! The company was allowed to construct a sump
(the French drain sump) to capture the contaminated leak
detection and underdrain effluent and pump them back
into the heap for containment.

The original permit application included a water
balance assessment for the Summitville site that projected
an excess of evaporation over precipitation. Had that
been the case, water from Wightman Fork would have
been needed to sustain operation of the heap leach. In
fact, water rights covering this project were procured
prior to operations. But the water balance projection was
later determined to be in error. GRL’s consultants
contended that the sump fluid, which was pumped back to
the heap, would not eliminate the projected water balance
deficit within the heap. Additional water would still be
required to compensate for evaporative loss.

Records from mid-1987 through the late fall of 1992
show that Summitville mine operations suffered a series
of broken pump back pipelines and springs erupting from
beneath the heap leach, resulting in releases of cyanide-
contaminated fluids. One of the reasons that pumps failed
is that acidic waters, which flowed beneath the heap leach
pad into the French drain sump had to be neutralized
prior to pumping. However, because lime was used to
neutralize the acid, and because the solutions dissolved
the metals in the pumps quickly, several pumps failed
before the operator switched over to sodium hydroxide
and stainless steel pumps for more stable operations.

Violations were issued and abatement actions ordered
and completed only to encounter further setbacks. The
NPDES/CDPS program’s original assumption that the
mine would be a "zero-discharge" facility was discarded,
and GRL was required to install a treatment plant to treat
and release the accumulating cyanide-contaminated heap
solution. Discharge was essential because there was too
much fluid in the heap leach pad and it was affecting
recoveries, operations, and ultimate shutdown. But
treatment was necessary because every industrial

1 The rationale for leaky liners has its history in federal RCRA
regulations that apply to landfills. There it is set out and agreed
that landfill liners are expected to leak and in fact are allowed to
leak at fixed rates. Given that cyanide heap leach liners and
landfill liners are composed of the same materials, it thus must
have seemed reasonable to expect leakage. However, revisions to
the Colorado Mined Land Reclamation Act do not permit liner
leakage.

discharge had to meet water quality standards that were
established for the discharge.

Throughout a prolonged sequence of events, the
operator’s attempts to perfect its water treatment plant
met no success. During 1989 and 1990 GRL attempted
land application to polish and dispose of partially treated
effluent. However, the land application project resulted
in overland flow due to over application and GRL was
cited again for water quality violations. Had the land
application water not flowed overland, there might not
have been an "unregulated discharge" and application to
groundwater might have continued.? The volume of fluid
inside the heap leach pad grew steadily, inundating the
ore, compromising resource recovery, and increasing the
eventual risk.

The Waste Rock

Much of the Board’s and Division’s attention was
focused on the heap leach pad, its water balance, land
application, and related issues. However, as mining
progressed, a significant additional environmental issue
developed over acid drainage and metals contamination
from the site’s waste rock piles. There was a lack of
adequate characterization of the overburden and waste
rock during the permitting process. The original limited
impact permit application stated that because the rocks of
the ore body came from the "oxide" zone, they had no
acid generating potential. This observation was grossly
incorrect.

Like thousands of other deposits in the world, the
gold at Summitville formed when hydrothermal solutions
deposited sulfide-rich base metal veins. Originally, the
gold was extremely finely disseminated within the sulfides
and, if not for the process of weathering, probably would
not have been technically feasible to mine. Yet, as the
cover rock above these ore-bearing deposits eroded, and
water and oxygen percolated into the veins, dissolved
sulfide minerals, precipitated iron oxide minerals in their
place, and in the process left behind higher concentrations
of native gold. Native gold in an oxide deposit is
eminently more recoverable than gold in sulfide minerals.

2 The regulatory action that issued as a result of overland discharge
of fluid from the land application system has been a source of
considerable confusion. The discharge was cited for violation
because it was an unpermitted discharge. Water pollution was not
an issue. The discharged water was treated prior to land
application to remove cyanide and metals, but could not meet the
discharge limitations for silver. Even so, there is indication that
the silver concentrations could not have been accurately measured
because of matrix interferences. On the one hand, discharge to the
land was acceptable, even though it might be assumed scientifically
that the discharge would have made it to streams after some travel
distance. However, direct discharge was not acceptable simply
because it was not permitted.



In a deposit like this, gold grades are highest and most
easily recoverable in the upper, near-surface parts of
sulfide veins and diminish downward.

It is generally known that the contact between the
upper oxide zone and the sulfide zone below is not a
horizontal plane, but rather is an undulating, roughly
planar surface which is more or less parallel to the
ground surface. It is common to find pockets or pods of
sulfide minerals above the water table, even though they
reside in the "oxide" zone. Variations in rock
permeability allows water and oxygen to reach parts of
the veins and restricts them from others.

Because sulfide minerals are not good candidates for
cyanide heap leach processing, high sulfide-bearing rock,
normally, is disposed without processing. Even at
Summitville, grade control was exercised in order to limit
the amount of sulfide minerals that reported to the heap.
The pit geologist, using visual clues and analytical
information from drill hole analyses, decided whether
each load of rock was to be ore or waste. Owing to this
segregation, the waste rock contains a higher abundance
of base metal sulfide minerals than the heap.
Unfortunately, these now are being released to the ground
and surface waters, due to weathering. GRL discarded
extensive amounts of waste rock in several waste rock
piles throughout the permit area. They carelessly placed
at least one of these piles in a spring fed (groundwater
fed) bog which magnified the volume of acid drainage and
metallic contaminants released. Had GRL
comprehensively evaluated the feasibility of this venture,
mining might never have been pursued.

Based on recent water quality monitoring data, it
appears that in terms of metal loading, approximately
45% of the mine site’s copper metal load (as high as
8,000 pounds per day) comes from the combined French
drain sump beneath the heap leach pad, the Cropsy waste
pile, the beaver mud dump, and the north waste rock pile.

The Reynolds Adit

At some point in the development of practically every
historical mining district in Colorado, there was
constructed a dewatering tunnel that lowered the water
table to avoid pumping costs and difficulties while mining
the deeper levels. In Central City the dewatering tunnel
is the ARGO Tunnel; in Cripple Creek, the Carlton
Tunnel; in Leadville, the Yak Tunnel; and in
Summitville, the Reynolds Adit. The Reynolds Adit,
located near the base of South Mountain, was completed
in 1897. Prior to plugging in 1994 (Hanley, this
volume), the Adit flowed continuously, varying from a
low of approximately 100 gallons per minute in the winter
to an average high of approximately 400 gallons per
minute during spring melt. Abnormally high

undocumented snowmelt flows as high as 1,600 gallons
per minute have been reported.

Because the Reynolds Adit drains the mineralized
portion of South Mountain, historically it has evidenced
relatively high metal discharges. Prior to 1988, copper
concentrations typically reached 20 to 30 milligrams per
liter (mg/L). Beginning in 1989, however, the metals
content of the Reynolds Adit effluent began to increase
(Golder Associates, Remedial Measures Plan, 1992). In
1992 copper in the effluent reached about 130 mg/L.
Even though the mechanism is not completely understood,
it appears that GRL’s excavation of the open pit, which
was not drained and which floored about 300 feet above
the Reynolds Adit, stimulated the infiltration of surface
water and promoted oxidation of the ore body. Of
course, this man-induced activity resulted in an increased
release of acid and metals to the Reynolds Adit, following
natural processes of weathering. By 1989, the GRL open
pit had become an undrained sump.

In June of 1993 the Reynolds Adit effluent reached a
maximum documented concentration of 650 milligrams of
copper per liter. The past ten years monitoring
demonstrate that the highest metal concentrations coincide
with the highest flow rates.

Based on recent water quality monitoring data it
appears that, in terms of metal loading, as much metal
flowed from the Reynolds Adit as from the remainder of
the entire mine site, including the waste rock piles. Prior
to its plugging in January of 1994, approximately 50% of
the metals yield from the entire mine site (as high as
9,000 pounds of copper per day) issued from the
Reynolds Adit.

PURPOSES OF CHARACTERIZATION

Rumor Control

An immediate concern voiced by local government
officials, business representatives, environmental
advocates and local citizens alike, was the need for factual
information and the control of misinformation. The EPA
and the State desired to disseminate factual and precise
information concerning potential health and environmental
risks. Testing of municipal and private water supplies
was expedited. Representative agricultural produce and
animal tissue from areas exposed to potentially
contaminated Alamosa River water were analyzed to
verify safety of the food supply and to quell potentially
damaging food scare rumors. The initial preliminary
determinations required thorough and expeditious
verification. Most of the results are reported in this
volume.



Risk Assessment

In accordance with CERCLA regulations and EPA
procedure, complete human health and ecological risk
assessments must be completed to define the nature and
extent of the risks related to historic and potential
contaminant releases from the Summitville mine site.
Additional statutes such as the Migratory Bird Treaty and
the Threatened and Endangered Species Act also require
evaluation of ecological impacts. Both a human health
risk assessment and an ecological risk assessment are in
progress, and although preliminary indications show
minimal risk to human health, aquatic life are severely at
risk.

Feasibility Study

CERCLA statutes and EPA superfund regulations
also require thorough evaluation of the relative feasibility
of proposed emergency response "removal" actions and
longer term superfund "remedial" actions. Primary
among these feasibility evaluations is the ability of the
proposed action to curtail the contaminant release and
provide a remedy for the impacts of that release.

Determination of Background

Environmental Conditions

CERCLA precludes cleaning up sites to conditions
cleaner than those which preceded contaminant release.
Provided background water quality and ecological
conditions are documented, this can be a relatively
straightforward determination. Yet in the case of the
Summitville mine site, no comprehensive quantitative
environmental monitoring data existed with which to
characterize the environmental conditions prior to 1984.
The Summitville mine site is probably representative of
the majority of historic mine sites in the western U.S. in
its paucity of pre-disturbance background data. Many of
the characterization projects conducted both on-site and
off-site provide insight to deduce environmental conditions
which existed prior to contaminant release.

Current methodologies preclude making model
determinations about the quality of water prior to
anthropogenic disturbances. Although the Clean Water
Act provides that streams must consider natural or man-
induced pollution caused prior to implementation of the
act, such classifications do not consider potential impacts
from mines that operated after the act was passed.
Summitville, lacking acceptable environmental baseline
information, was unable to distinguish pollution caused by
their operations from that caused by previous ones, and
by natural conditions.

Establishing the Remedial Targets

The majority of the early emergency response and

remedial activities implemented at the Summitville mine
site have concentrated on the prevention of contaminant
release. However, as the remedial projects proceed, the
yet-to-be determined pre-disturbance conditions will be
approached as subsequent actions are implemented. In
order to make efficient and cost-effective decisions
between optional technologies and scales of activity, it
will become increasingly important to comprehensively
characterize the on-site and off-site environmental
conditions and impacts of contaminant release. The
preliminary results of characterization studies have been
instrumental in establishing interim remedial targets for
the Summitville mine site. As more comprehensive
characterization data are assembled the interim remedial
targets will be amended.

Currently, the interim goal is to restore the Terrace
Reservoir to fishery status, and meet promulgated in-
stream standards in the Alamosa River. The Alamosa is
classified as a Class II cold-water fishery, with segments
below the Wightman Fork confluence having a seasonal
classification for copper.

OTHER ISSUES

Off Site Studies

Much of the information about Summitville pertains
not to the site but rather to the off site areas. Studies of
the off site areas, most of which are detailed in this
volume, pertain to water quality in the Alamosa River,
irrigation water, potential effects on crops, on livestock
forage, and on crops. Wetlands in the western nether tip
of the Alamosa National Wildlife Refuge were examined
for potential impacts as well as several palustrine wetlands
in the Alamosa River and La Jara Creek. The nature of
these studies, though beyond the scope of this review, is
impressive for its diversity and complexity. The studies
covered disciplines in agronomy, agriculture, water
quality, human health, aquatic life biology, aquatic
chemistry, geology, geochemistry, limnology,
bacteriology, process chemistry, civil engineering,
hydrology, hydrological engineering, and terrestrial
biology.

Other Contaminant Sources

In the Alamosa River basin are three major areas that
have undergone extensive hydrothermal alteration. This
alteration formed above and alongside the margins of
molten intrusive igneous rocks that formed within a few
million years of the Summitville mineralization.
Regionally, they are part of the late-stage igneous rock
suites that intruded the San Juan volcanic sequence.

The San Juan volcanic field hosts several major



calderas where intrusive igneous rocks actually exploded
through the overlying volcanic rocks. The extrusions
spilled out onto the previously deposited rocks, leaving
behind a nearly circular shaped depression that filled in
part with other later forming rocks (see Bove and others,
this volume, for a more detailed explanation). The
Platoro caldera hosts two stocks, igneous intrusive bodies
that intruded part way into the crust. These are the
Alamosa River stock and the Jasper stock (Figure 4).
These stocks are circumscribed in part by zones of
hydrothermal alteration, and the altered zones contain
anomalous concentrations of minerals, particularly iron
sulfide. The hydrothermal alteration zone at Summitville,
where the pluton lies at some depth below the surface, is
less extensive but obviously well mineralized. Other
stocks and hydrothermal alteration zones occur within and
adjacent to the caldera (see Bove and others, this
volume).

The hydrothermally altered areas are key to
understanding the region, geologically, and some may
have profound impacts on water quality. At a minimum,
the altered areas contain pyrite (iron sulfide), which upon
oxidation forms sulfuric acid. The acid, in turn, may
dissolve other adjacent minerals, and the process can lead
to environmental conditions that in the worst case will not
support soil life and which pollutes local streams with
acid and metals that were dissolved by the acid.

The rates of physical erosion is generally very high in
these altered zones because of the lack of protective soil
caps, acidity, and the self-disaggregating nature of some
of the rocks. Extreme examples of physical erosion are
evident especially in Alum Creek and Burnt Creek, but
high erosion rates are also operative in Iron, Bitter,
Wightman Fork and Burnt Creeks. The net effects of
chemical and physical erosion in these areas has not been
quantified, but in all none of the effects serve to generate
or preserve high quality aquatic life habitat.

Summitville and the Mining Law of 1872
Numerous accounts of the Summitville situation cite
flaws in the 1872 mining law as part of the reason for the
present situation. However, the problems at Summitville,
environmental problems, are not covered by the 1872
Mining Law, which is a property law that applies to some
federal land. Revisions in the royalties to be paid for use
of these federal lands, changes in the patent law, or other

property provisions would not have affected the problems
at Summitville.

CONCLUSION
The Summitville mine bankruptcy has been and will
continue to be agonizing for the public, the environment,

the mining industry, the State of Colorado, and the EPA
for decades to come. Agonizing in terms of impact to the
natural environment, public expense, morale, and the
conduct of business. It is unfortunate that any lessons
must be learned at this extreme an expense. However, it
is incumbent upon us to learn the lessons Summitville
provides and preclude such from ever happening again.
The first step in abating the contaminant releases
occurring from the Summitville mine site is to
characterize the mine site conditions contributing to those
releases and the resulting environmental impacts. With
the results of this task in our possession we can begin to
perfect the remedy.

If there is a theme to this proceedings volume, it is
"The Need for Baseline Data.” From an industry’s
perspective, inadequate baseline could be seen as careless
and unprofessional and the first step toward business
failure and super regulation. Baseline characterization
might also protect against the consequences of "joint and
several liability" where baseline conditions are not known,
although this thought is merely our personal perspective.
For small and intermediate mining companies, without
adequate staff and expertise to collect such information,
baseline gathering should be part of the essential package
of services offered by consulting companies. From the
public and regulatory perspective, it should be viewed as
essential for environmental and human health protection
and necessary for fostering a healthy mining industry.
For the environment, it must be seen as the first and most
important step toward assessing whether development of
resources can proceed in company with environmental
protection.
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ABSTRACT

Geologic characteristics of the Summitville mine and
vicinity are an important control on the generation of acid-
mine drainage, the dominant long-term environmental
problem at the site. A good understanding of the
environmental geology of the Summitville gold-silver-
copper deposit is necessary to: (1) develop the most
effective remediation strategies for the Summitville site;
and (2) better predict, mitigate, and remediate potential
environmental problems at future proposed mine sites with
similar geologic characteristics.

Environmentally important geologic characteristics of
the Summitville deposit include:

* A high acid-generating capacity resulting from the
abundance of sulfide minerals such as pyrite, enargite,
covellite, chalcocite, and chalcopyrite.

* A low acid-consuming capacity resulting from intense
acid leaching of the volcanic host rocks that occurred
prior to the formation of the deposit.

* Intensely altered vuggy silica alteration zones that
provided permeability for (a) the mineralizing solutions
that formed the deposit, and (b) post-mineralization
groundwaters that oxidized sulfides in the vuggy silica
zones to depths up to several hundred feet.

* Extensive sulfide-rich clay alteration zones with low
permeabilities that were oxidized prior to mining to
depths of only several tens of feet.

+» Extensive areas of sulfide-rich rocks in clay alteration
zones that were exposed to weathering by recent open-
pit mining, and that led to increased generation of acid-
mine drainage from the site.

Vuggy silica alteration zones and unmineralized faults
predominantly controlled shallow groundwater movement
prior to mining. Underground mine workings modified the
hydrology so that the dominant water outflow occurred
from mine-drainage tunnels. Open-pit mining further

affected the local hydrology by creating a snow and rain
catchment basin that then funneled much greater quantities
of water into sulfide rich rocks and mine workings beneath
the pit. As aresult of the plugging of the Reynolds Adit in
late January, 1994, pre-adit hydrologic conditions are
largely being re-established.

Extensive deposits of ferricrete (precipitates of iron
oxide and hydroxide minerals) mark the location of fossil
acid groundwater springs that flowed prior to mining. The
locations of ferricrete deposits can be used to help map
likely outflow points of springs and seeps renewed by the
plugging of the Reynolds adit.

The severe acid drainage problems at Summitville are a
direct consequence of the site's geologic characteristics and
its climatic setting. Effective remediation will require the
isolation of both sulfide-bearing and secondary salt-bearing
materials from weathering and oxidation, a formidable
challenge given the wide distribution of such materials
throughout the site. Future development of deposits
geologically similar to Summitville will likely be
economically and environmentally difficult unless adequate
precautions can be made to mitigate acid-mine drainage.

INTRODUCTION

Geologic characteristics of the Summitville mine and
vicinity are an important control on the generation of acid-
mine drainage, the dominant long-term environmental
problem at the site (Plumlee et al., this volume). A good
understanding of the environmental geology of the
Summitville gold-silver-copper deposit is necessary to: (1)
develop the most effective remediation strategies for the
Summitville site; and (2) better predict, mitigate, and
remediate potential environmental problems at future
proposed mine sites with similar geologic characteristics.
This paper summarizes key aspects of Summitville's
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environmental geology. For more detailed discussions, the
reader is referred to Gray and Coolbaugh (in press), and
Gray et al. (in press, 1993).

GEOLOGY

The processes that formed the gold-silver-copper
deposit at Summitville ultimately set the stage for the
generation of both natural and mining-related acid drainage
from the site. Summitville is located in the southeastern
portion of the mid-Tertiary San Juan volcanic field, a thick
section of volcanic rocks composed in its lower portions of
andesitic volcanics and related rocks erupted from
numerous stratovolcanoes, and in its upper portions of
andesitic to rhyolitic ash flow sheets erupted from
numerous calderas (Steven and Lipman, 1976). For a more
detailed discussion of the regional geology, the reader is
referred to Bove et al. (this volume).

South Mountain volcanic dome

The 22. 4 million-year old Summitville deposit is hosted
by the South Mountain volcanic dome (Figs. 1, 2), and
formed as a direct result of the magmatic processes that
generated the dome (Gray and Coolbaugh, 1994 in press;
Rye et al., 1990; Stoffregen, 1987, Perkins and Neiman,
1982; Steven and Ratté, 1960). The dome is composed of
quartz latite volcanic lavas that are relatively rich in silica
(S8i09) and have abundant coarse grained crystals of
feldspar (KAlSi3Og). The dome lavas were extruded from
a narrow feeder zone (Steven and Ratté, 1960) and pushed
outward to form a typical mushroom-shaped silicic lava
dome (Fig. 2). Rocks along the contact between the dome

Elev. (m)
4000 -

_ Weak propylitic
3500 alteration
Quartz-sericite-
3000 - pyrite alteration

lavas and surrounding andesitic lavas were brecciated,
creating a zone of higher permeability that is an important
control on groundwater movement at the site.

Alteration and Mineralization

As part of the dome-forming cycle, additional magmatic
material was intruded into the area beneath the dome. As
these magmas crystatlized, they released hot gases rich in
sulfur dioxide. The gases rose along fractures in the dome
rocks and eventually condensed in the shallow portions of
the dome, producing fluids rich in sulfuric acid that
extensively leached and altered the dome rocks to an
advanced argillic alteration assemblage (Figs. 2, 3; Table 1).
The greatest amounts of leaching occurred near fractures
and left only silica and pyrite in the rock; this alteration
zone is called the vuggy silica zone because of the well-
formed voids left by the removal of large feldspar crystals.
Progressive neutralization of the acidic gas condensates
outward from the vuggy silica zones altered the rocks (Fig.
3; Table 1) to successive quartz-alunite, quartz-kaolinite,
clay (containing illite, montmorillonite, and pyrite), and
propylitic (containing chlorite, pyrite, and some calcite)
assemblages. The propylitically altered rocks are very rare
in the open pit area, but are more common south and east of
the mine.

The advanced argillic alteration event was important in
the formation of the Summitville deposit because it
provided open space porosity for subsequent sulfide and
gold deposition. The advanced argillic assemblage rocks
are also environmentally significant because they have a
greatly reduced capacity (as compared to fresh, unaltered
dome rocks) to consume acid in mine drainage.

South Mountain
volcanic dome

—

P -7 T~ R t o
_——"" Acid Sulfate\\ /s :Bf:ons ;udc e
Alteration N N urtace of dome
S~

Figure 2. Generalized cross section of the South Mountain volcanic dome showing the geology and distribution of various

alteration types. After Perkins and Nieman (1982).
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Table 1. Minerals found at Summitville. Minerals listed in bold have the potential to generate acid during oxidation,
weathering, or dissolution. Minerals followed by question marks are of uncertain time of origin.

Minerals formed during advanced-argillic alteration

Silica (quartz) Si0, Alunite KAl3(SO 4)2(0H)g
Kaolinite Al8i,05(0H)4 Illite KAl4[Si7, Al]O20(OH)4
Pyrite FeS, Woodhouseite CaAl(PO4)(SO4)(OH)g
Smectite Naol7(A1,Fe,Mg)4[(Si,Al)gOzO](OH4)-nH20

Chlorite (Mg, Fe, Al)1,[(S1, Al)g0,0}(OH) 16 Calcite CaCOj

Minerals formed during hydrothermal mineralization:

Pyrite FeS, Enargite CuzAsSy

Chalcocite (?) CuyS Covellite CuS

Chalcopyrite CuFeSy Marcasite FeSy

Native sulfur Se Gold Au

Barite BaSO4 Sphalerite ZnS

Luzonite CuszAsSy Galena PbS

Kaolinite Al»SinO5(OH)4 Tennantite (Cu,Fe,Zn)19As4513
Hinsdalite (Pb,Sr)Al3(PO4)(SO4)OH)g

Secondary minerals formed during pre-mining weathering of the deposit:

Jarosite KFe3(S04),(OH)g Goethite HFeO,

Limonite FeO(OH)*nH,O Scorodite FeAsO4+2H,0
Hinsdalite (?) (Pb,Sr)Al3(PO4)(SO4)(OH)6 Chalcocite (?7) Cu;S (below water table)
Secondary minerals formed as a result of mining of the deposit (this list will likely expand with further study):
Chalcanthite Cu(SO4)*5H,0 Brochantite Cuy(SO4)(OH)g
Jarosite KFe3(S04)2(OH)g Posnjakite CU4(SO4)(OH)6°5H20
Hinsdalite (?) (Pb,Sr)Al3(PO4)(SO4)(OH)g Halotrichite Fe+2A12(SO4)4°22H20

Propylitically altered rocks contain minor amounts of
carbonate minerals that can help consume acid in mine
drainage; however, the propylitically altered rocks occur in
such small amounts in the Summitville open pit that they
likely have relatively little mitigative effect on acid-mine
drainage at the site.

Following the period of intense acid leaching by
magmatic gas condensates, Cu- and As-rich sulfide
minerals were deposited in the highly altered dome rocks by
hot hydrothermal fluids also derived from crystallizing
magmas at depth. Minerals deposited in this assemblage
include pyrite, marcasite, enargite - luzonite, native sulfur,
covellite, chalcopyrite, tennantite, and minor barite,
sphalerite, galena, and various phosphate minerals (Table 1;
Gray and Coolbaugh, 1994 in press; Stoffregen, 1987). The
greatest amounts of sulfide mineralization occurred within
rocks altered to vuggy silica because hydrothermal fluid
flow was focused in these highly permeable zones;
however, appreciable Cu-As sulfide mineralization was also
deposited in the quartz-alunite and quartz-kaolinite
alteration zones. Multiple generations of hydrothermal
brecciation, in which magmatic fluids were explosively
released from depth into the dome rocks, also produced
some sulfide mineralization. Finally, late-stage sulfide-rich
veins were deposited in fractures cutting the highly altered
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dome rocks (M. Roeber, unpub. data; Gray and Coolbaugh,
in press).

Sulfides such as pyrite, marcasite, and enargite are
capable of generating large amounts of acid as they weather
(Plumlee et al., this volume). The end result of the
alteration and mineralizing processes at Summitville was a
low-grade gold-silver-copper deposit with the potential to
generate large amounts of acid and metals during
weathering, but with little capacity to consume this acid.

Structure

The importance of dome-related structures as controls
on the distribution of alteration and mineralization zones is
illustrated by a map of gold grades of the Summitville mine
(Fig. 1); the highest gold grades generally follow the vuggy
silica zones of most intense alteration. Vuggy silica zones
and coincident gold ore zones radiate outward from the core
of the deposit (Fig. 1; Enders and Coolbaugh, 1987). Three
northwest fracture trends are present that dip steeply from
65° to vertical. A N30°W £ 20° trend is typified by
narrower zones with higher Au grades, such as the Little
Annie and Tewksbury zones that were mined underground.
A second strong NW structural trend is characterized by
N60°W zones that are wider and longer but have lower than
average Au grades; examples are the Highland Mary,
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Figure 3. Schematic alteration zoning away from original fractures in the South Mountain dome rocks, showing approximate
depth of oxidation (upper plot) and ranges of oxidizable reduced sulfur in weight percent (lower plot). After Gray et al.
(1994 in press). Darker stipple shows reduced sulfur ranges in largely unoxidized rocks across all zones. Lightly stippled
pattern shows reduced sulfur in oxidized vuggy silica, quartz alunite zones.

Nellie, and Copper Hill zones; these N60°W zones parallel
the South Mountain fault on the southwest side of the
deposit. A third, less well-developed NW trend strikes N5-
10°W and is typified by the Bonus vein east of the Little
Annie vein. These three trends intersected near the center
of the deposit to form a large ore body approximately 150
by 400 m, the Highland Mary-Copper Hill zone. In
addition, some west-trending arcuate ore zones such as the
Dexter vein form concentric structures around the core of
the deposit on its northern side (Fig. 1). The radial and
arcuate structures probably resulted from emplacement of
magmas at depth beneath the dome. The well-developed,
N60°W-trending structures probably developed along pre-
existing regional fractures that were reopened during the

Summitville alteration and mineralization.

Unmineralized structures of various orientations
crosscut the alteration zones. Largely unmineralized
structures mapped in the Reynolds adit (Anaconda
Company, unpublished map) generally parailel one of the
three northwest trends. These structures produce abundant
water in the Reynolds adit, especially during spring
snowmelt.

In summary, original dome structures focused alteration
by magmatic gas condensates. The alteration zones and
some later cross-cutting structures have, in turn, greatly
influenced post-mineralization groundwater movement and
the extent of weathering prior to mining.

17



Summitville Pre-Mining
Hydrology (Inferred) A

3
H
i
;

3000

¢ 1) Recharge

Discharge

v,
.
T a——

Summitville Post-Reynolds B
Hydrology (Inferred)

gw
1
o
£ <
JOS FUNS—

SUL S

Reynolds

Recharge -
. adit

Discharge

Figure 4. A. Schematic cross section showing inferred hydrology of the Summitville mine area prior to underground mining.
Solid black line is water table. Arrows show postulated fluid flow paths. B. Schematic cross section showing inferred
hydrology of the Summitville mine area resulting from underground mining. Solid black line is water table. Arrows show
postulated fluid flow paths. Flow was reduced from natural discharge points due to increased flow from Reynolds adit.
Triangles in each plot show inferred position of groundwater table.

FEATURES OF WEATHERING AND
OXIDATION

After the Summitville deposit formed, erosion gradually
exposed the deposit to weathering and oxidation by
oxygenated ground and surface waters. The most rapid
erosion has occurred in the last 5 million years and resulted
from a regional uplift of the San Juan Mountains (T, Steven
oral comm., 1993). Weathering and erosion are ongoing,
and weathering has been greatly accelerated at the mine site
by the recent mining activity.

’
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Pre-mining oxidation and weathering features
Prior to the mining, weathering of the Summitville

deposit was focused along the high-permeability vuggy
silica alteration zones; pre-mining oxidation of these zones
occurred to depths as great as 300 feet below the ground
surface (Gray et al., 1993); in fact, gold grades in the vuggy
silica zones were enhanced by the oxidation and removal of
sulfides. In contrast to the vuggy silica zones, oxidation of
rocks in adjacent clay alteration zones occurred only to
depths of several tens of feet below the ground surface, due



primarily to the greatly reduced permeability of the clay
zones to groundwater flow. Some vuggy silica zones and
late-stage sulfide veins escaped oxidation if groundwater
flow was inhibited by clay-altered rock. Pre-mining
weathering and oxidation removed sulfide minerals and left
behind variable amounts of iron oxides (hematite and
goethite), jarosite (a potassium-iron sulfate), alunite (a
potassium-aluminum sulfate), scorodite (an iron arsenate),
and gold (Table 1; Stoffregen, 1986). The highly variable
nature of the pre-mining oxidation is readily apparent on
color aerial photographs of the site (see color photo at front
of this volume), with dark brown, highly oxidized vuggy
silica zones occurring immediately adjacent to and within
larger gray areas of unoxidized, clay-altered rocks.

Features that result from mining

Recent open-pit mining at Summitville exposed to
weathering large volumes of sulfide-bearing rocks in the
clay alteration zones. It was this exposure of sulfide-
bearing rocks in the pit and the storage of these rocks in
waste dumps throughout the mine that has led to the
increased acid drainage from the site. The acid waters are
generated when oxygenated snowmelt and rain waters react
with the sulfides to form waters with high contents of
sulfuric acid and metals (Plumlee et al., this volume). As
the acid waters evaporate during dry periods, they
precipitate a complex suite of soluble secondary salts that
store metals and acid in solid form until they dissolve
during the next period of rain or snowfall. We have
observed these salts as surficial coatings on rock materials
within the open pit and waste dumps, as coatings on
fractures in rocks forming the open pit walls, and as
disseminations within sediments left after the evaporation of
acid puddles throughout the mine site. In the area beneath
the pit, these salts are likely most abundant near airways
that allow for evaporation, such as in and near mine
workings and in fractured rock immediately beneath the
open pit.

Soluble secondary salts are a significant environmental
concern at Summitville due to their abundance and the ease
with which they can liberate metals and acid into the
environment simply by dissolving in rain waters or
snowmelt. The types and amounts of soluble secondary
salts at Summitville are currently under investigation. Salts
identified in limited studies to date include various copper
sulfates (including chalcanthite and brochantite), jarosite,
and halotrichite. Several phosphate minerals (such as
hinsdalite and woodhouseite) have been identified as
intergrowths with and as late coatings on primary minerals,
and as disseminations within mine-pond sediments.
Although in some samples these phosphates are clearly
related to the formation of the mineral deposit (Stoffregen
and Alpers, 1987), textural evidence suggests that the same
suite of phosphates may also be forming as a result of
present-day weathering processes. Due to the potentially

large number of different salts that may be present, more
detailed studies are needed on additional samples to
adequately characterize secondary minerals at the site.

Ferricrete deposits

Extensive ferricrete deposits occur primarily along the
northern margins of the mine site. These deposits are
composed of ferric oxide minerals that were precipitated by
acidic, iron-rich groundwaters as they flowed onto the
surface from springs. Many of the ferricrete deposits mark
the locations of ancient iron springs that flowed prior to
mining. The extent of these natural spring deposits can be
mapped from aerial photographs taken prior to and during
the recent open-pit mining. The ferricrete deposits are
localized along the northern contact between the South
Mountain dome and surrounding andesitic rocks, along the
Missionary fault on the northeastern side of the deposit, and
along the northern extensions of NW-trending ore zones
such as the Little Annie vein and the Bonus vein (Fig. 1).

Numerous stalactites of hydrous ferric oxides (up to 10
cm long and 1 cm in diameter) were observed in June, 1993,
to be actively forming in the Reynolds adit where
crosscutting fractures leaked acid water from the adit back.
These stalactites form as acidic waters flow from the
fractures and become oxygenated; aqueous ferrous iron is
then oxidized to ferric iron, which then precipitates as
hydrous ferric oxides. As an aside, it is interesting to note
that the copper-rich waters draining the Reynolds adit
replaced the outer layers of mine rails and anything else
made of iron with a thick layer of native copper; analysis of
the copper reveals detectable levels of tellurium, indium,
and other trace metals.

GEOLOGIC CONTROLS ON HYDROLOGY
AND GROUNDWATER FLOW

Summitville's hydrology can be understood qualitatively
based on a knowledge of the site's geologic characteristics,
limited pumping tests done in 1992, and the monitoring of
water table elevations in the pit area since the plugging of
the Reynolds adit. However, to adequately predict the long-
term response of the site to remedial actions currently
underway, more extensive hydrologic pumping tests,
downhole geophysical characterization, and tracer and
groundwater monitoring studies are required.

Older andesites that surround the South Mountain dome
have very low permeabilities and limited groundwater flow
near the current ground surface; drilling in the andesites
encountered water at depths greater than five hundred feet.
The low permeabilities of the andesites, coupled with the
higher permeabilities of vuggy silica zones and other
fractures in the dome rocks, led to the development of a
shallow, perched groundwater system contained largely
within the dome.

Prior to mining, vuggy silica zones, unmineralized

19



fractures, and the contact between the dome and
surrounding andesites likely served as the dominant
conduits for groundwaters at the site (Fig. 4A). Recharge
for the groundwater system likely occurred primarily via
surface outcrops of the vuggy silica zones. Groundwaters
flowed downward along the vuggy silica zones and spread
laterally through other intersecting vuggy silica zones and
fractures not exposed at the surface. Groundwater
discharge occurred primarily along the dome-andesite
contact and along limited numbers of fractures that
intersected the ground surface; discharge points are
documented by the extensive ferricrete deposits discussed
previously on the northern side of the mine site. The South
Mountain fault west of the deposit was likely also a
significant groundwater conduit, and may have fed springs
on the northwest side of the South Mountain dome near the
drainage divide between the Wightman Fork and Park
Creek. Itis likely that waters discharged along the dome
andesite contact had followed rather deep flow paths
(possibly as much or more than 1 km) to reach the contact,
and therefore may have had an artesian component.

Inception of underground mining significantly altered
the hydrology. Groundwater flow was shifted largely to
underground mine workings, which short-circuited the deep
flow system along the dome-andesite contact and allowed
groundwaters to discharge at a higher elevation along the
Reynolds adit (Fig. 4B). Open-pit mining further affected
the local hydrology by creating a snow and rain catchment
basin that funneled much greater quantities of water into
sulfide rich rocks and mine workings beneath the pit and
then out the Reynolds adit.

As aresult of the plugging of the Reynolds adit in late
January, 1994, hydrologic conditions that existed prior to
the driving of the Reynolds Adit are largely being re-
established. Monitoring by the Environmental Chemical
Corporation has shown that water levels beneath the open
pit area rose substantially in the months following the
plugging and then declined somewhat after spring snowmelt
was complete. Reduced flow still continued from the
Reynolds adit due to leakage from fractures outside the
plug; these fractures are also likely to be feeding active
seeps located near the Reynolds Adit (such as the
Missionary and TD seeps, Fig. 1). In May, 1994, a plug on
the Chandler adit (located approximately 50 m higher than
and 800 m northwest of the Reynolds Adit) failed and water
began flowing from the adit opening. The flow from the
Chandler shows, as expected, that the underground mine
workings are much more conducive to fluid flow than the
pre-mining fracture systems. However, seeps east and north
of the open pit area have also either started flowing or have
increased in flow since the Reynolds adit plugging. These
seeps typically occur near or within old ferricrete deposits
and are located near the dome-andesite contact, along the
Missionary fault, or near structures within the dome that
intersect the ground surface (Fig. 1). In addition to the
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seeps located on Figure 1, an intermittent seep on the South
Mountain fault (located northwest of the mine at the
drainage divide between the Wightman Fork and Park
Creek) started flowing again in summer, 1994. The
renewed or increased seep activity indicates that
groundwaters are once again utilizing natural conduits and
flowing from natural discharge points. A number of other
seeps are present on the northeastern and eastern side of the
deposit; some of these are fed by waters flowing through
bedrock fractures (such as the Ch, Missionary, TD, N Dump
Meadow, and Iowa seeps), but many are fed by waters
flowing through waste material left by the recent open pit
mining (such as the N Dump S seep, and seeps from the
Beaver mud dumps, clay ore stockpile, and Cropsy waste
dump). Chemical compositions of the various seeps are
discussed in Plumlee et al. (this volume).

IMPLICATIONS FOR PREDICTION,
MITIGATION, AND REMEDIATION
A good understanding of the environmental geology of

the Summitville deposit is crucial to: (1) develop the most
effective remediation strategies for the Summitville site;
and (2) better predict, mitigate, and remediate potential
environmental problems at future proposed mine sites with
similar geologic characteristics.

Remediation at Summitville

The most significant long-term remedial action needed
at Summitville is the mitigation of acid-mine drainage from
the site. This requires the isolation of both sulfide-bearing
and secondary salt-bearing materials from weathering and
oxidation, a formidable challenge given the wide
distribution of such materials throughout the site. The
current effort to backfill the open pit with acid-generating
material and then cap the pit should help significantly
reduce acid drainage from the site. However, geologic
considerations indicate further efforts and precautions:

* The cap on the pit area must be as impermeable as
possible, given the abundance of soluble salts and
oxidizable sulfides in the backfill material and the fact
that the pit area will continue to drain (although at a
greatly reduced level) into the Wightman Fork from
reactivated seeps.

+ Surface outcrops of vuggy silica zones and faults that
are not in the backfilled and capped pit area (Fig. 1) may
permit groundwater recharge into the area beneath the
cap; these should be identified and, if possible, sealed or
capped.

* Seep activity north of the deposit will probably continue
and may spread to other areas in which old ferricrete
deposits mark pre-mining discharge points (Fig. 1), and
to areas where fractures intersect the surface.

* Given the lower-level but pervasive occurrence of acid-
generating material throughout the site (on roads, in



soils, windblown into forested areas, etc.), it is likely
that some level of surficial acid drainage will bleed from
the site over the long term even after the bulk of the
waste dump materials have been relocated into the pit.
Geochemical and mineralogical surveys of solids from
throughout the site are needed to help assess the
potential levels of this non-point acid drainage.

» Long-term, field-oriented hydrogeologic, mineralogic,
and groundwater monitoring studies are needed to
adequately assess the long-term response of the site to
remedial actions.

Lessons for the future
The severe acid drainage problems at Summitville were
dictated by the site's geologic characteristics (high acid-
generating capacity but low acid-consuming capacity of the
deposit and its highly altered host rocks) and its climatic
setting. The extent of Summitville's downstream effects

(acidic, metal-bearing waters persisting more than 60 km

downstream; Smith et al., this volume) was also a direct

consequence of the surrounding volcanic terrane, which has
extensive natural acid drainage from other mineralized areas
and relatively small amounts of carbonate minerals to help
naturally mitigate the effects of acid drainage. Summitville
holds many lessons for the future development and
remediation of geologically similar deposits:

» Future development of such deposits will likely be
economically and environmentally difficult unless
adequate precautions can be made to mitigate the acid-
mine drainage.

« At sites in wet climates, extreme care must be taken to
adequately isolate mine wastes from surface waters and
oxygenated groundwaters. Similarly, the occurrence of
alternating wet and dry cycles in mine wastes and
workings must be reduced or stopped to prevent the
formation of soluble salts and the large-scale flushing of
these salts during storm or snowmelt events.

+ Unless the climate is so dry as to preclude significant
surficial drainage, development of similar deposits in
geologic terranes containing rocks with little or no acid
buffering capacity will likely be difficult
environmentally. These terranes have little nearby
material that can be used to mitigate problems on site,
and allow the environmental effects of the site to reach
much farther downstream without natural mitigation.

» The location of active seeps and fossil seeps (i.e.,
ferricrete deposits) should be carefully mapped prior to
mining, so that acid-generating mine wastes will not be
dumped onto active or potentially active springs.

+ A detailed knowledge of site geology, hydrology, and
the location of potential groundwater outflow points is
necessary to better understand the potential effects
resulting from plugging of underground mine workings.
Mapping of active seeps and fossil seep deposits would
help indicate where potential leakage could occur.
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ABSTRACT

Detailed geochemical studies provide important insights
into processes controlling acid-mine drainage and cyanide
degradation at Summitville, Colorado. Extremely acidic
drainage is the dominant long-term environmental problem
at Summitville. Oxidation of sulfides (exposed by the
open-pit mining) by oxygenated surface and ground waters,
coupled with the lack of acid buffering capacity in the
deposit and its highly altered host rocks, is the ultimate
cause of acid drainage at the site. The sulfide oxidation is
enhanced by processes such as evaporation and bacterial
oxidation of aqueous iron. Dissolution of soluble secondary
salts (such as iron and copper sulfates) by rainwaters and
snowmelt is a major short-term process that generates
highly acidic, metal rich waters over much shorter time
periods of minutes to days. The salts form by complete or
nearly complete evaporation of acidic, metal-bearing
waters, and permit a cycling of both acid and metals
between solids and waters at the site. The salts contain
abundant ferric iron, which, when dissolved, can trigger
extensive oxidation of sulfides even without the presence of
high levels of oxygen in ground waters or surface waters.
The most significant long-term remedial challenge at
Summitville will be preventing oxidation of sulfides in
acid-generating mine wastes and dissolution of their
contained soluble secondary salts by ground and surface
waters.

Experimental studies show that the environmental
effects of accidental cyanide releases into the Wightman
Fork over the course of recent mining were likely mitigated
at least partially by the acid drainage from the site. Mixing
of the heap leach solutions with the acid waters would
likely trigger extensive degradation of cyanide in the heap
leach solutions and lead to a relatively short lifetime of
cyanide species (except thiocyanate) in the Wightman Fork
and Alamosa River, especially if mixing occurred on sunny
summer days optimal for maximum cyanide volatilization.
However, if leaks occurred in the winter, the cyanide likely
could persist considerably farther downstream due to the

reduced rates of volatilization. Relatively high
concentrations of thiocyanate likely persisted downstream
due to its stability in acidic solutions; it is currently
unknown how long the thiocyanate persisted, and how it
was eventually degraded.

INTRODUCTION

Acid-mine drainage and leaks of cyanide-bearing
processing solutions are the two predominant and most
widely publicized environmental problems resulting from
recent open-pit mining at Summitville. Combined with the
geologic characteristics of the Summitville deposit (Plumlee
et al., this volume) and the climate at the site, geochemical
processes have played an important role in the generation of
acid drainage at the site and in the degradation of cyanide
leaked from the site. This paper summarizes results of
ongoing field-based and laboratory experimental studies
that provide insights into some of the geochemical
processes influencing environmental problems at
Summitville and its downstream environmental effects. For
a history of mining operations at the site and other
background material, the reader is referred to the summary
paper by Posey and Pendleton and other papers in this
volume.

ACID-MINE DRAINAGE STUDIES

Sources of mine waters at Summitville (Table 1)
include: (1) flows from adits (such as the Reynolds,
Chandler, and Iowa adits); (2) flows from seeps or springs
draining mine dumps (such as the Cropsy waste dump,
North waste dump, and Beaver Mud dumps) and bedrock
around the mine site; (3) ephemeral ponds or puddles that
form in the open pit after rainfall or snowmelt; and (4) very
low-volume flows from seeps within the open pit (such as
Blackstrap and Son-of-Blackstrap). For locations of adits,
springs, and seeps, the reader is referred to the color aerial
photo of the site (this volume) and Figure 1 of Plumlee et al.



(this volume).

This section presents results of an ongoing study of
acid-mine drainage at Summitville that was initiated in the
fall of 1990 as part of a larger project evaluating geologic
controls on mine-drainage composition (Plumlee et al.,
1993). Sampling has continued to the present, with
extensive cooperation between the USGS and the U.S.
Environmental Protection Agency (EPA), U.S. Bureau of
Reclamation, and Environmental Chemical Corporation.

Field methods

At each sample site, measurements of water
temperature, air temperature, conductivity, pH, and
dissolved oxygen content were taken. For samples
collected after 1992, acidity and alkalinity titrations were
carried out either in the field or in the laboratory
immediately on return from the field. Samples collected at
most or all sample sites include: filtered and unfiltered
waters in acid-washed bottles acidified with nitric acid for
analysis of major cations, metals, and trace metals; filtered
waters acidified with hydrochloric acid for analysis of
Fe2*; filtered unacidified waters in unwashed bottles for
analysis of major anions; waters for hydrogen and oxygen
isotope analysis; and waters filtered through a glass fiber
filter for dissolved organic carbon analysis. At some
sample sites, water samples were also collected, filtered ,
and acidified with nitric acid for analysis of radiogenic
isotopes. Filter sizes used over the course of the study
varied from 0.1 pm to 0.45 pm, due to variations in the
availability of filter types and brands, and due to changing
needs of the project. Acid blanks, water blanks, and
procedural bianks were also collected. For the 1993 and
1994 sampling, chain of custody procedures have been
followed from sample collection through transport, analysis,
and storage.

Mine-drainage compositions

The mine-drainage waters at Summitville are among the
most acidic and metal-rich in Colorado (Table 1, Fig. 1;
Plumlee et al., 1993). For a location map showing the seeps
sampled in this study, the reader is referred to Plumlee et
al., this volume. Waters draining adits (Reynolds,
Chandler; Table 1) and waste dumps (Cropsy, North, SH-1,
Area L; Table 1) have pH values from 2.3 to 3.2 and
extremely high concentrations of metals and other elements,
including: Fe and Al (hundreds to several thousands of
parts-per million [ppm] of each; with Fe>Al); Cu and Zn
(tens to hundreds of ppm of each; with Cu>Zn); As, Cd, Cr,
Co, Li, Ni, rare earth elements (La, Ce, Nd), U, Th, V
(hundreds of parts per billion [ppb] to several ppm); Be, Te
(tens to several hundreds of ppb). Waters draining the
waste dumps generally have somewhat lower pH and higher
metal concentrations than waters draining adits. One seep
near the Chandler adit (Ch Seep, Table 1) has a composition
similar to that of the Chandler adit. Puddles that form in the

pit and around the mine site after spring snowmelt and soon
after summer rains (NPIT-1; SPIT-1, 2) have generally
similar pH values but slightly lower metal contents than
those of the adit waters. Low volume seeps within the open
pit (Blackstrap, SOB; Table 1) have even lower pH values
(as low as 1.7) and higher metal concentrations than those
of the waste dumps. As of summer 1994, springs and seeps
sampled around the northern periphery of the mine site (TD,
Missionary) have generally higher pH values (from 3.8 to
6.8) and lower metal contents than those of the adit waters.
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Figure 1. Ficklin plot showing Summitville mine-drainage
compositions as compared to compositions of other mine-
drainage waters in Colorado.

Both long-term and seasonal variations in drainage
water composition occur at Summitville. Copper
concentrations in the Reynolds adit waters prior to mining
were in the low tens of ppm range (Fig. 2). Soon after open
pit mining began , both peak and minimum annual copper
concentrations showed a marked increase; this long-term
increase showed no signs of abating prior to the plugging of
the Reynolds adit in January, 1994. Our data collected
since 1991 show that Fe, Al, Zn, As, and other metals
exhibit similar increases over time as that observed for Cu.
Interestingly, maximum pH values of the Reynolds adit
waters, although quite variable, increased somewhat over
time from around 2.9 to as high as 3.5 in early 1992 (Golder
Associates, 1992).

As shown in Figure 2, pronounced seasonal variations
are superimposed on long-term increases in metal content,
with the greatest copper concentrations occurring during
spring snowmelt, and the lowest concentrations occurring
during low-flow conditions in fall and winter. Data
collected in 1994 from the Chandler adit show a similar
increase in pH (from 2.4 to 2.9) and decrease in
conductivity (from 7110 uS/cm to 5800 pS/cm) from early



Table 1. Compositions of selected water samples collected at Summitville over the course of this study. FA - Filtered, acidified; RA - unfiltered, acidified.
Anions measured by ion chromatography. Cation concentrations in plat measured by Flame or Graphite Furnace Atomic Absorption Spectrophotometry
(AAS). Cation concentrations in bold analyzed by Inductively-Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). Cation concentrations in italic
measured by Inductively-Coupled Plasma Mass spectrometry (ICP-MS), a screening technique. “Description” gives filter size for filtered samples.

Date

Temperature
Description

pH
Conductivity
Diss. O,

F

Cr
S0,
Al
Fe
FeZ+
Mn
Si
As
Ba
Be
Cd
Ce
Co
Cr
Cu
La
Li
Nd
Ni
Pb
Sr
Th
U
v
Zn

St

units
°C

uS/cm
ppm
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
ppb
ppb
ppb
ppb
ppb
ppb
ppb
pPb
ppb
ppb
ppb
ppb
ppb
ppb
ppb
ppb
ppb
ppb

Reynolds Adit Chandler Adit Cropsy Dump |North Cleve-
Dump |land
Cliffs
AD-3| AD-3 AD-3 AD-3 AD-3|AD- Chand-1 |Chand-1 |Chand-1 |Dike 2 |550D-R |S Seep |SC12
1435C
10/1 6/9j 10/3/91 6/22/93 8/10/93|  7/20/94] 6/22/93 6/8/94|  7/20/94] 8/29/94] 10/16/90| 6/23/93] 8/30/94] 6/22/93
4.5 4 4 4 4 6 4 6 13.5 7.5 14.5
FA 0.45 FA 0.1] FA 0.45 FA 0.2 FA 0.2] FA 045 FA 0.2 FA 0.2 FA 0.2] FA 0.45] FA 045 FA 0.2] FA 0.45
3.2 2.9 2.7 3.2 33 2.4 2.8 2.9 2.3 2.5 2.4 29
2100 3200 5400 1800 10 7110 5530 5820 10300 7650 7500 4100
10 10 10 10 12 12 10 10 10 10
< 0.5 0.67 3.7 0.99 1.6 3.3
ing 4.7 2.2 6.5 1.0 1.5 1.3 26 2.5
2200 1920 4530 4510 1650 2133 15000 6250 12600 23000 8370 11300 3360
112 130] 290 230* 150 160 430' 340 310 2400 890 710 200
260 310 920 570 190 250 1400 9190 880 5000 1100 1200 540
177 196 985 760 635
14 18 31 23 12 10 40 34 35 180 92 65 77
3 31 30 32 27 28 37 39 42 83 43 60| 27
36 400| 2900 790 130 460 3900 1500 2500 4000 190 160 110
1 20 10 10 20 7 4 5 7 <2 1 <01 10
2 30 76 50 8 10| 120 81 73 300 110 87 37
18 200 330 300 72 70 440 380 430 1000 360 400 180
8 80 80 180 130 20 450 390 380 2000 200 1000 150
67 700 1600 950 420 540 2000 1400 1400 7000 3000 2400 1700
3 30 110 55 10 20 140 110 99 1000 280 150 45
93000 120000 234000 230000 70000 84000} 400000 290000 260000] 220000 56000 100000 100000
6 400 30 80 50 7| 170 150 140 9200 60 320 60
2 20 51 38 20 < 40 85 20 40 600 230 120 45
6 80 130 110 60 30 250 230 230 1600 410 610 190
76 800 1900 1200 550 640 2600 1800 1700, 10000 3600 2600 1400
37 320 230 320 80 92 < 80 310 220 12 <2 0.4 5
22 300 410 310 230 230 400 410 390 600 570 500 1200
6 2 30 4 2 < 6 80 40 10 800 100 130 20
31 40 140 40 20 40 170 170 100 1000 310 210, 60
21 30 110 44 6 20 220 150 100 700 350 220 20
1800 20000 47000; 31000] 12000 11000] 57000] 47000 49000, 170000] 61000 55000 28000
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Table 1 continued.

Date

units
Temperature °C
Description
pH
Conductivity uS/cm
Diss. O, ppm
F mg/L.
Cr mg/L
SO» mg/L
Al mg/L
Fe mg/L
Fe** mg/L
Mn mg/L
Si mg/L
As ppb
Ba ppb
Be ppb
Cd ppb
Ce ppb
Co ppb
Cr ppb
Cu ppb
La pPpb
Li ppb
Nd ppb
Ni ppb
Pb ppb
Sr ppb
Th ppb
U ppb
v ppb
Zn ppb

Low-volume

Ponds or puddles in open

Seeps or springs in disturbed rock

Seeps or springs away from

seeps in open pit near open pit open pit
pit
Black-| SOB-1 | SPIT-1 | SPIT-2 | NPIT-1 [IOWA-1|Ch Seep| Sh-1 |AREA L([Mission-[Mission-|TD Seep
strap Seep Pond Pond Pond ary East|ary West
Seep
10/3/91]  6/23/93f 8/10/93| 8/10/93 6/8/94]  8/10/93| 8/30/94] 8/30/94 6/8/94] 7/20194]  7/20/94]  8/30/94
~14{ 18 19 19 14 5 3 8 10 5 5 4
FA 0.1| FA 045 | FA 045 FA 045 FA 02| FA045] FAO02[ FAO02] FAO02 FAO02} FAO02 FAO2
1.8 1.7 2.5 2.4 2.7 2.8 3.0 34 2.5 3.8 6.8 3.8
380008 19500 3300 4600 2510 2800 3670 5090 3090 1450 374 858
10 10 10 10 10 6 10 4.5 1 3
0.70 < 0.25 1.1 <05 <0.5 1.2 1.2 0.51 0.41 0.23
2400 1.3 22 0.59 2.0 0.51 27 2.4 1.1 0.52 10
1258008 29850 2320 7890 2140 1900 5000 7310 4820 1540 110 425
2100 140 290 180 190 280 210 110 120 0.07 5
12000 470 840 280 170 540 600 390 150 <04 39
79 338 223 102 169 nm 35
>100 4.2 19 15 19 28 100 14 5.8 0.7 2.4
110 1 1 11 35 27 36 15 19 12 12
28000 690 3400 110 20 80 <20 80 200 <20 190
<l 1 < 0.1 5 3 41 <1 8 20 26 20
220 4 34 30 23 37 54 11 4 <3 0.9
460 73 110 120 81 220 130 39 50 <20 7|
780 80 220 200 300 260 1100 330 90 <1 9
7700 670 1100 630 460 950 1300 440 260 3 80
2400 170 170 60 44 58 20 57 10 < 10 <1
706000/ 42000 120000, 37000 19000 270000 32000( 24000/ 58000 150 28000
280 30 80 60 140 80 400 110 30 <1 4
380 8 20 20 44 10 70 20 10 9 4
1000 60 170 140 160 150 520 170 50 <2 5]
11000 860 1300 830 580 1200 1300 570 350 < 30 82
<2 0.1 1 1 <01 180 <2 0.6 210 <2 30
830 30 40 95 230 150 1700 290 250 530 1300
540 40 80 80 20 6| <3 60 2 <3 <03
300 40 90 150 40 70 40 70 30 <1 0.3
340 110 170 57 4 20 30 55 10 <8 )
82000] 11000] 20000, 15000] 11000, 29000, 21000 6600 6800 190 2300]




June (a week after the adit started discharging waters) to
late August. Most, but not all, elements decreased in
concentration from June to late August (Fig. 2); arsenic and
zinc, however, decreased in concentration from the June to
July sampling, but increased slightly in concentration by
late August.
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Figure 2. Plot of copper in Reynolds and Chandler adit
outflow waters over time. Modified from Golder and
Associates (1992) to incorporate results of this study.

Geologic and geochemical controls on mine-
drainage composition
The highly acidic, metalliferous mine-drainage waters at
Summitville are a predictable result of the deposit's
geologic characteristics (Plumlee et al., this volume), in
combination with its climate and important geochemical
processes.

Background

For details of geochemical processes that control acid
drainage generation, see Nordstrom and Alpers (in press),
Smith et al. (1994), and Singer and Stumm (1970). When
unoxidized sulfides such as pyrite (an iron sulfide) are
exposed to oxygenated ground and surface waters, the
sulfides initially react with dissolved oxygen in the waters
to generate sulfuric acid and liberate metals tied up in the
sulfides; in the case of pyrite, reduced or ferrous iron (Fez"')
is the dominant metal produced, along with any trace metals
originally present in the pyrite crystal structure. The ferrous
iron is then oxidized to ferric iron (Fe3+) with the help of
bacteria. Ferric iron can then, in turn, serve as an oxidant
that aggressively attacks more sulfides and generates much
more acid than simple oxidation by dissolved oxygen. The
critical aspects of the process are that sulfide oxidation and
acid generation initiated by oxygen dissolved in waters, are
greatly enhanced by bacterial action, and can then proceed
via oxidation by ferric iron without the presence of

abundant dissolved oxygen. In many mineral deposits and
their host rocks, minerals are present that can react with and
help consume acid generated during sulfide oxidation; these
can include carbonate minerals, such as calcite, and rock
forming silicate minerals, such as feldspars.

At Summitville, many different sulfides are present
(Plumlee et al., this volume) that generate acid and metals
during oxidation, including pyrite and marcasite (iron
sulfides), enargite and tennantite (copper-arsenic sulfides),
covellite and chalcocite (copper sulfides), and chalcopyrite
(a copper-iron sulfide). In contrast, there are very few
minerals present in the Summitville deposit or 1ts host rocks
that can help consume acid. This is a direct result of intense
alteration of the host rocks by acid magmatic gas
condensates prior to the formation of the deposit (Plumlee
et al., this volume). There are some carbonate alteration
minerals present in the rocks south and west of the deposit,
but these occur in such small amounts within and around
the open pit that they do not help mitigate acid drainage
(Plumlee et al., this volume). The ultimate cause of the acid
drainage problems at Summitville was the exposure and
oxidation of sulfide-bearing rocks with high acid generating
capacity but negligible capacity to consume acid. However,
there are a number of other geochemical processes at work
that must be considered as well.

Geologic controls on metal content

The relative proportions of metals and other elements
such as arsenic in the drainage are in part a function of the
deposit geology. For example, the enrichments of copper
relative to zinc in the drainage waters reflect the copper-rich
nature of the ores. Similarly, enrichments of arsenic in the
drainage waters reflect the abundance of As-bearing
enargite and tennantite in the ores (Plumlee et al., this
volume). The relatively high levels of trace metals that are
more commonly found as low level constituents of host
rocks rather than ore deposits (such as U, Th and rare earth
elements [Ce, La, and Nd], for example) suggest that some
reaction and dissolution of the altered host rocks by the acid
waters are also occurring. Co and Ni are also relatively
enriched in the Summitville drainage waters. Because these
metals are anomalously enriched in the andesitic rocks
surrounding the district (T. Steven, oral comm., 1993), their
enrichments likely reflect input from both the mineral
deposit and its host rocks.

Precipitation and dissolution of secondary minerals
Metals and other elements are brought into solution as a

result of sulfide oxidation, acid-generation, and reaction
with host rocks. However, the concentrations of some
elements are most likely limited when the fluids become
saturated with various minerals. Preliminary chemical
speciation calculations indicate, for example, that calcium
concentrations in most waters are limited by the formation
of gypsum (a calcium sulfate mineral). Similarly, silica
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concentrations are possibly limited by the formation of
chalcendony, and iron concentrations in some samples may
be limited by jarosite (a potassium-iron sulfate). In most of
the waters, concentrations of arsenic and metals such as
copper, zinc, etc., are apparently not limited by the
formation of mineral phases containing these elements as
major constituents.

However, extreme evaporation can cause the waters to
become saturated with a broader variety of minerals. As
discussed by Plumlee et al. (this volume), our mineralogical
studies have identified abundant secondary salts of iron
aluminum (such as jarosite, a potassium-iron sulfate and
halotrichite, an iron-aluminum sulfate), copper (such as
chalcanthite and brochantite, copper sulfates), and possibly
phosphate (such as hinsdalite). These salts are observed to
form during dry periods as surficial coatings on rock
materials within the open pit and waste dumps, as coatings
on fractures in rocks forming the open pit walls, and as
disseminations within sediments left after the evaporation of
acid puddles throughout the mine site. The salts store metals
and acid until the next rainstorm or snowmelt, at which time
they partially or completely dissolve. Once dissolved, the
metals are either carried downstream or remain in ponds or
in waters wetting fracture surfaces, where they may once
again precipitate as soluble salts as the waters evaporate.

The pronounced seasonal variations in metal content,
together with the rapid formation of highly acidic,
metalliferous ponds and puddles after summer
thunderstorms, demonstrate that many of these salts are
readily soluble and play an important role in enhancing acid
drainage at Summitville. For example, increases in copper
concentration in the Reynolds adit waters each spring
reflect the snowmelt-triggered flushing of metals from salts
formed during the previous fall dry season. The rapidity of
the salt dissolution is also apparent in the chemical analyses
of acid waters left in puddles and ponds in the open pit after
summer thundershowers (samples SPIT-1, 2; Table 1).
Samples SPIT 1 and 2 were collected only several days
after the start of the summer monsoonal rain season. Prior
to the start of the monsoonal moisture, there was a relatively
dry period following spring snowmelt. The fact that waters
with such acidity and metal content form over the course of
only several days shows that the waters are dissolving
soluble salts and do not result from sulfide oxidation, a
much slower process. The waters have quite high
concentrations of all metals and arsenic that are typical of
the waters draining workings and dumps at Summitville;
mineralogical residences for all of these metals and arsenic
have yet to be determined, although it is likely that many
reside as trace constituents in the abundant iron or copper
salts identified to date.

In addition to being a ready source for dissolved heavy
metals and acid, these salts also are a ready source for
dissolved ferric iron (for example, compare total iron
analyses with ferrous iron analyses in sample NPIT-1). The
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ferric iron occurs as a constituent of salts such as jarosite.
This ferric iron formed by salt dissolution can readily
oxidize nearby sulfides and therefore generate copious
amounts of acid. Because this can occur without the
presence of abundant dissolved oxygen, it shows that
isolation of sulfides from atmospheric oxygen cannot alone
stop sulfide oxidation, especially if salts containing ferric
iron are present.

Alunite dissolution has been proposed as a source for
acidity in some mine drainages. However, sulfur isotopic
studies of the sulfate in the drainage waters at Summitville
show that it does not have the same signature as sulfate in
the alteration alunite (Plumlee et al., this volume). Instead,
the isotopic composition is the same as that of the original
sulfides in the deposit. Thus the sulfate was ultimately
derived from sulfide oxidation and not from dissolution of
alteration alunite. It is possible that alunite dissolution
occurs at slow rates relative to those sulfide oxidation; if so,
then alunite may present a potential long-term source of
acidity at Summitville.

Although the effects of mineral precipitation and salt
dissolution on drainage composition are generally
interpretable, much more work is needed to fully understand
how these processes help control acid drainage generation
at Summitville. For example, chemical speciation, reaction
path, and mass balance modeling calculations currently
underway will help reveal more details of the processes
involved.

Evaporation

As shown in the previous section, evaporation is an
important control on drainage chemistry during the summer
and early fall months at Summitville. Puddles left after
rainstorms or snow melt can dry up quite rapidly on sunny
days, leaving mud-cracked sediment flats that contain not
only clays and other detrital material, but also secondary
salts. Of the samples listed in Figure 1, geochemical
evidence of evaporation is present in only three samples:
9/91 Blackstrap, 6/93 Son-of-Blackstrap, and 10/90 Cropsy
Dike 2. These waters have elevated chloride concentrations
and heavy hydrogen isotopic compositions indicative of
evaporation, with Blackstrap showing the most extreme
evaporation. Blackstrap and Son-of-Blackstrap are very
low volume seep puddles in the open pit, and form as
waters seep onto the surface and evaporate before they can
flow anywhere. Our preliminary data indicate that
evaporation, as expected, has two main geochemical results:
it increases concentrations of metals and other elements in
solution due to water loss; and it increases the acidity of the
waters as they evaporate. Another consequence of the
evaporation is that, as ferric iron concentrations increase,
the waters may become somewhat more reactive to
unoxidized sulfides with which they come in contact,
thereby further enhancing drainage acidity and metal
content.



METAL LEACHING EXPERIMENTS
To evaluate potential metal mobility from solid mine

wastes and the role of secondary salts in acid-drainage
generation, we have initiated several leaching experiments
of solid materials from the Summitville waste dumps and
open-pit area. Samples of material from the North Pit area,
South Pit area, and Cropsy waste dump were collected
during visits to the site in September, 1993, and June, 1994.
During both visits, conditions had been quite dry for at least
several weeks prior to the visit, and so extensive buildups of
secondary salt coatings were readily visible on all samples
collected. All samples are currently undergoing detailed
mineralogical analysis to determine the original sulfide and
alteration minerals still present in the sample, as well as the
mineralogy and trace-element content of the secondary
salts.

Experimental procedures

For the first phase of the experiments, a representative
50-gram split of each sample was collected and placed in a
1-liter Nalgene bottle. The samples were not ground or
broken so as to best reproduce conditions present in the
field. Then, 1000 ml of distilled water were added to each
50-gram solid sample, yielding a water/rock ratio of 20:1.
Each sample was gently shaken or stirred by hand
periodically over the course of the experiment with the
bottle top removed to allow access of atmospheric oxygen.
For the first 13 days, the bottle cap was replaced after each
sample was shaken, so as to minimize evaporation. On the
thirteenth day, the bottle caps were removed to allow
evaporation of the waters from the samples. The
evaporation was carried out in a laboratory fume hood with
the ventilation fan operating.

Measurements of pH and conductivity were taken
periodically over the course of the experiments. Filtered
water samples for anion and cation analysis were collected
1 day after the beginning of the experiments, and again
fifteen days after the start of evaporation.

Results

Plots of pH and conductivity over the course of the
experiments are shown in Figure 3. Analytical results for
water samples collected are presented in Table 2.
Immediate decreases in pH and increases in conductivity
demonstrate the rapid rate at which the secondary salts
dissolve (Figure 3). The pH of the waters in all samples
drops to below 4 within the first ten minutes, and the
conductivity also jumps significantly; in the case of the
Cropsy wall sample #2, the conductivity exceeds 2000
within the first ten minutes. The most rapid pH and
conductivity changes occur approximately within the first
hour of the experiments, but pH continues to decrease
slowly and conductivity continues to increase slowly over
the remaining course of the experiments. With the initiation
of evaporation, there is a temporary increase in the rate of

pH drop and conductivity increase that occurs over several
days.
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Figure 3. Plot of pH and conductivity results for leaching
experiment on two Summitville samples, including one of
material from the Cropsy waste dump and one from the top
of the Clay Ore stockpile.

The chemical compositions of the leach waters
reproduce the general pH range of the Summitville drainage
waters, but are usually lower in metal content. This is most
notable for arsenic, which occurs in the leach waters in
concentrations as much as an order of magnitude lower than
those observed in most of the mine waters. Leach waters
collected after the first day of the experiment (Table 1;
Figure 4) show a wide range in metal content, with the
Cropsy waste dump samples having metal contents that
most closely approach those of waters actually observed in
mine puddles and draining mine waste dumps (Fig. 4).
Samples collected after evaporation for 10 days show a
marked drop in pH and increase in content of most metals.
Interestingly, the leaching data show a steep trend of
decreasing pH and increasing metal content (Fig. 4) that
merges at its upper end with a shorter but similarly-sloped
trend defined by the mine puddle and most mine dump
waters. In contrast, the data for most mine workings, seeps,
and some dumps show a gentler trend of increasing metal
content with decreasing pH (Fig. 4). These two trends
intersect at very low pH values and high metal contents. It
is possible that these two trends may respectively reflect (a)
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Table 2: Analytical resul(s for leaching experiments studying metal mobility from solid mine wastes at Summitville. Experimental techniques discussed in
text. Amons. measured by ton thomatography. Cation concentrations in plat measured by Flame or Graphite Furnace Atomic Absorption Spectrophotometry
(AAS). Cation concentrations in bold analyzed by Inductively-Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). Cation concentrations in italic
measured by Inductively-Coupled Plasma Mass spectrometry (ICP-MS), a screening technique. “Description” gives filter size for filtered samples.

Leaching Experiments
Cropsy wall #1|Cropsy wall 3 |Cropsy wall 2 |North pit 1, Seep L bank Seep L mudflat|Top of clay ore
solid 3
Date 6/15/94  7/12/94f 6/15/94 T7/12/94) 6/15/94 7/12/94 6/15/94 7/ 12/% 6/15/94 7/12/94 6/15/94 7/12/194 6/15/94 °1/12/94
units

Temperature °C 25 25 25 25 25 25 25 25 25 25 25 25 25 25
Description FA 02 FAO02] FA02 FA02 FA02 FA02 FAO0.2 FA 0.2] FA02 FA02 FA02 FAO0Z FA 0.2 FA 0.2
pH 3.2 2.6 2.8 2.5 3.3 2.6 3.4 2.8 3.3 2.7 3.1 2.8 2.8 2.4
Conductivity uS/cm 432 1383 2160 34308 2470 5130 210 785 220 794 416| 988, 1093 2290
Diss. O, ppm 10
F mg/L | <0.05 0.51 0.94 <0.5 1.4 2.3 < 0.05 0.09] 0.08] 0.16 0.32] 0.46 0.86
Cl mg/L 0.13 1.3 0.23 <1 2.0 3.7 0.21 0.69 0.42 0.49] 1.2 0.38] 1.1
Neka mg/L 159 506 7470 5200 3250 10300 45 185 145 114 46 1270 2620
Al mg/L 16 46 230 440 290 7608 1.1 8 <1 3 1.3 9 54 120
Fe mg/L 11 45 140 210 150 19 6.7 22 <1 14 12 1 30 75
Fe** mg/L 3 68 141 ] 2.5 0.5 3 2
Mn mg/L 0 1 22 44 49 12 0.1 0.5y <02 0 1. 4. 4 10
Si mg/L <1 9 < 1 6 <1 9 <1 11 <1 10 2. 2 1.0 16
As ppb <3 <20 4 4 <3 10 < 4 <3 < 20 < <3 10
Ba ppb 8 4 <03 <0l <03 < 0.1 7 10 20 23 2 1 7 6
Be ppb <1 <3 42 86 76 20 <1 2 <1 < 3 3 5 10
Cd ppb <2 <20 330 640 260 59 2 5 <2 < 20 10 20
Ce ppb 8 30 6 9 3 0.4 1 <ol 4 2 70 140
Co ppb 57 170 1000 1900 860 200 5 160 1 20 4 10 150 340
Cr ppb 3 20 10 67 9 6 < % <1 <2 < 10 < 20 67
Cu ppb 1400 5400| 43000 76000 20000 5400 150 660 87/ 17004 170 510 8200 18000
La ppb 2 7 1 2 0.4 0. 0.2 0. <01 I 0. 10 30
Li ppb 0.8 7 5 10 85 24 <04 <O 0.7 <7 1 10 40
Nd ppb 6 20 10 10 39 6 0.2 <01 3 1 60 110
Ni ppb 87 290 120 220 1300 300 20 10 <2 < 30 3 12 19 440
Pb ppb < 0.3 <2l <o < 0. < 0.3 < 0. <0.3 <03 <2l <o 0. <0. <02
Sr ppb 3 19 I <2 i 2 1 20 4 16 32
Th ppb 1 <3 1 1 ] < 0.5 0. < 0.5 <3 <0 0. 10
U ppb 4 9 38 44 220 36 4 2 0.1 I 3 50
A ppb < 0.6 <8 1 64 4 < 0.4 < 0. < 0.6 < § < 0. <0. < 0. 1
Zn ppb 520 2600| 18000 38000 48000 12000 320 130 20 350 51 150 210 5600




short-term dissolution of soluble secondary salts with
minimal pH buffering, and (b) longer-term interactions of
the waters with wallrocks that help buffer pH. However,
further experimental studies and chemical modeling of the
results are needed to support this possible interpretation,

The leach experiments provide two important insights
into processes controlling short-term acid drainage
generation. First, they show that very low pH values and
very high metal contents can result from the interactions of
dilute waters with mine wastes over time periods as short as
ten minutes. Second, they indicate that evaporation of acid
waters leads to substantial increases in metal content and
decreases in pH. Further experimental studies are planned
that will better reproduce ambient conditions at the site such
as natural sunlight and evaporation.
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Figure 4. Ficklin plot showing sum of dissolved base
metals versus pH for leach experiment waters compared to
actual mine-drainage waters.

A PRELIMINARY QUALITATIVE MODEL
FOR ACID DRAINAGE GENERATION
AT SUMMITVILLE

Based on the results of the mine-water sampling,
leaching studies, and mineralogical studies, we have
developed a preliminary qualitative model for the
generation of acid-mine drainage at Summitville. We stress
that further data collection (for example, of ground-water
samples from monitoring wells that were inaccessible to us
in this study), coupled with detailed chemical modeling and
further experimental studies, are needed to begin to develop
a quantitative model for the site that can be used to help

predict long-term responses of the site to remedial actions.

Pronounced increases in acid drainage from Summitville
since the inception of open-pit mining (Fig. 2) clearly
reflect the exposure of abundant sulfides by the mining, and
the progressive increase in oxidation of these sulfides. The
low pH values reflect the lack of appreciable acid-buffering
capacity in the deposit or its host rocks; however, slight
increases in pH of the Reynolds adit waters since 1984
(Golder and Associates, 1992) may reflect some reactions
with, and pH-buffering by, clay-altered rock exposed by the
mining. The copper- and arsenic-rich nature of the ores is
reflected in enrichments of these elements in the drainage
waters. The concentrations of some elements in the waters
(such as calcium, barium, and silicon) are apparently
limited by saturation with various minerals or amorphous
solids). Evaporation during dry summer and fall periods
clearly leads to increases in metal content and decreases in
pH of the drainage waters; the effects of evaporation are
most apparent in low-volume seeps and rain puddles within
the open pit, but are also noted in waters draining some
mine dumps.

Soluble secondary salts such as chalcanthite,
brochantite, and jarosite (Plumlee et al., this volume) clearly
play a very important role in metal mobility and the short-
term generation of acid drainage at Summitville. These
salts form during dry periods in summer and fall from the
extreme evaporation of acid mine waters that occur (a) in
ponds and puddles, and (b) as wettings on rock surfaces,
fracture surfaces, or underground mine workings. The salts
store high amounts of metals and acid; the acid occurs both
as actual hydrogen ions tied up in the crystal structures and
as metals that dissolve to produce hydrogen ions. Any
waters that come in contact with these salts, such as spring
snowmelt or rain waters, dissolve the salts and pick up
considerable acidity and dissolved metals. For example, the
spring spike in metal content in the Reynolds adit waters
and acid waters draining mine wastes reflects flushing of
the dissolved salts. As the salts are largely consumed, metal
contents in the waters decrease to some baseline value
reflecting slower oxidation of sulfides and dissolution of
less soluble salts. Extreme metal concentrations in the
Chandler adit waters reflect the flushing of copious salts
built up over the last 91 years in the underground mine
workings above the Reynolds adit level.

As of late summer, 1993, seeps on the northern
periphery of the deposit (Ch, TD, Meadow Pond, and a seep
at the headwaters of Park Creek) were showing signs of
prolonged flow after snowmelt and general increased flow
(Roeber et al., this volume). The waters in the Ch seep near
the Chandler adit are similar in composition to those
draining the adit itself (Table 1), and likely also come from
shallow ground-water flow paths strongly influenced by
underground workings and the open pit. Seeps such as the
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TD seep, Meadow Pond seep (Fig. 1 of Plumlee et al., this
volume), and Park Creek seep have moderately to
considerably lower metal contents and higher pH values.
Our preliminary interpretation is that these waters (1)
followed deep flow paths (Fig. 4 of Plumlee et al, this
volume) beneath South Mountain, (2) are therefore older
waters that have had time to react with possibly less altered
rocks, and (3) are being pushed out ahead of lower-quality
waters that recently entered the deep plumbing system in
response to plugging of the Reynolds adit. If this
preliminary interpretation is correct, then it is likely that
water quality in these seeps will deteriorate over time.
Further hydrologic and geochemical studies are needed to
address this issue.

GEGCHEMICAL PROCESSES
CONTROLLING CYANIDE
DEGRADATION AT SUMMITVILLE

Among the environmental concerns stemming from
recent mining activities at Summitville are past accidental
releases of cyanide-bearing heap-leach solutions into the
Wightman Fork of the Alamosa River, and the ongoing
efforts to remove cyanide from solutions remaining in the
heap leach pad. This section presents results of a study in
progress that was designed to understand the geochemical
processes that (1) controlled the composition of heap leach
solutions at Summitville and (2) may have occurred during
an accidental release of the heap leach solutions into the
Wightman Fork.

Unfiltered heap leach solutions that were being
remediated as of summer, 1993, typically had pH values
near 9.4 and total cyanide concentrations varying from 120
to 150 ppm. Approximately 100 to 130 ppm of the cyanide
was present in weak-acid dissociable (WAD) form as
complexes primarily with copper; the remainder was
primarily present as free cyanide (CN”, minor HCN), with
lesser amounts as strong complexes with iron, cobalt, and
nickel. High copper concentrations (210 ppm) reflect the
copper-rich nature of the ores and the strength of the copper
complexes with cyanide. Other metals present included: Fe,
Co, and Ni (1-2 ppmy); Al (0.5 ppm); and Ag, Mo, and Zn
(0.1 to 0.2 ppm). High thiocyanate (SCN~) concentrations
(250 ppm) showed that sulfides are present within the heap
and are undergoing oxidation. The thiocyanate forms
predominantly by the reactions of free cyanide with
intermediate-oxidation state sulfur species formed during
sulfide oxidation. Heap leach solutions at the time of active
mining and cyanide processing had a generally similar pH,
approximately twice the levels of WAD cyanide, and
somewhat higher thiocyanate concentrations.

Mixing experiments

Any surface leaks from the cyanide heap leach
operations that occurred during mining would have flowed
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into the Wightman Fork. We designed laboratory
experiments to model the mixing of the heap leach solutions
(remaining as of summer, 1993) with the Wightman Fork
water. In the experiments, samples of heap leach solution
were mixed with varying proportions of a Wightman Fork
water mixture (pH = 3.2) consisting of Wightman Fork
water from above the Reynolds Tunnel inflow, Reynolds
Tunnel water, and Cleveland Cliffs Pond water. The
experiments were conducted both outdoors in open
containers (to evaluate the effects of photolytic cyanide
degradation) and indoors in closed containers (to allow
retrieval of volatilized cyanide gas). Compressed air was
bubbled through the mixtures in order to approximate the
turbulence that would be encountered during flow along the
Wightman Fork.

Results are shown in Figure 5 of one experiment that
document the progressive loss of WAD cyanide from the
mixture, a transient increase in WAD cyanide associated
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with solid precipitates, and the precipitation of abundant
iron hydroxide. We interpret these data to reflect the
progressive destruction of the copper-cyanide complexes
through acidification by the Wightman Fork waters, and the
volatilization of the cyanide as hydrogen cyanide according
to the following reaction:

Cu(CN)3= + 3H* = Cu™ + 3HCN (g).

The temporary shift of WAD cyanide into particulates
most likely reflects the precipitation of solid copper cyanide
compounds; however, these solid cyanide compounds are
also apparently degraded over time. The copper originally
complexed with the cyanide is sorbed onto the abundant
iron hydroxides that precipitate as a result of the mixing;
settling of these particulates would effectively remove the
copper and some other metals from solution.

There are several limitations of these experiments that
we are addressing in studies currently underway. First, the
role of temperature was not evaluated; however, it is likely
that the 20°C temperatures of the experiments discussed
previously allowed faster rates of cyanide volatilization than
would occur at temperatures closer to 0°C (e.g. ambient
temperatures if a cyanide release occurred during the
winter). The experiments also did not address conditions
where cyanide volatilization was inhibited (such as would
occur if the mixing occurred under an ice cap in the
wintertime). In these experiments we also did not measure
total cyanide or thiocyanate concentrations. In addition to
the volatilization of cyanide noted previously, it 1s likely
that some of the cyanide was precipitated as a copper-iron
cyanide. This conversion may have led to longer-term
storage of cyanide in the particulates; however, solid iron-
cyanide compounds are well known for their photolytic
degradation by the ultraviolet portion of sunlight (see
papers contained in VanZyl, 1985). In studies of another
mine in Colorado, we have measured very high
concentrations of thiocyanate (several hundred ppm) in acid
mine waters with pH near 2. Thus, it is apparent that
thiocyanate can be quite long-lived in acid solutions
(McGill et al., 1985). We are studying further the fate and
degradation of cyanide in acid environments.

Our study results to date indicate that mixing with acidic
Wightman Fork waters would likely trigger extensive
degradation of cyanide in the heap leach solutions and lead
to a relatively short lifetime of cyanide species (except
thiocyanate) in the Wightman Fork and Alamosa River,
especially if mixing occurred on sunny summer days
optimal for maximum cyanide volatilization. However, if
leaks occurred in the winter, the cyanide could persist
considerably farther downstream due to the reduced rates of
volatilization. Relatively high concentrations of thiocyanate
may have persisted downstream due to its stability in acidic
solutions; it is currently unknown how long the
thiocayanate persisted, and how it was eventually degraded.

We are currently evaluating the mixing of heap leach
solutions with acid-mine drainage as a possible low-cost
technique to remediate heap leach solutions and acid-mine
drainage at mine sites where both are present.

SUMMARY

The results of geochemistry studies at Summitville
demonstrate their utility, especially when integrated with
detailed geology and hydrogeology studies, in order to
develop the most effective remediation strategies at the site.
As discussed by Plumlee et al. (this volume), the most
significant long-term remedial challenge at Summitville
will be the isolation of large volumes of acid-generating
mine wastes from oxidation of sulfides and dissolution of
soluble secondary salts by ground and surface waters. The
current backfilling of the open pit with mine wastes and
capping of the pit area are needed because they will help to
significantly reduce both water inflow into the pit area and
acid generation from wastes outside the pit area. However,
the capping and the resaturation of workings above the
Reynolds adit will not totally prohibit ground-water flow
into the pit area. Further, the capping and plugging will not
inhibit acid generation in the ground waters due to the
abundance of ferric iron that can be released from soluble
salts and that can then trigger extensive sulfide oxidation. It
is therefore likely that low-volume but highly acidic and
metalliferous discharge will continue from seeps and
springs along the northern boundaries of the site. More
detailed ground-water monitoring and chemical modeling
studies, coupled with detailed field hydrology studies, are
needed to accurately predict how acidic and metal-bearing
these waters will be. The leaching studies that we have
conducted on solid materials (such as from the Clay Ore
stockpile) show that use of such materials from the site as a
capping material for the pit area should receive careful
scrutiny; their high acid-generating capacity may adversely
affect their long-term viability as a capping medium.

It is also likely that lower levels of surface acid
generation and discharge will continue across the site, given
the wide dispersal of sulfide-bearing materials and soluble
salts in surficial material such as soils, road surfaces, etc.
This acid discharge will not abate until the sulfides are
completely oxidized and all the soluble salts have been
flushed. Further leaching studies of surficial material from
across the site are needed to help establish the levels of acid
drainage that might be anticipated.

Results of the on-site geochemistry studies indicate that
low levels of acidic, metalliferous drainage are likely to
continue from Summitville, in spite of the necessary
ongoing remedial actions. However, these potential long-
term acid and metal loadings into the Wightman Fork
should be carefully evaluated and compared to metal and
acid loadings from other largely natural sources in the upper
Alamosa River basin (Miller et al., this volume; Kirkham,
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this volume; Bove et al., this volume) before more extensive
remedial measures are instituted at Summitville.
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ABSTRACT

The geology of mineralized and altered areas in the vicinity
of the Summitville Mine is currently being studied to
understand contributions of individual drainages to the
downstream contamination in the Alamosa River. These
areas, which include the Iron-Alum-Bitter Creek basins
(IABC), are essentially undisturbed by mining activity and
will offer unique opportunities to characterize background
sites adjacent to the Summitville mining area.

Rocks within the upper Alamosa River basin study area are
mostly within the Platoro caldera complex. The Platoro
caldera, a large volcanic collapse structure, formed about 30
to 29 Ma in response to the eruption of the voluminous
Treasure Mountain Tuff. Renewed ash-flow eruption led to
the further collapse of a series of calderas nested within the
older Platoro caldera. The Platoro caldera complex served as
the structural locus of numerous intrusions ranging from
monzonite to quartz monzonite in composition. Generally,
these intrusions are spatially associated with intense
hydrothermal alteration and varied mineralization.

Two main episodes of hydrothermal alteration have been
recognized within the upper Alamosa River basin. An early
period of alteration (~29-26 Ma) affected rocks within the
IABC basins and the Jasper area. A later period of alteration
(~23 Ma) affected rocks in the Summitville mining area and
postdated the older cycle of alteration by as much as 6 m.y.
The zone of hydrothermal alteration around the JABC basins
is about 11 km®. In contrast, younger hydrothermal alteration
around the Summitville Mine influenced an area of about 3
km?.

The Summitville Mine and IABC basins are located along
an arcuate fault zone that localized repeated intrusion,
hydrothermal alteration, and mineralization. The intrusions
related to hydrothermal alteration and mineralization within
the IABC basins have been well exposed by erosion. In
contrast, the intrusive body associated with the Summitville

orebody is present nearly 700 m beneath the surface, buried
beneath the quartz latitic lavas of the South Mountain dome.

One of the strong similarities between the Summitville
mining district and the IABC basins is the presence of classic
acid-sulfate alteration assemblages. Alteration in the
Summitville Mine area is characterized by subvertical tabular
zones consisting of vuggy silica cores surrounded by
successive zones of hydrothermal quartz-alunite and clay.
Similarly, small localized zones of quartz-alunite altered rock
are present in the Lookout Mountain and Alum Creek areas in
the western part of the IABC basins.

The Summutville and Lookout Mountain-Alum Creek areas
also show a similar vertical sequence of hydrothermal
alteration assemblages. Hydrothermal alteration in both areas
grades downward from a magmatically derived acid-sulfate
assemblage into underlying zones of quartz-sericite-pyrite
alteration with quartz-pyrite stockwork veinlets. Sparse
molybdenite is present in the deep assemblage in the Alum
Creek area, and copper and molybdenum anomalies have been
reported in the deeper levels of the Summitville deposit. Both
systems are genetically related to high-level quartz monzonite
porphyry intrusions that generated an upper-level acid-sulfate
system, which in turn grades into a weak porphyry copper-
molybdenum system at depth.

The nature and extent of hydrothermal alteration in the
TABC basins contributes to the low pH and the high metal
loadings of this part of the Alamosa River. The Alum Creek
area, in particular, with its extensive quartz-sericite-pyrite and
clay alteration products, contributes water with very low pH,
high dissolved metals, and a very large suspended load of
potentially acid-generating material. The presence of old iron-
oxide cemented conglomerates many feet above modern
drainages indicates that the generation of natural metal-rich,
acidic drainage has been occurring in the upper Alamosa
River basin for many thousands of years prior to mining in the
area.
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INTRODUCTION

Detailed geologic and geochemical studies of the highly
mineralized Iron, Alum, and Bitter Creek areas in the upper
Alamosa River basin are critical to understanding the
contributions of individual drainages above the Wightman
Fork to downstream contamination in the Alamosa River.
Studies in these largely unmined or undisturbed areas also
offer a unique opportunity to understand the interrelationship
between specific rock and alteration types and the local stream
geochemistry. As implied by the creek names, water draining
from these intensely altered and highly pyritized basins is
extremely degraded, with pH and conductivity commonly <3
and >2,000, respectively. Ongoing geologic studies indicate
that these extreme acid conditions are generated by the
supergene alteration of extensive zones of primary
hydrothermal quartz-sericite-pyrite (QSP) altered rocks.

As attested by the characteristic alteration assemblages and
the spectacular tan and red, bleached landscape, the Iron,
Alum, and Bitter Creek basins are ancient analogs of the
active geyser basins at Yellowstone, Wyoming. Downcutting
by streams, which sculpted the IABC basins during the last 5
million years (Steven and others, in press), provided
spectacular exposure of a complex, multi-level geologic
system. Classic quartz-sericite-pyrite alteration related to a
very weak molybdenum-copper porphyry system is exposed in
Alum Creek and represents the deepest exposed part of the
hydrothermal system. These strongly pyritized QSP-altered
rocks have been attacked by strongly acidic supergene fluids,
which result in the highly degraded water in Iron, Alum, and
Bitter Creeks. Several relatively small centers of quartz-
alunite altered rock occur about 600 m above the deeper QSP
zone. These small quartz-alunite centers in turn grade further
upward into an ancient hot spring environment characterized
by massive opaline ledges and isolated siliceous sinter
deposits.

The purpose of this report 1s to summarize the geology,
mineralization, and alteration within these areas, and to
discuss preliminary results of coordinated stream and geologic
studies. Measurements of pH and conductivity from over 60
sites demonstrate a good correlation between the type and
intensity of alteration and the degree to which the surface and
spring waters are degraded. This report draws upon
preliminary data--in addition to that from many previously
published sources--from roughly two months of field work
during the fall of 1993 and the summer of 1994 and provides
the geologic framework for related stream geochemical
studies in the upper Alamosa River basin.

VOLCANIC HISTORY

The upper Alamosa River basin study area is in the
southeastern part of the 25,000 km’® San Juan volcanic field
in southwestern Colorado and adjacent parts of New Mexico
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(fig. 1). Volcanic activity in the San Juan field commenced
about 35 million years ago (Ma) during which time large
volumes of intermediate composition lavas were erupted from
local stratovolcanoes. At about 29 Ma, the style of volcanism
shifted to explosive ash-flow eruptions associated with many
large calderas in the San Juan volcanic field. The Platoro
caldera complex (fig. 2), which formed about 29 Ma,
represents the major source of ash-flow tuffs present in the
upper Alamosa River basin study area. A later period of
bimodal basalt-rhyolite volcanism, which began about 26 Ma,
differs petrologically from earlier volcanic rocks, and is
related to crustal extension and opening of the Rio Grande Rift

T
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Alamosa River
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Figure 1. Map of the San Juan volcanic field showing the
Platoro caldera complex (PCC), and the upper Alamosa
River Basin study area. Major calderas denoted by thick
hatched lines. Figure modified from Lipman (1975).

(Chnistiansen and Lipman, 1972; Lipman and others, 1978).
More detailed discussions of the evolution of the Platoro
caldera complex and related volcanic rocks in the southeastern
San Juan volcanic field is found in Lipman (1975).

The Platoro caldera complex served as a structural locus for
the intrusion of numerous stocks and dikes ranging in
composition from monzonite to porphyritic dacite. The



Alamosa River stock (fig. 2), the largest of these intrusions, is
an elongate intrusive body measuring about 3 by 7 km. South
of the Alamosa River, the stock is mostly unaltered, fine- to
medium-grained, equigranular monzonite. However, the
northwestern part of the intrusion is petrographically and
compositionally more complex and was affected by intense
hydrothermal alteration. It is in this area that the Alamosa
River stock was intruded by several later pulses of mostly
more silicic intrusion. Emplacement of one or more of these
later intrusions was responsible for most of the intense
hydrothermal alteration in the vicinity of Alum Creek and
Lookout Mountain.

0 PLATORO
CALDERA
IABC Cat Crook
BASINS Stock

Bear Creak
Stock

Alamosa River
Stock

10 MILES

T
10 KILOMETERS

Figure 2. Simplified geologic map of the Platoro caldera
complex. Diagonal hatched areas are zones of hydrothermal
alteration; white shaded area is intracaldera Treasure
Mountain tuff.

Rain and melt water from several large areas underlain by
altered, mineralized rock in the Summitville-Platoro area
drains into the upper Alamosa River. These areas include the
Summitville mining district and the Iron-Alum-Bitter Creek
basins (JABC basins). As shown in figure 2, altered and
mineralized zones in these areas are closely associated with
intrusive centers localized along the structural margins of the
Platoro caldera complex.

HYDROTHERMAL ALTERATION AND

MINERALIZATION

Early studies by Steven and Ratté (1960) recognized two
main episodes of hydrothermal activity in the Summitville-
Platoro area. Most of the large masses of altered rock in the
TABC basins (fig. 2) were formed about 29-26 Ma during an
early period of alteration denoted as Conejos age by Steven
and Ratté (1960). Rocks within these areas were altered prior
to the eruption of the South Mountain lava dome, which hosts

the ore deposit at the Summitville Mine. A later period of
alteration, which occurred about 23 Ma (Mehnert and others ,
1973), has affected rocks that extend from the north base of
South Mountain south to Cropsy Ridge. The main mass of 23
Ma altered rock encompasses most of the South Mountain
volcanic dome and envelops the Summitville orebody.

Summitville Area

Discovery of gold in the Summitville area in 1870 led to
one of the first large mining ventures in the San Juan
Mountains (Steven and Ratté, 1960). Gold, silver, and copper
ores in the Summitville area formed in a shallow volcanic
environment. Ore is hosted almost entirely by the coarsely
porphyritic South Mountain quartz latite dome. The volcanic
dome, along with genetically related alteration and
mineralization, was emplaced along the northwestern margin
of the Platoro caldera complex. Alteration and mineralization
at Summitville has been studied in detail and is discussed by
Stoffergren (1987) and Gray and others, 1994. Mineralization
took place in near-vertical tabular zones and pods of quartz-
alunite replaced South Mountain porphyry along northwest-
trending fracture zones. Alteration occurred prior to
mineralization in these zones and the resultant mineral
assemblage grades out from a core of leached vuggy silica
through quartz-alunite and a quartz-kaolinite zone, and finally
into strong illitic alteration. Ore minerals, mainly pyrite and
enargite, fill irregular cavities within the vuggy silica zone.
The zone of vuggy silica is generally present within 100-200
m of the surface and appears to be transitional downward into
better defined but narrower vein structures. Most of the ore
mined at Summitville was from the oxidized zone, which
extends to 50 to 100 m below the surface. Ore from this zone
generally consists of native gold intergrown with hematite,
goethite, and lesser jarosite and barite. High-grade ore
beneath the oxidized zone contains covellite, enargite,
luzonite, and gold with accessory sphalerite and galena
(Stoffregen, 1987).

Isotopic dating in the Summitville area (Mehnert and
others, 1973) has established a close temporal association
between mineralization and magmatic activity (~23 Ma). The
classic acid-sulfate alteration assemblage at Summitville is
interpreted by Stoffregen (1987) to have formed by extreme
leaching by acid fluids produced by an influx of magmatic
SO, However, alteration preceded mineralization, the latter
being associated with less extreme acid conditions.

Iron Creek, Alum Creek, Bitter

Creek (IABC) Basins
The IABC basins (figs. 2 and 3) encompass roughly 11 km®
of intensely altered and weakly mineralized rock that
corresponds spatially with the northern margin of the Alamosa
River stock (fig. 2). A later phase of this stock, called the
Alum Creek porphyry (Calkin, 1967), is the focus of the most
intense alteration in this area and contains zones of

37



anomalously high lead (up to 1060 ppm), copper (up to 250
ppm), molybdenum (up to 600 ppm), and zinc (up to 600
ppm) (Sharp and Gualtieri,1968; Calkin, 1967; Amoco,
unpub. data, 1982). A classic porphyry-style, quartz-sericite-
pyrite alteration assemblage is centered around the Alum
Creek porphyry and is characterized by stockwork quartz-
pyrite veinlets containing sparse molybdenite. Pyrite, which
occurs ubiquitously throughout altered rocks in the IABC
basins, is most prevalent in zones of quartz-sericite-pyrite
alteration, where it averages about 1 to 2 volume percent of
the rock (Calkin, 1967). The intensity of quartz-sericite-pyrite
alteration decreases outward and upward from the center in
Alum Creek as denoted mostly by a gradual decrease in both
density of quartz-pyrite stockwork veinlets and silica flooding.
Unpublished drill core data (Anaconda reference collection
housed at the University of Wyoming, Laramie, Wyoming)
indicate that the quartz-sericite-pyrite alteration extends
several hundred feet below the surface. Unpublished studies
by Anaconda during 1982 (Anaconda reference collection
housed at the University of Wyoming, Laramie, Wyoming)
show that over 70 percent of altered rock from select drill core
in the Alum Creek area contains greater than 1 to 2 volume
percent pyrite. In contrast, fresh pyrite was detected in only
about 35 percent of those samples collected from the surface;
however, most of these rocks originally contained pyrite.

Pervasive argillic alteration, characterized by the presence
of kaolinite, commonly in the absence of pyrite, is
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Figure 3. Map of major drainages within the upper
Alamosa River basin study area.

superimposed upon original QSP-altered rocks in the IABC
basins. The argillic alteration assemblage was formed by
extremely acid supergene fluids generated by the oxidation of
pyrite by surface or meteoric water. In general, rocks that
have been less intensely silicified by primary QSP altering
fluids are more susceptible to secondary argillization,
whereas, more silicified QSP-altered outcrops and the pyrite
within are typically armored from these acidic fluids. The
highly silicified and pyrite-bearing rocks form the
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characteristic spire and hoodoo-shaped outcrops that are
surrounded by less-resistant, argillized rocks that were
originally little affected by silicification. Tiny cubed-shaped
casts in the rocks indicate that pyrite within these argillized
and less resistant outcrops is commonly oxidized and
destroyed. Although sometimes indiscernible, the original
texture of QSP-altered rocks superimposed by later argillic
alteration can be recognized by the presence of stockwork
quartz veinlets, silica flooding, remnant sericitized
phenocrysts, and oxidized iron-bearing (after pyrite)
stockwork.

Several relatively small centers of quartz-alunite altered
rock are located on the south and western slopes of Lookout
Mountain, about 600 m above the QSP zone in Alum Creek.
There is a general zonation outward from quartz-alunite into
QSP-altered rock, the latter having been variably overprinted
by an argillic alteration assemblage. These quartz-alunite
centers in turn grade further upward into an ancient hot spring
environment characterized by massive opaline ledges and
isolated siliceous sinter deposits enriched in mercury (up to 16
ppm; Summitville Consolidated Mining Company, unpub.
data, 1988 ). Preliminary sulfur and oxygen isotopic data
(R.R. Rye, personal commun.) indicate that the alunite at
Lookout Mountain was derived from a SO,-rich vapor
emanating directly from an underlying magma body. Surficial
emanation of these sub-volcanic, SO,-rich fluids resulted in
formation of a geyser basin, probably similar in many ways to
the active basins in Yellowstone National Park, Wyoming.

Alteration intensity decreases dramatically in all directions
outward from the main centers of alteration in the vicinity of
Lookout Mountain and Alum Creek. Pyrite concentrations
also decreases outward in the peripheral weak argillic-sericitic
and propylitic alteration assemblages.

The style of alteration, the occurrence of anomalous copper,
lead, zinc, and molybdenum, and the intimate association with
a porphyritic quartz monzonite intrusion spurred substantial
exploration activity in the Alum Creek area, specifically as a
porphyry copper-molybdenum target. However, the IABC
basins were considered poor exploration targets for gold and
silver (Sharp and Gualtieri, 1968) because concentrations of
these metals in over 200 rock chip samples were below
analytical detection limits (< 0.1 ppm and <0.5 ppm,
respectively), and gold and silver values in exploration
dnlling did not exceed 0.09 and < 12 oz/ton, respectively (W.
Calkin, unpub. data, 1984). The presence of trace to
appreciable amounts of gold and silver in altered rocks in the
Summitville area (23 Ma alteration) is an important
distinction from the IABC basins (29-26 Ma alteration),
where altered rock exhibit a general paucity in these metals.
Aside from the quartz-pyrite-gold-silver telluride veins mined
on a small scale in the Stunner and Gilmore districts at the
mouth of Alum Creek (Patton, 1917; Lipman, 1975),these
bastns are largely undisturbed by mining activity.



PRELIMINARY STREAM PH AND

CONDUCTIVITY DATA

During the summer of 1994, a detailed study of spring and
surface water geochemistry was conducted in conjunction with
ongoing geologic studies in the IABC basins. Guided by our
preliminary mapping, and pH and conductivity data provided
by Kirkham and others (this volume), approximately 60 spring
and surface water sites were selected and subsequently
sampled for a wide spectrum of geochemical analyses. The
primary goals of this study were to ascertain the degree and
type of influence of specific rock and alteration assemblages
upon local spring and stream geochemistry, and to
characterize the geochemistry of natural waters in this specific
type of mineralized, yet relatively undisturbed area. As the
majority of geochemical analyses have yet to be completed,
our present data set (fig. 4) includes only field pH and
conductivity measurements. These data are in good general
agreement with the data of Kirkham and others (this volume)
from the same general study area, which are discussed in
detail within this volume.

Water analyzed from the Alum Creek area, which marks
one of the main centers of alteration and mineralization within
the IABC basins, is by far the most degraded within the study
area, with pH values commonly less than 2.5 and conductivity
as high as 2,000 to 10,000 us/cm. However, the headwaters
of the main stem of Alum Creek (pH=5.4, conductivity=20)
appeared to contain relatively good quality water (pH= 5.4,
conductivity = 20)(fig. 4), with water quality decreasing
further downstream. The sample taken at the headwaters of
the main stem of Alum Creek was located immediately
downstream from a large, fresh plug of porphyritic latite,
which is most likely responsible for the relatively good water
quality.

Iron Creek at its headwaters appears to be a relatively
healthy stream and is the only stream in the IABC basins that
is habitat to trout. Even at the confluence of South Mountain
and Iron Creeks, which is in close proximity (<0.5 km) to the
Summitville Mine, Iron Creek maintains its relatively good
water quality with a pH of 6.7 and conductivity of 60 us/cm
(Kirkham and others, this volume). The first significant influx
of degraded water originates from a tributary draining highly
altered and pyritized rock in the saddle between Cropsy and
Lookout Mountains. The intensely altered rocks exposed in
this saddle are products of the29-26 Ma period (pre-
Summitville alteration) of hydrothermal activity, which also
affected rocks in the Iron Creek basin south of the saddle, as
well as rocks within Alum and most of Bitter Creek. Water
flow in this tributary initiated from a spring with a pH of 2.6

and conductivity of 1380 us/cm. In addition, highly degraded
water with a pH of 2.3 and conductivity of 3870 ws/cm also
issues from a spring in the tributary immediately southwest of
this saddle. Just below this tributary, the pH of Iron Creek
decreases to 4.6, while conductivity increases to 137 us/cm
(Kirkham and others, this volume). Just to the east of
Sheepshead, (fig. 4) a prominently altered basin is drained by
a tributary with water averaging a pH of about 4.0 and
conductivity of about 260 us/cm. Alteration and
accompanying pyritization in this basin is relatively less
intense than that around Lookout Mountain and in Alum
Creek, and marks the western extent of influence from
Conejos age-hydrothermal alteration. Water issuing from a
spring just to the south of Sheepshead has relatively good
water quality (pH=5.1, conductivity= 8; Kirkham and others,
this volume) and reflects the influence of the fresh quartz latite
plug making up the large promontory at Sheepshead.

Water quality along Bitter Creek is most adversely affected
from relatively acidic water draining from three intensely
altered tributary basins on the north side of Bitter Creek,
below and flanking Elephant Mountain (fig. 4). While the
most degraded water in these side basins has a pH and
conductivity of 3.2 and 980, respectively, springs issuing near
the fresh rhyolite intrusion at Elephant Mountain were of good
general water quality. The water quality in tributaries east of
Cropsy Mountain and Cropsy Ridge, are also of general good
quality due to paucity of hydrothermally rock in these areas.

Whereas Prospect Mountain delimits the western extent of
intense hydrothermal alteration of the older (29-26 Ma) cycle
to the west, Bitter Creek generally marks the easternmost limit
of the older 29-26 Ma alteration. Later, 23 Ma alteration
related to mineralization around Summutville was largely
confined to rocks north of Cropsy Ridge. With the exception
of relatively insignificant volummetric contributions from two
degraded tributaries (pH=3.8, conductivity= 790) around a
small altered intrusion near the mouth of the Wightman Fork
(fig. 2), natural waters are of relatively good quality between
Bitter Creek and the altered areas around Jasper and Burnt
Crecks.

DISCUSSION
The Summitville Mine and IABC basins are all localized
along an arcuate fault zone, generally referred to as the ring
fracture zone of the Summitville caldera (Lipman 1975;
Stoffregen, 1987). This fault zone, from Summitville south to
the Alamosa River and east to Jasper is marked by repeated
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intrusion, hydrothermal alteration and mineralization. As
shown in figure 2, there is an intimate association between
hydrothermal alteration, mineralization, and shallow intrusion
of monzonite to monzonite porphyry stocks. The intrusions
related to hydrothermal alteration and mineralization within
the IABC basins have been well exposed by erosion; in
contrast, the younger quartz monzonite intrusion(s) associated
with the Summitville orebody is present about 700 m beneath
the surface, buried by a thick accumulation of quartz latitic
lavas of the South Mountain extrusive dome.

One of the striking similarities between the Summitville
mining district and the JABC basins to the south is the
presence of classic acid-sulfate alteration assemblages.
Mineralized and altere rocks in the Summitville area are in
fault-controlled, subvertical tabular zones consisting of vuggy
silica cores surrounded by successive zones of quartz-alunite,
quartz-kaolinite, kaolinite-sericite, and smectite-chlorite.
Similarly, small localized zones of quartz-alunite altered rock
also are present in the Lookout Mountain and Alum Creek
vicinities in the western portion of the IABC basins (fig. 3).
However, unlike the Summitville mining area, these zones are
not mineralized and lack a central zone of vuggy silica rock.

The vertical progression of hydrothermally altered rocks in
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the Summitville and the Lookout Mountain-Alum Creek areas
is also strikingly similar. Alteration related to both
hydrothermal systems grade downward from acid-sulfate
altered rock of magmatic derivation (Rye and others, 1992;
R.O. Rye oral commun.) into underlying zones of quartz-
sericite-pyrite alterered rock with accompanying quartz-pyrite
stockwork veinlets. Sparse molybdenite is present within the
deeper quartz-sericite-pyrite assemblage in the Alum Creek
area, and anomalous copper and molybdenum are reported in
the deeper levels of the Summitville deposit (Gray and others,
1993). Both the Summitville and Lookout Mountain-Alum
Creek hydrothermal systems are characterized by upper level
acid-sulfate and deeper level, weak "porphyry” copper-
molybdenum systems. In both areas, these hydrothermal
systems were genetically related to high-level quartz
monzonite intrusions.

From these data it is apparent that the depth of erosion--
relatively shallow in the Summitville area compared to the
IABC basins--is an important factor when comparing specific
geologic and geochemical characteristics of the Summitville
mining district to the IABC basins. For example, it would be
misleading to compare the geochemical characteristics of
water from the Alum Creek drainage to waters from upper



Cropsy Creek in the Summitville area (fig. 3) because
different levels of the alteration assemblage are exposed in
each area. Although no quantitative data are yet available, one
would expect significantly higher pyrite and related metal
abundances within the deeply dissected Alum Creek area
relative to the higher level alteration assemblage drained by
upper Cropsy Creek.

Besides depth of erosion, areal distribution of alteration is
another important factor when comparing the degree of water
degradation associated with the older(29-26 Ma) versus
younger (23 Ma) periods of hydrothermal alteration. Since
the area of altered rock around the Summitville deposit (3
km?) (23 Ma alteration) is less than one-third of that
associated with the older alteration in the IABC basins (11
km?), it is not surprising that alteration intensity and degree of
water degradation diminish in South Mountain (pH=4.5-6.4,
conductivity =30-280) and upper Cropsy Creeks (pH= 4.4-
7.3, conductivity =50-460; Miller and McHugh, 1994), which
are about 0.5 km from the mine site.

Finally, geochemical sampling of highly altered rock in the
Summitville and JABC basins (Sharp and Gualtieri, 1968)
show extensive lead anomalies in both areas with smaller
anomalies of copper, molybdenum, and zinc. The acidic
nature of the creeks, and probably shallow groundwater, in the
IABC basins results in high solubility of these metals and
significant contributions to trace metal loadings in the
Alamosa River. The numerous terraces of iron-oxide
cemented conglomerates as much as 100 m above modern
drainages in the IABC basins indicate that natural acid
drainage has been active in the IABC basins for thousands, if
not millions of years. In all likelihood, these acid stream
conditions existed ever since the beginning of stream
downcutting and associated regional uplift and tilting in the
central San Juan Mountains, approximately 5 million years
ago (Steven and others, in press).

REFERENCES

Calkin, W.S., 1967, Geology, alteration, and mineralization of
the Alum Creek area, San Juan volcanic field, Colorado:
Golden, Colorado School of Mines, Ph. D. thesis
dissertation 177 p.

Colucci, M.T., Dungan, M.A., and Ferguson, KM,, 1991,
Precaldera lavas of the southeast San Juan volcanic field--
Parent magmas and crustal interaction: Journal of
Geophysical Research, v. 96, p. 13,413-13,434.

Gray, J.E., Coolbaugh, M.F., and Plumlee, G.S., 1993,

Geologic framework and environmental geology of the
Summitiville, Colorado acid-sulfate mineral deposit: U.S.
Geological Survey Open-File Report 93-677, 29 p.

Kirkham, R. M. Lovekin, J. R, and Sares, M. A., 1994,
Sources of acidity and heavy metals in the Alamosa River
Basin, outside of the Summitville mining area, Colorado,
this volume

Lipman, P.W., 1975, Evolution of the Platoro caldera complex
and related volcanic rocks, southwestern San Juan
Mountains, Colorado: U.S. Geological Survey
Professional. Paper 852, 128 p.

Lipman, P.W,, Steven, T.A., and Mehnert, HH., 1970,
Volcanic history of the San Juan Mountains, Colorado, as
indicated by potassium-argon dating: Geological Society of
America Bulletin, v. 81, no. 8, p. 2329-2352.

Lipman, P.W., Doe, BR., Hedge, C.E., and Steven, T.A,,
1978, Petrologic evolution of the San Juan volcanic field,
southwestern Colorado--Pb and Sr isotope evidence:
Geological Society of America Bulletin, v. 89, p. 59-82.

Mehnert, HH., Lipman, P.W., and Steven, T.A., 1973, Age of
mineralization at Summitiville, Colorado, as indicated by K-
Ar dating of alunite: Economic Geology, v. 68, p. 399-401.

Miller, W. R., and McHugh, J. B., Natural acid drainage from
altered areas within and adjacent to the Upper Alamosa
River Basin, Colorado, U.S. Geological Survey Open File
Report 94-144

Patton, HB., 1917, Geology and ore deposits of the Platoro-
Summitville mining district, Colorado: Colorado
Geological Survey Bulletin. 13, 122 p.

Rye, R.O., Bethke, P.M., and Wasserman, M.D., 1992, The
stable isotope geochemistry of acid sulfate alteration:
Economic Geology, v. 87, p.225-272.

Sharp, W.N,, and Gualtieri, J.L., 1968, Lead, copper,
molybdenum, and zinc geochemical anomalies south of the
Summitville district, Rio Grande County, Colorado: U.S.
Geological Survey Circular 557, 7 p.

Steven, T.A., and Ratté, J.C., 1960, Geology and ore deposits
of the Summitville district, San Juan Mountains, Colorado:
U.S. Geological Survey Professional Paper 343, 70 p.

Steven, T. A, Hon, Ken, and Lanphere, M. A., Neogene
geomorphic evolution of the central San Juan Mountains,
near Creede, Colorado, U.S. Geological Survey, I Map, in
press

Stoffregen, R., 1987, Genesis of acid sulfate alteration and
Au-Cu-Ag mineralization at Summitville, Colorado:
Economic Geology, v. 82, p. 1575-1591.

41



Colorade Geological Survey / Special Publication 38 / Proceedings: Summitville Forum 95

SOURCES OF ACIDITY AND HEAVY METALS IN THE ALAMOSA RIVER
BASIN OUTSIDE OF THE SUMMITVILLE MINING AREA, COLORADO

Robert M. Kirkham, Jonathan R. Lovekin, and Matthew A. Sares
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1313 Sherman Street, Room 715
Denver, CO 80203

ABSTRACT

Mining-related and naturally occurring sources of
acidity and heavy metals degrade the Alamosa River
basin within the San Juan Mountains of south-central Col-
orado. The recently abandoned Summitville gold mine
has been attributed as the major source of contamination,
but it is also evident that other long-inactive mines and
also natural degradation in Iron, Alum, Bitter, Burnt, and
Jasper Creeks could be responsible for at least a portion
of the problem. As part of a state-wide mine inventory on
U.S. Forest Service lands, mines and natural sources of
degradation were inventoried in the Alamosa River basin
outside the Summitville mine area in the summer and fall
of 1993 and spring of 1994. During this inventory 219
mine openings and 130 mine dumps were visited, field
water tests for pH and conductivity were performed at
344 locations, thirty-one mine openings with standing or
draining water and three dump seeps were discovered,
and dozens of naturally occurring acidic, metal-rich
springs (NOAMS) were observed during the inventory.
NOAMS ranged from tiny individual seeps to extensive
seepage areas a few hundred feet long to prominent
springs which have formed large, sometimes beautiful,
mounds of ferrosinter (iron-rich precipitate from springs).
Historic mining has caused a moderate amount of the con-
tamination in Iron Creek, and it constitutes a small part of
the degradation in Burnt Creek. No definitive evidence of
mining-related water chemistry problems was discovered
in either Alum or Bitter Creek, suggesting most or all
degraded water in these two watersheds results from nat-
ural processes. Mineral exploration activities could
arguably be responsible for a very minor amount of the
problem in Alum Creek. Presence of “fossil” NOAMS,
terraces of ferroconglomerate (iron-cemented alluvium) at
least 30 feet above stream level in Iron, Alum, Bitter, and
Burnt Creeks, and NOAMS only a few hundred feet
below drainage divides indicate that the naturally occur-
ring degradation has been ongoing for at least thousands,
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and perhaps tens of thousands of years or longer. Debris-
flow activity in Alum Creek and other creeks is capable
of depositing large quantities of pyritic material in the
Alamosa River.

A conservative estimate of the maximum possible
contribution of mining to the degradation of the Alamosa
River above the confluence with Wightman Fork can be
made if it is assumed that all dissolved metal associated
with draining mines and dump seeps in the area is entirely
a result of mining and that it eventually reaches the river
and stays in solution. Under this scenario the abandoned
mines could be responsible for nearly 11% of the iron
and almost 18% of the aluminum, but only around 1%
of the copper, manganese, and zinc in the river above the
confluence with Wightman Fork at the time of sampling,
with the balance of these dissolved constituents being
attributable to natural degradation. The relative loadings
due to mining probably vary seasonally and with precipi-
tation.

INTRODUCTION

As part of the Abandoned Mine Land Inventory
(AMLI) of U.S. Forest Service lands within Colorado, the
Alamosa River basin (Figure 1) was investigated by the
Colorado Geological Survey (CGS) for mining-related
environmental problems and physical hazards during the
summer and fall of 1993 and spring of 1994. The AMLI
typically addresses only mining sites, but to insure ade-
quate characterization of the Alamosa basin our inventory
was expanded to address both mining and natural degra-
dation. Included within the study area is the Summitville
gold mine, whose operator filed for bankruptcy and aban-
doned the site in December, 1992, leaving behind a vari-
ety of environmental problems. Because the Summitville
mine was under consideration for designation as a Super-
fund site and the subject of extensive studies, it was
specifically excluded from our investigation.
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Figure 1. Extent of Alamosa River watershed above Terrace Reservoir, showing the locations of the main tributaries,
larger mines, and those mines mentioned in the text but not shown on other maps. (P = Pass-Me-By, A = Asiatic,
E = Eurydice, M = Miser, G = Guadaloupe, B = Burnt Gulch mines, S = Sanger mine, and W = Watrous claims)

Our inventory included review of published and file orado Department of Health as part of the AMLI project.
information on mining, examination of aerial photogra- Other samples were analyzed by the U.S. Geological Sur-
phy, and several months of field investigations. All vey (USGS) Branch of Geochemistry, SLV Analytical
known mines and nearly all prospects within the basin Services, and the USGS Water Resources Division. Dis-
were visited. Field tests for pH and conductivity were per-  solved water samples were filtered using a 0.45 um filter,
formed on mine drainage, natural springs and seeps, and except for four samples that were collected cooperatively
streams at 344 locations as part of the inventory. All acidic  for our investigation by staff from the Branch of Geo-
tributaries within Iron, Alum, Bitter, and two unnamed chemistry, who used a 0.2 um filter.
creeks, and most within Burnt and Jasper Crecks were Total and dissolved metal concentrations were
investigated to determine the source of their acidic water. obtained for some samples, while only dissolved concen-

Twenty-three water samples were collected for labo- trations were obtained for others. All samples were ana-
ratory analysis. Fifteen water samples were obtained from lyzed for iron, aluminum, manganese, copper, zinc, lead,
draining adits, one was collected from a dump seep, two cadmium, chromium, and nickel, but only part were tested
were gathered from Iron Creek above and below the for arsenic, barium, beryllium, boron, calcium, cobalt,
inflow from the Pass-Me-By mine, and five were obtained  gallium, lithium, magnesium, molybdenum, potassium,
from naturally occurring acidic, metal-rich springs selenium, silicon, silver, sodium, strontium, sulfate, vana-
(NOAMS). Several samples were analyzed by the Col- dium, and zirconium.
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Table 1 lists the field parameters and dissolved con-
centrations and loadings for iron, aluminum, manganese,
copper, and zinc for the sampled waters. Wherever feasi-
ble, discharge rates for the sampled sites were measured
using a cutthroat flume or by timed catchment. Discharge
rates for the Lower Orinoco mine and for Lower Iron and
Burnt NOAMS had to be estimated due to the difficulty
involved in collecting all the water at a single measuring
point. Water issuing from Burnt adit infiltrated into a
steep hillside before reaching a suitable collection point.
All water samples were collated during August 1993,
except that from Bitter Spring, which was sampled in
June 1994,

MINING-RELATED SOURCES

Historic mining activities in the Alamosa basin were
concentrated in the Summitville mining district. Mining
outside the Summitville area consisted of numerous
prospects, several very small mines, and a few small to
moderate-sized mines. Patton (1917) provides the most
complete description of mining activities within the basin
and includes mine locations shown on a generalized topo-
graphic map. Other mines and prospects were shown by
Calkin (1967), Lipman (1974), and AMOCO (1982). We
attempted to locate ail mine features and most prospects
described in these references. When a mapped feature was
not found, the hillslope below the plotted location was
traversed for evidence of acidic drainage. If acid drainage
was encountered, it was followed upstream to determine
its source. As the summer progressed, we realized that the
unnamed mines and prospects shown by Patton (1917)
were in most instances very small features. Prospects
were typically only a few feet deep, while unnamed shafts
and adits were at most a few tens of feet deep and fre-
quently less than 10 feet deep. Some features were so
subdued that they were difficult to recognize even at close
range. In a few very remote areas that were drained by
streams with good quality water, we elected not to expend
the field work necessary to locate such features because
of their very low potential for environmental degradation.

A total of 219 mine openings and 130 mine dumps
were inventoried, most of which were prospect features.
Locations of the more important mines are shown on Fig-
ures 1, 2, 3, 4, and 5. Most dumps contained less than an
estimated 1000 cubic yards (cy) of material, and in many
instances less than 100 cy. Based on the estimated dump
size the Pass-Me-By mine, with a dump slightly in excess
of 10,000 cy, is believed to have the greatest amount of
underground workings, followed by the Miser mine, an
unnamed mine in Burnt Gulch, and the Eurydice mine.
Dumps with around 1000 cy of material were found at the
Asiatic, Guadaloupe, Globe, Red Mountain no. 1, and
Sanger mines, and also at unnamed mines at the Watrous
claims south of Government Park, two adits near Stunner
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campground, an adit beneath Forest Road 250 between
Bitter and Alum Creeks, and an adit adjacent to Forest
Road 250 north of Terrace Reservoir.

A fairly large disturbed area is present in Alum Creek
where a jeep road enters the creek bed. It has been sug-
gested that hydraulic mining may be responsible for this
disturbed area, but it also coincides with a location where
several mineral exploration test holes were spudded and is
likely a result of grading activities related to the drilling.
Sections of rusted, often twisted, small diameter steel
pipe observed in Alum Creek could potentially have been
used for hydraulic mining, but the pipe more likely served
as a water line for a mineral exploration test hole drilled
on the drainage divide at the head of tributary B. A shal-
low shaft in Alum Creek described by Calkin (1967) was
not located during our study. The shaft apparently was
buried, backfilled, or destroyed when the staging area was
built for the exploration drilling effort.

Water was draining out of or standing within thirty-
one of the inventoried mine openings. Acidic water
seeped from the toe of three of the mine dumps, one at an
unnamed mine in Burnt Gulch, another within the Watrous
claims near Government Park, and a third at the Pass-Me-
By mine. Mine drainage locally contained significant con-
centrations of iron and aluminum, but when compared to
many other mining districts the concentrations of most
other metals generally were not significantly elevated.
Water draining from or standing in the mine openings
ranged in pH from 3.0 to 7.8, and conductivity varied
from 164 to 2060 uS/cm. Drainage from the Pass-Me-By
mine was the most acidic, had the second highest conduc-
tivity (1100 puS/cm), and apparently is toxic to conifers,
judging from the number of dead trees present in the out-
flow area. The highest measured conductivity (2060
puS/cm) related to mining was associated with a tiny, 0.1
gpm seep at an adit just below Forest Road 250. The seep
had a pH of only 6.9 and it promptly infiltrated into the
ground a short distance from the collapsed portal. Dump
seeps ranged from pH 2.5 to 7.4 and their conductivity
varied from 306 to 2430 uS/cm. The seep at the Pass-Me-
By mine was by far the most acidic and had the highest
conductivity, but its flow rate was only 0.4 gpm and it
rapidly infiltrated into the ground. A prominent zone of
dead trees occurs below the Pass-Me-By dump seep. Per-
haps the dump seep is responsible for killing the trees, but
their death more likely relates to the fact that the drainage
from the Pass-Me-By mine formerly flowed through this
area. Several of the mine openings with draining or stand-
ing water have less than 100 linear feet of total under-
ground workings based on their dump size and on under-
ground observations. Water issuing from such mine
openings may represent natural ground water intercepted
by the shallow workings. Chemical modification of nat-
ural ground water as its passes through such small mines
is likely very limited.
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Table 1. Field parameters and dissolved metal concentrations and loadings for draining mines, dump seeps, NOAMS, and in-stream water samples.

* ~ flow rate is estimated

Cond Q Fe Fe load Al Al load Mn Mn load Cu Cu load Zn  Zn load
Location pH uS/em gpm mg/L g/day mg/L g/day mg/L g/day mg/L g/day mg/L  g/day
Upper Alamosa Mines
Asiatic 6.00 480 5.8 0.79 25.0 1.00 31.6 0.420 13.3 <0.040 0.00 <0.040 0.00
Pass-Me-By 3.02 1,100 26.9 140.00 20,524.7 59.00 8,649.7 0.310 45.4 0.078 11.44 0.180 26.39
Gilmore Meadow 5.29 276 0.8 2.90 12.6 0.10 0.4 0.220 1.0 0.010 0.04 0.150 0.65
Smuggler 6.10 361 0.2 2.20 24 0.12 0.1 0.339 04  <0.001 0.00 <0.010 0.00
Globe 6.40 304 15 0.81 6.6 0.06 05 1.000 8.2 <0.004 0.00 0.240 1.96
Lower Orinoco 7.44 442 15" 2.14 17.5 <0.04 0.0 0.941 7.7 <0.001 0.00 0.019 0.16
Ferrocrete 3.98 682 0.8 61.00 266.0 11.00 48.0 2.400 10.5 <0.004 0.00 0.250 1.09
Adit under FR250 6.91 784 1.1 17.00 101.9 0.57 34 1.100 6.6 <0.001 0.00 <0.010 0.00
Red Mountain 6.58 991 2.3 17.90 224.4 0.42 5.3 1.541 19.3 <0.001 0.00 0.041 0.51
Queen Bird 552 476 0.4 0.58 1.3 0.13 0.3 0.381 0.8 <0.001 0.00 0.048 0.10
Watrous 3.14 846 0.0 35.00 0.0 3.20 0.0 0.470 0.0 1.400 0.00 0.160 0.00
Mines in Wightman Fork (excluding Summitville)
Grape 5.65 277 0.7 0.22 0.8 <0.10 0.0 0.120 0.5 0.002 0.01 0.370 1.41
Mines near Jasper
Miser 5.85 620 126.0 1.50 1,030.1 <1.00 0.0 0.280 192.3 <0.040 0.00 0.041 28.15
Burnt Dump Seep 4,83 589 2.6 <1.00 0.0 2.00 283 0.220 3.1 <0.040 0.00 0.067 0.95
Burnt Adit 3.10 649 0.1* 5.00 2.7 5.00 2.7 0.460 0.3 0.100 0.05 0.058 0.03
Guadaloupe 6.39 962 1.9 22.20 229.9 0.33 3.4 3.464 35.9 0.105 1.09 2.511 26.00
NOAMS
Upper Iron Spring 253 2,590 6.7 160.00 5,842.4 120.00 4,381.8 0.240 8.8 0.990 36.15 0.260 9.49
Lower Iron Spring 2.94 622 200" 2600  2,834.0 9.00 981.0 0.650 709  <0.040 0.00 0.130  14.17
Spring on FR 250 275 2,600 3.9 70.00 1,487.9 38.00 807.7  15.000 318.8 0.350 7.44 0.930 19.77
Burnt Spring 3.82 2,040 18.0"  70.00 7,063.2 31.00 3,041.1 4.200 412.0 0.058 5.69 0.810 79.46
Bitter Spring 3.27 214 1.6 1.92 0.0 1.42 12.4 0.049 0.3 0.077 0.67 0.138 1.20
In-Stream
lron Cr. Above PMB 4.25 181  1,500.0" 0.88 7,194.0 1.90 15,6325 0.140 1,1445 0.012 98.10 0.028 228.90
ron Cr. Below PMB 422 210 1,500.0" 270 22,0725 3.00 24,525.0 0.150 1,226.3 0.012 98.10 0.030 245.25




Drainage from the Pass-Me-By mine contained by far
the highest dissolved concentrations of aluminum
(59 mg/L), iron (140 mg/L), cobalt (0.12 mg/L), and
nickel (0.1 mg/L) of any of the sampled mine drainages,
whereas the Guadaloupe had the highest concentrations of
manganese (3.5 mg/L) and zinc (2.5 mg/L), and the
Watrous was highest in copper (1.4 mg/L). Lead was
above detection limits only for the adit under Forest Road
250 (0.06 mg/L) and Smuggler (0.05 mg/L). Dissolved
iron, aluminum, and copper loadings from the Pass-Me-
By mine at 20,500 g/day, 8600 g/day, and 11.4 g/day,
respectively, far exceeded the loadings for these metals
from any other mining source. The Miser mine accounted
for the most manganese loading (192 g/day), but the Pass-
Me-By at 45 g/day and the Guadaloupe at 36 g/day were
also responsible for appreciable amounts. Approximately
equal dissolved zinc loadings were generated by the
Miser (28 g/day), Pass-Me-By (26 g/day), and Guada-
loupe (26 g/day).

When visited on August 5, 1993, about 1 gpm was
issuing from collapse debris that entirely blocks the main
portal at the Pass-Me-By mine. Water seeped out of the
debris about three feet above the original portal floor,
suggesting the adit was at least partially flooded. An
additional 20 gpm issued from the ground about 25 feet
in front of the collapsed portal. On August 11 seepage
from the collapse debris had ceased, only a damp spot
was present, and all the mine drainage surfaced at the
location in front of the adit. Drainage from the Pass-Me-
By mine had been recently channelized such that it
flowed over the north end of the mine dump, down the
hill, and into Iron Creek. An extensive deposit of reddish
brown, indurated precipitate had formed along the flow
path below the Iron Creek road, and conifers within this
area were dead.

Over 100 gpm of water with a strong odor of hydro-
gen sulfide issued from collapsed debris at the Miser
mine, leaving behind a heavy deposit of soft, bright red-
dish orange precipitate as it flowed over the collapsed
debris. The water vigorously discharged out the collapse
debris about 15 feet above the estimated original adit
roof, indicating that the workings were flooded at least to
that elevation. The mine drainage flowed into a series of
two beaver ponds before entering the Alamosa River. The
pH of the water increased from 5.9 at the collapsed portal
to 7.4 below the beaver ponds.

As at the Pass-Me-By and Miser mines, the portal of
the Guadaloupe mine also was completely collapsed shut.
Water slowly seeped from collapse debris about 20 feet
above the estimated original adit roof, suggesting the
underground workings are at least partially flooded. A
thick deposit of soft, reddish orange iron precipitate blan-
keted the collapse debris and mine dump along the flow
path of the mine drainage, which infiltrated into the
ground before reaching the Alamosa River.
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NATURAL SOURCES

Naturally occurring water quality degradation in the
Alamosa basin has been recognized by several previous
investigators (Moran and Wentz, 1974; Kirkham and
Holm, 1989; Hamilton, 1989; and Miller and McHugh,
1994). Acidic tributaries within Alum, Iron, Bitter, and
two unnamed creeks, along with most tributaries in Burnt
and Jasper Creeks, were investigated to determine their
source of contamination. This was accomplished by fol-
lowing their acidic tributaries to where either the pH and
conductivity of the tributary improved to near normal lev-
els or to where the acidic headwater flow within the tribu-
tary first emerged from the ground. Many of the NOAMS
observed while inventorying these watersheds were field
tested for pH and conductivity and their discharge rate
was estimated to assess their potential contribution to
stream chemistry.

Dozens of NOAMS exist within the basin. They were
observed only in areas underlain by intensively hydro-
thermally altered rock such as those near Lookout Moun-
tain, Sheepshead, Cropsy Ridge, Elephant Mountain, and
north of Jasper, with the poorest quality water being asso-
ciated with unvegetated exposures of weathered, highly
altered bedrock. NOAMS had pH values as low as 1.4 and
conductivities as high as 6410 uS/cm, values that suggest
the NOAMS issue water that is more degraded than the
worst sampled mine drainage. NOAMS range from tiny
individual seeps to extensive seepage areas hundreds of
feet long to large springs that have formed huge mounds
of ferrosinter (iron-rich chemical precipitate from
springs), some of which are beautiful features that support
unusual ecosystems. (Note that the use herein of the mod-
ifier “ferro” does not refer to the ionic state of the iron
precipitate). Lower Iron and Burnt NOAMS have brightly
colored ferrosinter mounds and discharge directly into
live streams. NOAMS occur at elevations ranging from
about 10,000 to nearly 12,000 feet. Some are found in the
uppermost reaches of watersheds, while others are at
stream level near the mouths of the creeks. Many of the
ferrosinter mounds entomb organic debris that falls on
them, providing abundant datable material throughout the
vertical extent of the deposit. “Fossil” (presently dry) fer-
rosinter mounds were noted at several locations. Cessa-
tion of flow may result from blockage of open fractures
by precipitating minerals or from changed hydrologic
conditions related to episodes of erosional downcutting,
glaciation, or perhaps interception of the degraded water
by underground mine workings.

Water from the Upper Iron, Lower Iron, Burnt, and
Bitter NOAMS, along with the NOAM spring on Forest
Road 250, were sampled for chemical analysis (Table 1).
The sampled NOAMS commonly had higher concentra-
tions of iron and aluminum than the draining mines.
Metal concentrations reported for the Lower Iron NOAM
spring may be somewhat low, as it was raining heavily



the day it was sampled and not possible to segregate rain
water from the spring water before collecting a sample.
Manganese concentrations in four of the NOAMS were
within the same range as many of the draining mines, but
the NOAM spring on Forest Road 250 had a concentra-
tion about four times higher than any draining mine. Con-
centrations of most other metals were similar in both the
NOAMS and the draining mines. However, of all the
water samples analyzed for this study the highest concen-
trations of iron, aluminum, manganese, cobalt, nickel, cal-
cium, lithium, magnesium, and sodium were associated
with NOAMS. Water discharging from the smaller mines
and prospects may in large part represent naturally
degraded ground water intercepted by the mine that has
been only slightly modified chemically by passage
through the limited underground workings. Even at the
largest mine in the area, the Pass-Me-By mine, most dis-
solved metal concentrations were lower than those in the
nearby Upper Iron NOAM spring.

At least part of the NOAMS are associated with
ground water seepage along sub-horizontal fractures
within altered bedrock. At the head of Burnt spring acidic
water was observed discharging out of a sub-horizontal
fracture in altered bedrock. The linear alignment of seeps
issuing from the head of Upper Iron spring also suggests
ground water discharges along a sub-horizontal fracture.
Field tests run on the various seeps at the Upper Iron
spring indicate the acidic water moving through bedrock
mixes with relatively clean, shallow ground water in the
alluvial aquifer along a small tributary. The pH of the
springs drops and the conductivity increases with distance
from the tributary.

Deposits of ferroconglomerate (iron-cemented allu-
vium) are forming actively in several areas within the
Alamosa basin. Terraces of ferroconglomerate were
observed at various elevations above Alum, Iron, Bitter,
and Burnt Creeks, suggesting that naturally degraded
water has existed in these watersheds for thousands of
years. Naturally degraded water has probably existed in
these watersheds for much of the Quaternary Period (past
1.6 million years). NOAMS may have originated shortly
after initial erosion cut into the altered rock and created
suitable hydrologic conditions that allowed precipitation
falling in the upper reaches of the watershed to flow by
gravity through the altered rock and discharge at a lower
elevation. Because some modern NOAMS occur less than
300 feet below nearby drainage divides, the amount of
downcutting required to create suitable hydrologic condi-
tions need not be great.

CHARACTERISTICS OF WATERSHEDS
Iron Creek: Iron Creek is the largest watershed to
contain NOAMS (Figure 2), and its degraded quality
results from both mining-related and natural sources.

Based on our field tests and the distribution of trout, Iron
Creek appears to be a fairly healthy stream above tribu-
tary G even though iron precipitate is locally prevalent in
Schinzel Flats. The pH and conductivity of the mainstem
above tributary A were 6.3 and 36 uS/cm, with the values
for tributary A being very similar. Although several small
prospects occur along tributary B, the pH of this tributary
was 6.8 and conductivity was 54 uS/cm. Small prospects
were also observed in the vicinity of Schinzel Flats,
including one from which an estimated 0.5 gpm of pH 3.7
water with conductivity of 195 uS/cm was draining. This
tiny prospect adit has a small dump and probably ex-
tended underground only a very short distance. The water
draining from this feature likely represents naturally
degraded ground water intercepted by the prospect adit.
The pH and conductivity of tributary C at the mainstem
were 6.7 and 92 pS/cm, while the mainstem had a pH of
7.0 and conductivity of 47 pS/cm below tributary C.

One might anticipate that South Mountain Creek
would be significantly degraded, based on its proximity to
the Summitville hydrothermal alteration zone. Immedi-
ately north of the center of section 36, three forks merge
to form the mainstem of South Mountain Creek. The
northwest fork heads at a relatively low saddle, the north-
east fork drains the back side of South Mountain, and the
eastern fork drains the west flank of Cropsy Mountain.
The northwest and east forks contain healthy looking
streams with pH of 6.2 to 6.3 and conductivity of only 28
to 34 uS/cm. Surprisingly, the northeast fork which heads
on South Mountain was only slightly degraded, having a
pH of 5.4 and conductivity of 106 uS/cm. NOAMS along
the north bank of the creek about 1000 feet below the
confluence of the three forks contributed moderately
acidic water to the creek, but even at its confluence with
Iron Creek South Mountain Creek only had a pH of 6.7
and conductivity of 60 uS/cm. Tributary D, which drains
a small basin containing one prospect and a NOAM
spring issuing from a bleached altered outcrop, had
creamy orange (o tan precipitate in its headwaters, but
stream pH was only 6.5 and conductivity was 114 uS/cm
at the confluence with the mainstem. Trout were observed
in Iton Creek between tributaries D and E, and the creek
maintained its reasonably good quality as it received
inflows from tributaries E and F and as it passed through
a narrow canyon cut into altered bedrock from which sev-
eral small springs issued.

The first significantly degraded water entered Iron
Creek at tributary G, which drains the saddle between
Cropsy Ridge and Lookout Mountain. Headwater flow in
tributary G initiated at a NOAM spring high on Cropsy
Ridge in an area of weathered, altered bedrock, and it
received inflows from several other NOAMS along its
reach. A small tributary inflow from a less altered area on
the north flank of Lookout Mountain had a pH of 5.4
(H. Posey, 1994, pers. comm.). At the mainstem the pH
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Figure 2. Map showing outline of Iron Creek watershed. Tributaries with surface flow that were investigated during this
study are highlighted and labeled. Draining mines and NOAMS in or near the watershed that were sampled are labeled.
Other mine openings within the watershed are indicated by “X”,

and conductivity of tributary G were 3.5 and 317 uS/cm.
Iron Creek dropped to pH 5.2 as a result of tributary G.
Another significant inflow of degraded water occurred at
tributary H, which includes discharge from Upper Iron
spring. The pH of Iron Creek fell to 4.6 and its conductiv-
ity increased to 137 uS/cm below tributary H. Other
NOAMS occur in tributary I, and they furthered the
degradation of Iron Creek. Tributary J provided a rela-
tively clean inflow (pH 6.8; conductivity 112 tS/cm), but
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Iron Creek remained fairly degraded, having a pH of 4.8
and conductivity of 149 uS/cm.

The uppermost important source of water degraded
by mining in Iron Creek was discharged from the Pass-
Me-By mine. Iron Creek experienced a very slight pH
drop from 4.25 to 4.22 and an increase in conductivity
from 181 to 210 uS/cm as a result of this inflow. Sam-
pling by Kirkham and Holm (1989) in 1986 indicated that
the total recoverable metal concentrations in Iron Creek



increased from 4.2 to 5.6 mg/L for iron and from 2.8 to
3.5 mg/L for aluminum, but the concentrations of other
tested metals remained fairly constant and some even
decreased as a result of the Pass-Me-By inflow. Dissolved
water samples were collected during our investigation
from Iron Creek above and below the drainage from the
Pass-Me-By mine. Dissolved iron raised from 0.88 to 2.7
mg/L and aluminum increased from 1.9 to 3.0 mg/L.
Manganese and zinc showed slight increases from 0.14 to
0.15 and from 0.028 to 0.030 mg/L, respectively. Other
tested metals (arsenic, barium, cadmium, chromium, cop-
per, lead, nickel, and silver) either remained relatively
constant or were below detection limits.

Immediately below the drainage from the Pass-Me-
By mine, acidic inflows from Sheepshead Creek (tribu-
taries K and L) enter Iron Creek. In the headwaters of
tributary L the water was slightly acidic (pH 5.1), but had
very low conductivity (8 uS/cm). Degradation of
Sheepshead Creek resulted from NOAMS, some of which
form seep areas adjacent to and above the creek and oth-
ers that issue directly into the stream bed. The “No
Name” adit described by Calkin (1967) had a prominent
accumulation of iron precipitate within it. This adit was
dry when visited, but it may contribute to the degradation
of Sheepshead Creek if and when it discharges water.

Numerous NOAMS occur along Iron Creek between
Sheepshead Creek and the Alamosa River, with nearly all
being east of the creck along the base of Lookout Moun-
tain. South of the Forest Road 380 crossing there are sec-
tions where tiny seeps issue from the east channel wall for
hundreds of feet. The impressive Lower Iron NOAM
spring, was discovered on the east bank about midway
between the Alamosa River and Forest Road 380. Imme-
diately above the Alamosa River Iron Creek had a pH of
3.4 with conductivity of 284 uS/cm. The Alamosa River
looked healthy above Iron Creek, but it was obviously
impacted by the inflow from Iron Creek. A conspicuous
mixing zone was observed immediately below the conflu-
ence, with bright reddish orange precipitate dropping out
along the north bank, but promptly evolving to a creamy
orange and white precipitate a short distance downstream.

Alum Creek

Much of Alum Creek watershed is underlain by
pyrite-rich altered bedrock that rapidly weathers to a
gravelly, clayey soil which is generally unvegetated,
highly erodible, and readily mobilized during debris
flows. A few small mines and prospects were found
within the watershed of Alum Creek, and exploration
drilling also has been conducted within the watershed. No
definitive evidence of mining-related water quality degra-
dation was observed therein. Degraded water in Alum
Creek appears to largely result from natural processes,
although mineral exploration efforts might arguably have
contributed in a minor way to the problem. Because Alum

Creek is a very active debris flow basin, it is capable of
depositing large quantities of pyritic soils to the river dur-
ing intense thunderstorms.

As shown on Figure 3, the mainstem of Alum Creek
heads in the saddle north of Lookout Mountain. In its
headwaters the mainstem contained fairly good quality
water based on our pH and conductivity tests. The head-
water flow in tributary A, however, initiated at a spring
that issued from a prominent ledge of ferrocrete where pH
3.2 water with conductivity of 650 uS/cm seeped to the
surface. Similarly, the headwater flow of tributary B,
which heads in the saddle west of Little Red Mountain,
started at a NOAM spring that discharged pH 2.6 water
with conductivity of 1650 uS/cm. A fairly clean, pH 5.7
seep with conductivity of 31 pS/cm comprised the head-
water flow in tributary C, but it was degraded by a series
of NOAMS downstream. Headwater flow in tributaries D
and E also began at NOAMS.

Mainstem Alum Creek initiated as fairly clean water,
but became degraded as it passed across the unvegetated
outcrop of weathered, altered bedrock and by the inflows
from tributaries A, B, C, D, and E. Based on our field
tests, the most degraded water within the Alamosa basin
was associated with a series of NOAMS located on the
west bank of Alum Creek below the inflow from tributary
C. These seeps, which ranged in pH from 1.4 to 2.2 and in
conductivity from 2950 to 6410 uS/cm, may issue from a
fault zone mapped by Lipman (1974) and AMOCO
(1982). This segment of Alum Creek was severely eroded
during a debris flow event in 1994, subsequent to which
the distribution and character of the NOAMS were
altered. Alum Creek received additional inflows from
NOAMS as its passed through the remaining altered rock
areas, and at its confluence with the river had a pH of 2.8
and conductivity of 1550 uS/cm.

Analyses of the water in lower Alum Creek have
been reported by Moran and Wentz (1974), Kirkham and
Holm (1989), USF&WS and USEPA (1994), and Miller
and McHugh (1994). These studies report that Alum
Creek generally contains the highest metal concentrations
and metal loadings of any of the tributaries discussed
herein.

Bitter Creek

The primary tributaries of Bitter Creek, extent of the
watershed, and locations of nearby draining mines and
NOAMS that were sampled are indicated on Figure 4.
Several small prospect pits and adits, along with the Blue
Bell shaft described by Patton (1917), were found within
this watershed. None of the observed mine features in Bit-
ter Creek appear to contribute to the degraded water
found in this watershed. Most of the water quality prob-
lems in Bitter Creek apparently relate to inflows from
tributaries I, H, and D, and to NOAMS occurring along
the mainstem in the lower half of the basin.
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Water within tributary A and in the mainstem above
tributary B had low conductivity and only a slightly
depressed pH. The first poor quality inflow (pH 3.6; con-
ductivity 258 uS/cm) to the watershed occurred at tribu-
tary B. Several very small prospect adits were noted in
tributary B, including one adit where the ground was
damp in front of its collapsed portal, and a group of four
shallow adits (deepest was about 10 feet deep), the lower-
most of which contained standing water. This portion of
tributary B consists of outcrops of unvegetated, weath-
ered, altered bedrock from which a nearly continuous
series of acidic seeps issue along a subhorizontal align-
ment. A large seep herein referred to as the Bitter NOAM
spring occurred about 30 feet below the group of four
small adits. A water sample collected from this spring
during 1994 contained the lowest metal concentrations of
all sampled NOAMS.
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Small NOAMS along the mainstem between tribu-
taries B and C provided additional inflows of acidic
water. The northerly fork in the headwaters of tributary C
contained pH 4.2 water with conductivity of 143 uS/cm,
while in the southerly fork the water had a pH of 4.7 and
conductivity of only 47 uS/cm. Several NOAMS are pre-
sent along both sides of tributary C above its confluence
with the mainstem, and the quality of the tributary wors-
ened with each natural acidic inflow. One of the NOAMS
on tributary C has a large ferrosinter mound that occurs
just above the mainstem confluence and extends uphill
about 100 feet from the creek. An estimated 2 gpm of pH
3.5 water with conductivity of 415 uS/cm issued from this
spring. Below the inflow from tributary C, the mainstem
had a pH of 4.0 and conductivity of 168 puS/cm.

Tributary D was discharging about 2 gpm of pH 4.4
water with conductivity of 49 uS/cm, while tributary E
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issued about 5 gpm of water with a pH 5.4 and conductiv-
ity of 53 uS/cm, both of which caused little effect on the
mainstem. A few small NOAMS issued into the mainstem
between tributaries E and F, but the tributaries were fairly
low in conductivity and had only slightly depressed pH.
The inflow from tributary F improved the pH and conduc-

tivity of the mainstem. NOAMS with pH of 3.2 to 3.3 and
conductivities of 420 to 594 uS/cm formed the headwater
flow in tributary G, but the quality of water in tributary G
was similar to that in the mainstem at their confluence.
Several NOAMS were noted along the mainstem between
tributaries G and H.
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Headwater flow in tributary H initiated at a series of
NOAMS having pH from 2.5 to 2.6 and conductivity from
894 to 953 uS/cm. Other NOAMS occurred along tribu-
tary H, and its quality remained poor to the mainstem
confluence. Below tributary H the pH of the mainstem
was 3.7 and conductivity was 286 uS/cm. Headwater flow
in tributary I began at springs with near neutral pH (6.2)
and low to moderate conductivity (31 to 66 uS/cm), but
several very acidic NOAMS (pH 2.1 to 2.5) occurred
along tributary I, causing the stream to degrade. At its
confluence with the mainstem, tributary I had a pH of 3.2
and conductivity of nearly 1000 pS/cm, which caused the
pH of the mainstem to drop slightly (3.63 to 3.49) and the
conductivity to increase abruptly from 296 to 412 uS/cm.
The pH and conductivity of Bitter Creck remained fairly
constant to the Alamosa River.

Burnt Creek

An outline of the Burnt Creek watershed and its vari-
ous relevant features is shown in Figure 5. The entire
watershed, except for a very small area on Marble Moun-
tain, is underlain by hydrothermally altered rock (Lipman,
1974). Both natural and mining-related sources degrade
the water within Burnt Creek. Burnt Gulch frequently
experiences debris flow activity in which pyritic soils are
mobilized during thunderstorms. Although 35 field tests
were performed in Burnt Creek, it was not investigated
with the same thoroughness as the other three watersheds.
The stream segment between the two waterfalls shown on
Figure 5 was not inventoried because traversing the falls
required technical rock climbing. Tributaries C and D
were tested only at their confluence with the mainstem.

Surface flow in the uppermost headwaters of the
mainstem had a pH of 6.4 and conductivity of 166 uS/cm,
and its banks were well vegetated and tree lined. Headwa-
ter flow in tributary A, however, initiated at a NOAM
spring discharging pH 3.6 water with conductivity of
1562 pS/cm that is located in an unvegetated outcrop of
weathered altered rock. Below the confluence with tribu-
tary A the mainstem had a pH of 4.2 and conductivity of
523 uS/cm. A greenish cream colored precipitate was pre-
sent on the rocks below the water level, while white pre-
cipitate occurred on rocks above water level. Several
small, but very acidic NOAMS issued into the mainstem
between tributaries A and B, and the pH and conductivity
of the mainstem reflected these acidic inflows. Immedi-
ately below one of the NOAMS in this reach the precipi-
tate in the mainstem turned bright reddish orange and
minor ferroconglomerate was present.

A headwater spring in tributary B had a pH of 6.0 and
conductivity of 212 uS/cm. The spring water infiltrated
back into the ground a short distance downstream, but re-
surfaced just above the mainstem, at which point it had a
pH of 5.6 and conductivity of 895 pS/cm. The field para-
meters for the mainstem actually improved as a result of
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the inflow from tributary B, but moderately thick, reddish
orange precipitate abruptly developed below the conflu-
ence. Very unusual precipitate patterns were present
along the mainstem below tributary B. At one location the
creek splits into two branches as it spills over a small rock
outcrop. The western branch had reddish orange precipi-
tate in it, whereas the eastern branch had a greenish
cream-colored precipitate. Below another acidic inflow
the precipitate was creamy orange, while at other loca-
tions only white precipitate was present.

Water in the mouth of tributary C had a pH of 3.7 and
conductivity of 1015 uS/cm, but time did not allow for
thorough examination of this tributary, which contains
bare outcrops of altered rock. Neither Patton (1917) nor
Lipman (1974) indicate any mine features within this trib-
utary, so its degraded water is probably the result of nat-
ural processes. Another prominent deposit of reddish
orange precipitate developed in the mainstem below the
inflow from tributary C. Several acidic inflows from
NOAMS further degrade the mainstem between tributary
C and the upper impassable waterfall, where a large boul-
der jammed between the narrow canyon walls creates a
fall about 50 feet high. Lower Burnt Creek was investi-
gated by following the creek upstream from Jasper to
where the lower impassable waterfall was encountered.
The inventory work in the upper and lower reaches were
separated in time by about five weeks and the discharge
rates of the creek had changed by about an order of mag-
nitude, so the data collected during the two different time
periods are not directly comparable.

About 600 feet below the lower falls is a striking fer-
rosinter mound formed at the Burnt NOAM spring. When
sampled on August 31 the spring had a pH of 3.8 and con-
ductivity of 2040 uS/cm, while on July 9 its pH was 3.2
and conductivity was 2340 nS/cm. The NOAM spring
consisted of water with very low dissolved oxygen con-
tent that issued from a sub-horizontal fracture in altered
bedrock about 75 feet above stream level. Mineral precip-
itate developed a locally overhanging mound of ferrosin-
ter that included numerous tiny terracettes retaining little
pools of water. The rim of each terracette was a light
brown color, and the pool floor was a deep, dark reddish
brown. Various colored mineral precipitates had formed
on rocks in different portions of the mound. This spring
contained high concentrations of iron, aluminum, and
manganese (Table 1), and it had the highest metal loading
for manganese and zinc and the second highest iron load-
ings of all sampled NOAMS, draining mines, and dump
seeps in the study area.

Tributary D enters Burnt Creek about 500 feet below
Burnt spring. It had a pH of 3.9 and conductivity of 1950
uS/cm when tested in July, and a huge mound of soft,
reddish orange precipitate occurred at its mouth. A cur-
sory examination of the lower few hundred feet of the
tributary did not reveal the source of the water. Tributary
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D should be thoroughly explored to determine whether
mining contributes to the degradation, although neither
Lipman or Patton report any mines within it. A short dis-
tance below tributary D a NOAM spring whose field
parameters were similar to those of Burnt spring dis-
charged into Burnt Creek. The creek had a pH of 3.7 and
conductivity of 1617 uS/cm below this point. Tributary E
drains a well vegetated basin, which was reflected by its
pH of 5.8 and conductivity of 272 pS/cm.

The uppermost known mine features in Burnt Creek
lie immediately downstream of tributary E. The Burnt
dump seep issued from a moderate-sized mine dump (vol-
ume estimated at 4,000 cy) on a terrace several feet above
stream level. The dump seep had an average pH of about
5.0 and conductivity of up to 589 uS/cm. It contained
appreciable concentrations of aluminum (2.0 mg/L) and
manganese (0.2 mg/L), but metal loadings are relatively
insignificant compared to that of Burnt NOAM spring
(Table 1). Burnt adit, which drained acidic (pH 3.1 to 3.3)
water with high conductivity (649 to 1228 uS/cm), is just
downstream from the dump seep. When visited in July it
was discharging an estimated 1 gpm and did surface flow
to the creek, but when sampled on August 31 most of the
flow infiltrated into the hillslope below the portal and was
not measurable. Drainage from Burnt adit contained
5 mg/L of iron, 5 mg/L of aluminum, 0.5 mg/L of man-
ganese, 0.1 mg/L of copper, and 0.06 mg/L of zinc, but its
metal loadings are very low due to its very low discharge
rate. Other mines are present along Burnt Creek below
Burnt adit, but none appeared to contribute to the degra-
dation of the creek. However, the NOAMS present within
this reach were sources of contamination.

As Burnt Creek leaves its bedrock canyon and flows
over the debris fan above Jasper, it promptly infiltrates
into the unconsolidated fan alluvium. In July the creek
was flowing up to an estimated 150 gpm within the
bedrock canyon, but at only 30 gpm about 500 feet below
the fan head. The creek was dry only 1000 feet below the
fan head and where it crosses Forest Road 250. Burnt
Creek does have surface flow to the Alamosa River dur-
ing spring runoff and during heavy summer thunder-
storms, such as on August 31, 1993 when it had a pH of
4.2 and conductivity 628 puS/cm at Forest Road 250.

Ideally, degraded Burnt Creek water that infiltrates
into the debris fan deposits should improve in quality as it
travels through the material before reaching the Alamosa
River alluvial aquifer. Hamilton (1989) reports that poor
quality water has been produced from bedrock in Jasper,
and local well drillers have described similar problems.
An investigation of ground water chemistry in the Jasper
area would make an interesting study that might resolve
whether Burnt Creek plays a substantial role year around
in the degradation of Alamosa River water quality and
assess the long-term ability of earthen materials to reme-
diate metal contamination in the subsurface.
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Jasper Creek
Where it crosses Forest Road 250 Jasper Creek typi-

cally contains water with a pH of 6 to 7. Several smalt
mines and prospects occur within this watershed, but none
were draining degraded water. Naturally degraded, low
pH water enters the mainstem of Jasper Creek from tribu-
taries on the east side of the mainstem that flow over
intensely hydrothermally altered rock.

Unnamed Tributaries

Acidic water within the unnamed tributary on the
south flank of Lookout Mountain between the watersheds
of Iron and Alum Creeks is degraded solely by natural
processes. Debris flows carrying pyritic soils occur fre-
quently in this tributary. The valley that heads on the
south side of the saddle between Little Red and Big Red
Mountains was dry when visited in 1993, but likely con-
tains naturally acidic water when it does flow in its head-
waters. During August 1993 the headwater surface flow
in this tributary resulted from drainage at the Ferrocrete
adit.

IN-STREAM WATER QUALITY

Figure 6 depicts the iron, aluminum, manganese, cop-
per, and zinc loadings in each of the four watersheds at
their confluence with the Alamosa River based on the
July 8, 1993 sampling by the USF&WS and USEPA
(1994) and also the mining-related sources sampled dur-
ing August for this study. The portion labeled “Mining
Above WTMN” represents the loadings calculated in this
study for mines located in the basin above the confluence
with Wightman Fork, while that labeled “Total Mining”
indicates the loadings due to all sampled mines within the
basin, except for Summitville. Note that the mines
upstream from the Wightman Fork confluence are respon-
sible for most of the iron and aluminum loadings resulting
from mining, but the mines below Wightman add appre-
ciably to the manganese and zinc loadings. The two sets
of mining data illustrate the maximum possible loadings
due to mining sources at the time of sampling.

Wightman Fork contributed higher loadings for the
five metals than did the total mining sources or the three
upstream tributaries during July, although during the
October, 1993 sampling Alum Creek was higher for iron
and aluminum. Loadings for the five metals were greater
in each of Iron, Alum, and Bitter Creeks than was the
total for all sampled mining sources. Alum Creek had
higher loadings for all five metals than did Iron or Bitter
Creeks.

To evaluate the relative inputs from natural versus
mining sources in Iron Creek a comparison between the
loadings from the two sampled NOAMS with drainage
from the Pass-Me-By mine can be made (see Table 1).
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Figure 7 graphically illustrates the dissolved iron,
aluminum, manganese, copper, and zinc loadings in the
Alamosa River on August 10 and 11, 1993 at various
locations (data from USGS, CDMG, and USEPA, 1994).
Above Iron Creek all loadings were fairly low. Below
Iron Creek, which is affected by both mining and natural
sources, the loadings for iron, aluminum, and manganese
jumped, and zinc also showed a moderate increase. Load-
ings for all five metals rose sharply below the inflow
from Alum Creek, a naturally degraded stream. Moderate
increases in metal loadings occurred in the reach where
Bitter Creek entered the river, but metal loadings
remained fairly constant in the reach between Bitter and
Wightman. Copper, zinc, and manganese loadings dra-
matically rose below the inflow from Wightman Fork,
iron increased somewhat, and aluminum dropped.

A conservative quantitative evaluation of the con-
tributive effect of mining to the degradation of the Alam-
osa River above its confluence with Wightman Fork can
be made by comparing the loadings from the draining

Figure 6. Dissolved metal loadings from mining sources
and tributary streams (data on mine loadings from this
study; data on tributaries from July 8, 1993 sampling by
USF&WS and USEPA, 1994). Columns labeled “Mining
above Wightman” represents the loadings from all sam-
pled mine drainage in the upper Alamosa River basin
above the confluence with Wightman Fork. Columns
labeled “Total Mining” indicate loadings due to all sam-
pled mine drainage in the basin.

The mine contributes appreciably more iron and alu-
minum to Iron Creek than does either spring; it even exc-
eeds the combined loadings from both NOAMS for these
metals. The Pass-Me-By mine provides about an equal
amount of zinc as do the two NOAMS, but the NOAMS
are responsible for greater manganese and copper load-
ings. If one assumes that all of the dissolved metal con-
tained in the drainage from the Pass-Me-By mine enters
Iron Creek and remains in solution until the creek reaches
the Alamosa River, then the mine could account for up to
21 to 31% of the dissolved iron and 8 to 13% of the dis-
solved aluminum in the creek at its mouth, based on the
July and October data in USF&WS and USEPA (1994).
Significantly less of the other dissolved metals at the
mouth of Iron Creek are due to the Pass-Me-By mine.
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Figure 7. Dissolved metal loadings in the Alamosa River
on August 10 and 11, 1993 (from USGS, CDMG, and
USEPA, 1994).
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mines as determined through our data with the August
1993 sampling of the river above Wightman Fork by
USGS, CDMG, and USEPA (1994). Assuming that all of
the dissolved metals in the draining mines is entirely
resultant from mining-related degradation and that it
eventually reaches the river and remains in solution, then
the abandoned mines could be responsible for nearly 11%
of the iron and almost 18% of the aluminum, but only
around 1% of the copper, manganese, and zinc in the
Alamosa River above its confluence with Wightman Fork.
This comparison is highly conservative and represents the
maximum possible contribution of the mining sources at
the time of our sampling because 1) at least part and per-
haps much of the dissolved metal contained in the drain-
ing mines may result from naturally degraded water that
was intercepted by the mine workings, 2) dissolved met-
als, especially iron and aluminum, tend to precipitate sea-
sonally as the water flows through the basin, and 3)
drainage from several mines infiltrate into the ground
before reaching a live stream and may be remediated
while passing through the soil. For total metal loadings
the relative contribution from mining is even less,
because the mine dumps are generally stable and add little
to the sediment load, especially when compared to the
erosion that affects outcrops of weathered, altered bedrock.

SUMMARY

The Alamosa River Basin is affected by both natural
and mining-related sources of acidity and metals outside
of the Summitville mining area. Iron, Alum, Bitter, and
Burnt Creeks, along with two unnamed creeks, provide
inflows which degrade water quality in the Alamosa
River. Mine drainage is responsible for a moderate
amount of the iron and aluminum in Iron Creek and for a
small part of the contamination in Burnt Creek. Mine
drainage also formed the headwater flow in one of the
unnamed tributaries. However, no unequivocal evidence
of mining-related sources was. discovered in either Alum
or Bitter Creck. A very minor portion of the degradation
in Alum Creck may arguably be attributed to the explo-
ration drilling conducted therein. Alum Creek and others
are capable of depositing large amounts of pyritic soils in
the Alamosa River during debris flows triggered by
intense thunderstorms. Much of the dissolved iron and
aluminum and virtually all of the manganese, copper, and
zinc in the Alamosa River above its confluence with
Wightman Fork apparently results from natural processes.
Wightman Fork is the primary source of dissolved copper
and zinc loadings to the Alamosa River. It also contributes a
major amount of manganese loading and a smaller percent-
age of the iron and aluminum loadings.
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CALCULATIONS OF PRE-MINING GEOCHEMICAL BASELINES
AT THREE STREAM JUNCTIONS FOR WIGHTMAN FORK AND
CROPSY CREEK NEAR SUMMITVILLE, COLORADO

William R. Miller, John B. McHugh, and Al L. Meier
U.S. Geological Survey, Branch of Geochemistry, P.O. Box 25046, Mail Stop 973
Building 20, Federal Center, Denver, CO 80225-0046

Remediation of environmental problems associated
with the Summitville mining site has raised questions as to
what were the pre-mining geochemical baselines of stream
waters in the vicinity and downstream from the
Summitville site. The presence of fossil iron bogs,
particularly along the northeast base of South Mountain,
indicates that prior to mining, natural acid drainage was
generated by the oxidation of sulfides at Summitville. Thus,
geochemical baselines of Wightman Fork and Cropsy Creek
prior to mining were likely lower in pH and elevated in
metals such as Fe, Al, Cu, and Zn, compared to streams
draining unaltered areas within the Wightman Fork
drainage basin.

This paper calculates the most likely pre-mining
geochemical baselines of stream waters in the Summitville
area. Geochemical baselines are calculated by combining
chemical modeling of water-rock interactions in the stream
channel with mass-balance calculations. The input of
surface waters from the mineralized areas in the Wightman
Fork drainage basin is determined using chemical data of
stream waters collected from similarly mineralized but
undisturbed areas in similar physical and geologically
equivalent environments to Summitville. The input of
stream waters from the unmineralized areas is determined
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directly by stream waters collected from unmineralized and
undisturbed areas within the Wightman Fork drainage
basin. The results are compared to amounts and attenuation
of dissolved species in stream waters draining the Calico
Peak altered area near Rico, Colorado, which is
undeveloped and geologically and physically similar to
Summitville.

The worst case scenario is determined by assuming
chemistry of streams draining the Summitville area prior to
mining to be equivalent to streams draining advanced
argillic altered areas south of Summitville, such as the
Alum Creek drainage. The concentrations of base metals
are assumed to have been originally greater at Summitville.
The most likely scenario is determined by using water
chemistry of streams draining several equivalent
mineralized areas in Colorado and the literature. The
geochemical baselines prior to mining were calculated for
stream waters at: (1) Cropsy Creek at the junction with
Wightman Fork; (2) Wightman Fork above the junction
with Cropsy Creek; and (3) Wightman Fork at the junction
with the Alamosa River. The geochemical baseline was
determined for pH, Fe, Al, SOy, Cu, Zn, and conductivity.
The details and results of the calculations are shown in a
USGS Open-File Report, in press.
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REMOTE MINERAL MAPPING USING AVIRIS DATA AT SUMMITVILLE,
COLORADO AND THE ADJACENT SAN JUAN MOUNTAINS

Trude V.V. King, Roger N. Clark, Cathy Ager, and Gregg A. Swayze
U.S. Geological Survey
P.O. Box 25046 MS 964
Denver, CO 80225

INTRODUCTION

Most naturally occurring and man-made materials
absorb and scatter sunlight at specific wavelengths. The
spectral information is a measure of how reflected sunlight
interacts with a surface. It is these absorptions that
produce the colors sensed by the human eye. For
instance, absorption by plants produces the green color
observed by the human eye. Just as every human has a
characteristic thumb-print, each mineral and manufactured
material has a unique spectral signature that is related to
chemical composition, grain size, degree of crystallinity,
or temperature of formation. Subtle differences in the
reflectance spectra of minerals can indicate major
differences in chemistry or some physical parameters.
Spectral information can be gathered from laboratory
samples, remotely sensed by aircraft or satellite systems,
therefore providing a powerful mapping tool.

Imaging spectroscopy is a new mapping technique
and represents a part of the next generation in remote
sensing technology. The narrow spectral channels of an
imaging spectrometer form a continuous reflectance
spectrum of the Earth's surface, which contrasts with the 4
to 7 channels of the previous generation of imaging
instruments, for example the Landsat Thematic Mapper
(TM) and Multispectral Scanner (MSS) instruments.
Systems like Landsat can distinguish general brightness
and slope differences in the reflectance spectrum of a
surface. However, imaging spectroscopy has the advantage
of providing compositional information based on the
presence and position of absorption bands, as well as
contributing data on brightness and slope.

The system used to collect data for this study is the
NASA "Airborne Visible and Infra-Red Imaging
Spectrometer” (AVIRIS) instrument. AVIRIS acquires
data in the spectral range from 0.4 pm to 2.45 pm in 224
continuous spectral channels. The instrument is flown in
an ER-2 aircraft (a modified U-2 spy plane) at 19,800
meters (~65,000 feet). The swath width is approximately
11 kilometers and the swath length can be as great as
1000 kilometers.

The image is composed of many data points, called
pixels (614 pixels in a 11 kilometer swath width). Each

pixel is a three-dimensional data point consisting of an X-,
Y-, and Z- component. Each pixel represents a surface
area (the X- and Y-components) approximately 17 meters
square and contains information on the chemical and
mineralogical character of the material (the Z-, or spectral
component). Spectra acquired by remote measurements
are interpreted by comparison with laboratory spectra
from well characterized samples.

Clark er al., (1990a, 1991) developed a new analysis
algorithm that uses a digital spectral library of known
reference materials and a fast, modified-least-squares
method of determining if a diagnostic spectral feature for
a given material is present in the image. This algorithm is
called "tricorder." The tricorder analysis compares
continuum-removed spectra (Clark and Roush, 1984) from
the remotely sensed data, to a database of continuum-
removed spectral features from the reference spectral
library (Clark et al., 1993). Multiple features from
multiple materials are compared and the material with the
closest match is mapped. The algorithm does not force a
positive match which makes if different from many other
algorithms in use. The tricorder algorithm attempts to map
only minerals included in the reference database.

IMAGING SPECTROMETER DATA

We have analyzed AVIRIS data for the Summitville
mining district and the adjacent San Luis Valley, in
Colorado. The data were acquired on September 3, 1993.
A combined method of radiative transfer modeling and
empirical ground calibration site reflectance were used to
correct the flight data to surface reflectance (Clark et al.,
1994). This method corrects for variable water vapor in
the atmosphere and produces smooth spectra with spectral
channel to channel noise approaching the signal to noise
of the raw data. Thus, the data can be compared to
standard laboratory measurements. The calibration site is a
plowed field approximately 18 kilometers SW of Alamosa.
The calibration site soil samples were obtained on the day
of the overflight and measured on the USGS laboratory
spectrometer (Clark et al, 1990b). The spectra of the
calibration field are spectraily bland and serve as an ideal
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calibration standard.

TRICORDER ANALYSIS

For the present study we mapped minerals based on
the presence of absorption features in the ~0.45 um to ~1.0
pum, 1.5um, and 2.2 um to 2.3 um wavelength region,
which represent the visible and near-infrared portions of
the electro magnetic spectrum. In this dataset we looked
for 64 different minerals.

Absorption bands in the visible portion of the
spectrum (~0.4-0.8um) are caused by electronic processes
including crystal field effects, charge transfer,
color-centers, and conduction bands. The absorptions
resulting in the visible portion of the spectrum involve
elements of the first transition series which have an outer
unfilled d-shell in their electronic distribution. The energy
levels are determined by the valence state of the element,
its coordination number and its site symmetry. Differences
in these parameters are manifested in individual diagnostic
absorption bands. Absorptions in this wavelength region
are commonly associated with the presence of iron in the
mineral structure.

Near-infrared radiation (1-2.45 pm, in this study)
absorbed by a mineral is converted into molecular
vibrational energy. The frequency or wavelength of the
absorption depends on the relative masses and geometry of
the atoms and the force constants of the bonds. There are
two main types of molecular vibrations: stretching and
bending. A stretching vibration is a movement along the
bond axis which either increases or decreases the
interatomic distances. Bending vibrations consist of a
change in the angle between bonds with a common atom
or the movement of a group of atoms with respect to the
remainder of the molecule, but without movement of the
atoms in the group with respect to one another (Silverstein
et al., 1981). Only vibrations that result in a change in
the dipole-moment of the molecule will be infrared active.

Absorption features in the 2.2 to 2.3-um region result
from a combination of the OH-stretching fundamental with
either the AL-O-H bending mode absorbing at
approximately 2.2 um, or Mg-O-H bending mode
absorption at 2.3 pm. At high resolution these bands also
appear as characteristic multiple, complex absorption
features. Based on previous work (King and Clark,1989,
Clark et al., 1990b, Clark et al., 1993), it is known that
the strength, position and shape of these features is a
function of the mineral chemistry.

In this study we searched for 22 minerals with
absorption features at wavelengths near or less than 1.0
um. We successfully mapped 7 of these 22 potential
minerals. The minerals we detected include: amorphous
iron-hydroxide, ferrihydrite, goethite, hematite, K-jarosite,
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Na-jarosite, and an Fe-bearing material that spectrally
matches the processed sludge removed from the Reynolds
Tunnel. Figure 1 shows their distribution at, and near, the
Summitville mine. Comparison of spectra of these
minerals extracted from the remotely sensed data with our
laboratory standards shows no differences. We have
detected spectral difference that allow us to discriminate
between the amorphous iron-hydroxide and ferrihydrite,
based on our laboratory standards, however, it is possible
that these two materials are chemically similar. It should
be noted that the most reliable method of identifying
amorphous iron oxides is mossbauer spectroscopy.

Samples of the processed Reynolds Tunnel sludge,
collected at the mine site, were used as laboratory
standards to identify this material in the remotely sensed
data. In Figure 1, its distribution is depicted in yellow. In
this case the algorithm maps solid Fe-bearing material and
red-stained water puddles in the mine pit. Several days of
rain occurred prior to the day of data acquisition, thus it is
likely there was standing water in the pit. Other
investigators have reported the occurrence of red-puddles
(for example, Black Strap and Son of Black Strap; see
Plumlee et al., this volume) in the pit resulting from
precipitation or melting snow.

To detect the presence of minerals that have
absorption features in the 2.2-2.3 ym wavelength region
we used 48 mineral standards. These 48 standards
included phyllosilicates, sulphates, carbonates, and cyanide
compounds. Of these 48 standard minerals we detected 8
different phases of significant areal extent. Figure 2
shows the distribution of 6 of the 8 mineral phases
detected (not shown are muscovite and dickite). Subtle
spectral differences allow for the discrimination between
K and Na alunites and poorly-crystalline and highly-
crystalline kaolinites. The occurrence of Na-
montmorillonite is depicted in yellow in this image.
However, because of spectral similarities and limitations
of the mapping algorithm, some of the material mapped as
Na-montmorillonite may be muscovite or sericite. Recent
modifications to the mapping algorithm have eliminated
this inconsistency.

Spectral data contained in the AVIRIS pixels are very
similar to the spectral standards measured in the
laboratory. Figure 3 shows the spectrum of a
montmorillonite pixel detected near Alum Creek compared
to a laboratory spectrum of a standard montmorillonite.
Breaks in the spectra of the AVIRIS data occur at the
wavelengths where absorptions from atmospheric gases
occur. The absorption features in the montmorillonite
spectrum from the AVIRIS data are identical to the
diagnostic absorption features in the laboratory standard at
wavelengths near 2.2 pm. The AVIRIS data shows that
the montmorillonite is mixed with an Fe-bearing mineral
phase because of an absorption near 0.8 pm (this
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Creek.

absorption feature would be mapped with the Fe-bearing
minerals). Similarly, Figure 4 shows the spectrum of a
goethite mixed with alunite from the AVIRIS data and
laboratory spectra of alunite and goethite. The diagnostic
absorption features associated with the alunite occur near
1.5 pm, 1.7 pm, and between 2.1 pm and 2.4 um,
whereas the absorption from goethite is near 0.9 pm.

The mapping of the halloysite or kaolinite-smectite
mixtures from the AVIRIS data has been less certain
because of inconsistencies in both the spectral data and
supporting x-ray analysis. Initially, the areas in red
(Figure 2) were mapped as halloysite, based on laboratory
standards. However, X-ray data indicated that the material
contained kaolinite and other unidentified phases, but did
not contain either halloysite or illite (Stephen Huebner,
personal communication, 1994). The spectral data of the
material (collected in the field) clearly indicates that
crystalline kaolinite is not present and that absorption
features very similar to illite and halloysite are present.
Thus, we believe that the material is likely to be a
supergene weathering product, a mineral for which we do
not have either spectral or X-ray standards, or a new
mineral. Therefore, caution should be applied in
interpretating the presently-mapped areal distribution of
this phase.

DISCUSSION

Imaging spectroscopy data of the Summitville mine
and the Iron, Alum and Bitter Creek basins were used to
identify minerals associated with alteration. Hydroxyl-
bearing materials, including clays, show discrete
distribution patterns at both the mine site and within the
Iron, Alum and Bitter Creek basins. Mineralogic
differences between the open pit and the heap leach pile at
the mine site can be distinguished (Figure 2) and discrete
mineralogical boundaries in the Iron, Alum and Bitter
Creek basins can also be detected.

Perhaps the most interesting observation is that the
Summitville mine apparently does not contribute OH-
bearing minerals via the Wightman Fork to the Alamosa
River. In contrast the mineralized area in Iron, Alum and
Bitter Creek basins do contribute OH-bearing minerals to
the Alamosa River. This observation is based on the
spectral characteristics of the exposed fluvial sediments
along Alum Creek and Bitter Creek and lack of OH-
bearing fluvial sediment along the Wightman Fork. The
unmined mineralized areas are believed to contribute OH-
bearing materials to the Alamosa River due to the porous
character of the well-exposed rock, which allows altered
materials to be eroded easily and deposited along the
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stream banks. If hydroxyl-bearing materials, and
associated contaminants, are being supplied to the
Wightman Fork by the Summitville mine, the material
must be carried as a very fine-grained aqueous suspension
which cannot settle onto the creek banks.

Images show that both the Summitville mine and Iron,
Alum and Bitter Creek basins are sources of iron-bearing
sediments to the Alamosa River (Figure 1). These
sediments give a reddish-brown color to stream banks, a
characteristic typically associated with acid drainage, and
are potential carriers of heavy metals to locations
downstream. Consequently, in assessing the environmental
impact of mining at Summitville, it is an important to
recognize that both the Summitville mine site and the
Iron, Alum and Bitter Creek basins contribute this type of
sediment to the Alamosa River.

SUMMARY
In summary, we have demonstrated the unique utility
of imaging spectroscopy in mapping mineral distribution.
In the Summitville mining region we have shown that the
mine site does not contribute clay minerals to the Alamosa
River, but does contribute Fe-bearing minerals. Such
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minerals have the potential to carry heavy metals. This
application illustrates only one specific environmental
application of imaging spectroscopy data. For instance,
the types of minerals we can map with confidence are
those frequently associated with environmental problems
related to active and abandoned mine lands. Thus, the
potential utility of this technology to the field of
environmental science has yet to be fully explored.
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ABSTRACT

Spectroscopic analysis of Airborne Visual and Infra-
Red Imaging Spectrometer (AVIRIS) data is presented to
show vegetation species and senescence/stress mapping.
AVIRIS data were acquired over the San Luis Valley up
to the Summitville abandoned mine in Colorado on
September 3, 1993. The data were first corrected to
surface reflectance using a combined radiative transfer
model plus empirical ground calibration. Reference
spectra were extracted from the AVIRIS data set over
known crops and in adjacent pasture land. Continuum-
removed spectral features from the reference spectra were
compared to each spectrum in the AVIRIS data set using a
modified least-squares spectral feature matching algorithm.
Ground truth data were compared to the resulting
identifications and the method proved to be 96% accurate.

A method of analyzing the position of the blue shift of
the chlorophyll absorption red edge is presented. Shifts
smaller than 1% of the bandwidth of the spectral data can
be detected. In the case of AVIRIS, that corresponds to
0.1 nm. The shift was mapped for the data set and
numerous fields were found to have varying degrees of
shift. Some were in senescence, some had been sprayed
with a defoliant, and in others the shift may be caused by
lack of water or other nutrients. This analysis shows the
AVIRIS instrument wavelengths are stable to better than
0.1 nm over at least one 512 line scene.

INTRODUCTION

Vegetation covers a large portion of the Earth’s land
surface. Obtaining quantitative information about
vegetation with remote sensing has proven difficult. To
first order, all vegetation is chemically similar, and most
healthy plants are green showing absorption bands that are
almost identical. Plant species are generally characterized
by the leaf and flower or fruit morphology, not by remote
sensing spectral signatures. However, to the human eye,
many plants show varying shades of green, so there is
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direct evidence for spectral differences between plant
types. Quantifying these subtle differences in a predictable
manner has not been easy, and has been made more
difficult by lack of adequate instrumentation.

Imaging spectroscopy is a new mapping tool and the
next generation in remote sensing technology. The narrow
spectral channels of an imaging spectrometer form a
continuous reflectance spectrum of the Earth’s surface.
That contrasts with the 4 to 7 channels of the previous
generation of imaging instruments, like the Landsat
Thematic Mapper (TM) and Multispectral Scanner (MSS).
While systems like Landsat can distinguish general
brightness and slope differences in the reflectance spectrum
of the surface, imaging spectroscopy not only does that,
but also resolves absorption bands in the spectrum which
can be used to identify specific species. Spectroscopic
analysis of imaging spectroscopy data allows any material
to be mapped, whether mineral, vegetation, manmade,
water, snow, or other if it displays unique absorption
features in the measured spectral region (e.g. see Clark et
al.,, 1993a, Clark ef al., 1992) .

NASA is now flying the "Airborne Visual and
Infra-Red Imaging Spectrometer” (AVIRIS) instrument.
AVIRIS acquires data in the spectral range from 0.4 to
2.45 um in 224 spectral channels. The instrument is flown
in an ER-2 aircraft (a modified U-2) at 19,800 meters
(65,000 feet). The pixel spacing on the ground is ~17
meters, with a 20-meter square pixel, the swath width is
about 10.5 kilometers (614 pixels) and the swath length
can be up to about 1000 kilometers with the current tape
recorder capacity on the aircraft.

Clark et al., (1990a, 1991) developed a new analysis
algorithm that uses a digital spectral library of known
materials and a fast, modified-least-squares method of
determining if a single spectral feature for a given material
is present. This algorithm, now called "tricorder,"
compares continuum-removed spectral features (Clark and
Roush, 1984) from the imaging spectrometer data set to
corresponding continuum-removed spectral features from a
reference spectral library. Multiple features from multiple



materials are compared and the closest match is selected.
The algorithm does not force a detection like many other
algorithms. For example, many algorithms take a set of
curves and best fit them to the observed data, often
requiring a set of parameters (like mineral fraction) to sum
to one. The tricorder algorithm has no such constraint. If
the materials do not exist in a given pixel, such that there
are no spectral features from those or similar materials, the
algorithm produces zeros, indicating they are not detected.

The human eye sees different plant leaves as shades of
green, as characterized by the "green peak" in reflectance
spectra. The eye/brain color system differentiates shades of
green under different lighting conditions. For example,
under indoor incandescent light, there is a strong red slope
to the spectral signal received by the eye due to the red
spectral shape of the light source (as compared to the same
plant in direct sunlight). We are still able to distinguish
the plant as green and distinguish different plants as
various shades of green.

The tricorder algorithm is very sensitive to the shape
of spectral features and has the potential to distinguish
more subtle differences in the visible spectrum of plants
than the human eye. We have applied this method, along
with reference spectra of specific plants, to map vegetation
species in AVIRIS scenes.

The continuum removal to isolate diagnostic spectral
features is an important step, particularly when a pixel
contains spectral information from green plants, dry
vegetation, and soil. In such a case, the combination of
materials within a pixel changes the color perceived by the
human eye. However, by isolating absorption features
with continuum removal, the position and shape of the
continuum removed spectral feature remains constant,
although its depth changes with absorber fractional areal
coverage in the pixel. The tricorder algorithm normalizes
the absorptions so that overall shape is compared.

IMAGING SPECTROMETER DATA

We analyzed AVIRIS data obtained over agricultural
areas in the San Luis Valley of Colorado. The data were
acquired on September 3, 1993. A combined method of
radiative transfer modeling and ground calibration site
reflectance were used to correct the flight data to surface
reflectance (Clark et al., 1994a). This method, called
Radiative Transfer Ground Calibration, or RTGC, corrects
for variable water vapor in the atmosphere and produces
spectra free of artifacts with spectral channel to channel
noise approaching the signal to noise of the raw data. The
calibration site soil samples were obtained on the day of
the overflight and measured on our laboratory spectrometer
(Clark et al, 1990b). The site was near the center of the
AVIRIS scene and the spectra of the soil is spectrally
bland, especially in the region of the chlorophyll

absorption in the visible portion of the spectrum.

The center of the scene is located at approximately
106° 03’ longitude, 37° 23’ latitude, and the scene covers
about 92 square kilometers. This scene is one of 28 in the
area for a general project to study the Summitville
abandoned mine site in the mountains above the San Luis
Valley and its effects on the surrounding environment.

VEGETATION SPECIES AND REFERENCE
SPECTRA

The study area includes farmland producing potatoes,
alfalfa, barley, oat hay, canola, and open fields containing
chico, and other unidentified weeds. Ideally, one would
have a digital spectral library of reference spectra of the
plant species to be mapped. Such a library does not exist
for vegetation, as it does for minerals (e.g. Clark er al.,
1993b). It is not known how many spectra as a function
of growing season would be required to represent the
changing spectral signatures.

Some plant species were measured with a portable
field spectrometer, but due to windy conditions and limited
availability of the instrument, sufficient data to form a
library of all crops could not be obtained. The main
objective of the field operations was to provide spectral
information on sites with detailed geochemical analysis.
Because of the limitation of obtaining field spectra,
reference spectra were obtained for sites of known species
directly from the AVIRIS data. AVIRIS, having been well
calibrated to surface reflectance, is an excellent field
spectrometer, providing data for large areas. The
reference spectra obtained from the AVIRIS data set are
shown in Figure 1. The alfalfa, canola, oat hay, and
nugget potato spectra (Figure 1a) show the plants to be
green and healthy. The barley had lost all its chlorophyll
signature (Figure 1b). The Norkotah potatoes were not
being irrigated as they were about to be harvested, and
consequently they showed a weak chlorophyll and
cellulose absorptions with soil (clay) absorptions from
exposed soil. These potatoes were also being sprayed with
a defoliant. Thus, they should show decreased chlorophyil
absorption along with a shift of the red edge of the
absorption to shorter wavelengths. The chico and pasture
spectra show combinations of chlorophyll and cellulose
(dry vegetation) absorptions. There was rain in the valley
in the few days before the flight so the chico/pasture may
not show much water deprivation stress (being native
plants they are hardy and can also withstand some reduced
precipitation compared to the crops).

TRICORDER ANALYSIS

The continuum-removed chlorophyll-containing spectra
are shown in Figure 2. The shape differences between
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each species enable the tricorder algorithm to discriminate
between them. The tricorder algorithm produced maps of
the distribution of each material. If there are other plants
present in the image with similar spectral features, they
could be misidentified as one of those in Figure 1. Thus,
it is important to have a complete set of reference spectra.
The extensive work by many workers on the Summitville
project provided knowledge of the crops in the area, thus
our spectral library for this case should be complete for
crops. As the time of data acquisition was early fall for
this mountain valley (elevation ~7650 feet, 2330 meters),
some crops and/or pasture are senescing. The crops are
changing spectrally, so this is a difficult test, and it was
not known how representative a single reference spectrum
for each crop would be. Each crop exists in several fields,
each of which may have been in a different stage of
senescence.

The tricorder algorithm examines the spectrum of each
pixel in the image and chooses the best match to the set of
reference spectra. The images from each crop/soil/pasture
match were then color coded and a color coded map
produced (Figure 3). Results of field checking of crops in
the area were used to produce a color coded map of what
Figure 3 image might look like if completely correct
(Figure 4, "the answer map"). Field verification data was
supplied by Maya ter Kuile of Argo Engineering (1993,
personal communication), and our own work. Every crop
and field could not be checked due to limited resources for
the large area.

Examination of Figures 3 and 4 shows the tricorder-
derived map to be highly accurate. Of 43 verification
fields (not including chico/pasture), 7 included the sites of
our reference spectra, 33 were identified correctly, another
3 were identified as mixed by the tricorder analysis (but
were indicated as one crop type in the field data), and no
fields were incorrect. The fields identified as mixed were
of two species, one of which was correct in each case.
The field check was done by driving the roads and
identifying the crops visually. Because of the time
required to develop this analysis (AVIRIS data receipt
followed by calibration to surface reflectance in January,
1994, initial mapping in February, 1994), and the fact that
it was winter, we were unable to investigate the cause of
the discrepancies in the three fields mapped as mixed. If
we give a score of half to the three fields identified as
mixed, the success score of 96% shows the method is
accurate.

The accuracy is made even more impressive when one
considers several fields were mapped correctly even
though they had already been harvested. There was
apparently enough plant material still left on the fields to
still make a correct identification. This is again possible
because the algorithm normalizes the absorptions, so even
though the-vegetation cover may be only a few percent, a
correct identification can be made. The harvested areas
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can be identified in Figure 5 in circular plots where the
colored pixels are sparse and/or low in intensity. Clark et
al., (1992) was also able to differentiate vegetation
communities on the arid Colorado Plateau, another sparsely
vegetated case. The harvested areas should also be under
stress, and are indicated as such in the senescence/stress
map (below).

Canola was mapped in many of the areas known to be
pasture. While it is possible that canola seeds have been
blown into surrounding fields and are growing, it is more
likely that the canola spectral signature is close to other
(native?) plants in those open fields. Complete
discrimination of crops and surrounding wild vegetation
requires a more complete set of reference spectra, beyond
the scope of this initial study.

SENESCENCE/STRESS MAPPING
The long-wavelength side of the chlorophyll

absorption (~0.68 to ~0.73 um) forms one of the most
extreme slopes found in spectra of naturally occurring
common materials, plant or mineral (see Figure 1). The
absorption is usually very intense, ranging from a
reflectance low of less than 5% (near 0.68 um) to a near
infrared reflectance maximum of ~50% or more at ~0.73

um). The properties of reflectance spectra (e.g. Clark and
Roush, 1984) indicate such an absorption band is

"saturated.” In such a case, the absorption band minimum
will not change much with increased or decreased
absorption, but the wings of the absorption will change.
When the chlorophyll absorption in the plant decreases, the
overall width of the absorption band decreases. The short
wavelength side of the chlorophyll absorption is not
observed in reflectance as is the long wavelength side
because of other absorptions in the ultraviolet (UV). The
result of this combination appears as a shift to shorter
wavelengths as the chlorophyll absorption decreases. This
has popularly become known as the "red-edge shift" or the
"blue shift of the red edge” and can be caused by natural
senescence, water deprivation, or toxic materials (e.g.
Collins et al., 1983, Rock et al., 1986).

The ratio of two spectra, one shifted in wavelength,
the other not, and each with steep slopes as seen at the
"red edge," will produce a spurious feature when there is
only a small shift between the two. If the blue shifted
spectrum is divided by an unshifted spectrum, a peak will
be observed in the ratio. For a spectrum of green
vegetation (from Figure la), a 1 nm shift will produce a
residual feature of about 6%. The AVIRIS data have a
signal to noise of several hundred in this spectral region,
so red-edge shifts of less than 0.1 nm are possible to
detect. We used field spectrometer spectra for the San
Luis data set, and computed a ratio cube which would
show a peak when a shift occurs.

The red-edge shift was mapped using the tricorder



algorithm (Figure 5). The fact that the resulting image
shows no horizontal scan line striping attests to the superb
wavelength stability of the AVIRIS instrument. As
indicated earlier, the senescence/stress crop fields are those
which have been harvested, sprayed with a defoliant,
deprived of water, or may have other toxic influences.

The area covered by this scene is not affected by acid
mine drainage from the Summitville mine, thus it provides
a control for the region of what might be expected for
normal conditions. There is a curious senescence/stress
indication along the banks of the stream that enters the
image at the top middle of the image to the lower left .
(stream flow is to the southeast). The other stream,
flowing from the bottom middle of the image to the right
middle edge (also flowing to the southeast) shows no
similar anomaly. The cause is as yet undetermined.

CONCLUSIONS

Vegetation species mapping is possible with high
precision using spectral feature analysis of data from
airborne imaging spectrometers. Once calibrated, and after
reference spectra have been selected, species mapping,
along with senescence/stress indicator mapping can be
achieved in less than 1 second of CPU time per square
kilometer per species (or soil/mineral) on a 10 million
floating point operation per second (MFLOP) workstation.

Imaging spectroscopy data can be used for
environmental application, monitoring vegetation cover
and its health, monitoring vegetation species, and
providing a rapid overview of large areas. When applied
to large areas, the cost to derive these maps is low in cost
relative to field checking and monitoring on the ground.
The species maps might be used for more accurate crop
yield predictions.

Space limitations prevent us from presenting the entire
AVIRIS data set of the Summitville and San Luis Valley
study area in this paper, and processing is not yet
complete. Additional areas, including vegetation species
and senescence/stress indicator maps for more of the study
area will be shown at the meeting.
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Figure 1. Reference spectra used in the mapping of vegetation species. The field calibration spectrum is from a
sample measured on a laboratory spectrometer, all others are averages of several spectra extracted from the AVIRIS
data. Note that the noise is extremely low, comparable to the lab spectrum of the field calibration site. In Figure la
(top), each curve has been offset from the one below it by 0.05. In Figure 1b (bottom), each spectrum has been offset
by 0.04 from the one below it, except the top spectrum is offset 0.06. The offsets are cumulative, so the field
calibration spectrum is offset a total of 0.18 for clarity.
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CORRELATION OF ELECTRICAL GEOPHYSICAL DATA WITH LITHOLOGY
AND DEGREE OF ALTERATION AT THE SUMMITVILLE MINE SITE

By
Robert J. Bisdorf
U. S. Geological Survey
Box 25046, MS 964, Denver Federal Center
Denver, CO 80225

ABSTRACT along mining roads and trails. Sounding expansion
In 1993 the US Geological Survey made 18 was limited to a maximum of 8000’ between the
Schlumberger dc electrical soundings at the Summitville current electrodes by the length of available road and
mine site. Interpretation of the resistivity data indicate the length of wire available. Figure 1 shows the
that high resistivities (>140 ohm-m) correspond to the station locations, some mapped geologic features, and
quartz-alunite alteration zone, medium resistivities (30-100 generalized topography of the area.
ohm-m) are related to argillic alteration and including Schlumberger sounding is a dc resistivity

clay, and that the lowest
resistivities (<45 ohm-m) are
associated with areas of very
poor quality water and/or very
high clay content. Field
measurements on the
Summitville Andesite indicate a
small resistivity range (70-140
ohm-m) for the unaltered unit.
A geoelectrical cross section
across the mine area is
markedly different from a cross
section across the heap leach
pad. The areal extent of high-
silica alteration is shown on a
resistivity depth map of 30
meters.

% 0 1000 feet
I_I_L..J‘.A_I_ATLI_L.*
] 300 meters

7 Schlumberger sounding
location, number, and
direction of expansion.

INTRODUCTION

In 1993 the U.S.
Geological Survey made 18 dc
electrical resistivity soundings,
using the Schlumberger array,
at the Summitville mine site in
southern Colorado. The survey
area is at an average elevation
of about 11800 feet and
covered about 1.25 square
miles. These soundings were
made to determine if surface
electrical techniques could
delineate structure, alteration

zones and ground-water quality. . . i L
Although the area is Figure 1. Map showing the location, number, and direction of expansion of the

mountainous, access was good S(f:hsl(t)mflbetrger sounding stations. Topographic contours shown at an interval
0 eet.
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geophysical technique that uses variations in the electrical
properties of earth materials to help detect buried geologic
structures. Dc resistivity (the inverse of conductivity) is a
fundamental rock property that varies because of rock
type, clay content, porosity and the quantity and quality of
the water contained in the rock. Resistivity is normally
expressed in ohm-m. In many volcanic areas the
resistivity of the rock is primarily dependant on the
quality and quantity of water and the amount of clay
present in the rock rather than on the actual lithology. For
instance, the resistivity of Hawaiian basalts varies from
40000 ohm-m for dry basalts, to 300-500 ohm-m for fresh
water saturated basalt, to about 30 ohm-m for salt-water
saturated basalt (Zohdy and Jackson, 1969). Generally
speaking, unfractured rocks have higher resistivities than
fractured/weathered rocks; higher clay content lowers the
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Figure 2. Example of a Schlumberger sounding

interpretation.

resistivity of a rock; the poorer the quality (higher TDS
and/or chlorides) of the interstitial water the lower the
resistivity.

Schlumberger sounding is a method that uses a
symmetric electrode array to vertically explore the
subsurface. The name Schlumberger derives from
Conrad Schlumberger, an early proponent of the array
geometry. Schlumberger soundings are interpreted by
computer modeling of the sounding data as a series of
horizontal layers (Zohdy, 1989 and Zohdy and
Bisdorf, 1989). Figure 2 shows a typical
computerized Schlumberger interpretation (sounding
13) of the Summitville data. The circles show
digitized observed data points, the stepped line shows
the resistivity model, and the smooth line shows a
sounding curve calculated from the model. The
calculated curve is presented to show how well the
model fits the observed data. More detailed
explanations of processing and automatic
interpretation procedure can be found in Bisdorf
(1985) and Zohdy and others (1993). A series of
individual soundings can be combined to generate
either a geoelectrical cross section or a map view of
interpreted resistivity. Cross sections, which can be
thought of as vertical slices through the ground,
similar to a road cut, are easier to interpret than
individual soundings and show lateral as well as
vertical variations of resistivity. Maps of interpreted
resistivity show areal distributions at a particular
depth, which can be thought of as horizontal slices
through the earth.

GEOLOGY

The Summitville area consists primarily of
Tertiary volcanic rocks. Quartz latite, quartz
monzonite, and andesite (Steven, and Ratté, 1960; and
Grey and others, 1993) are the primary rock types.
The Summitville ore deposit is structurally controlled
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Figure 3. North-south interpreted resistivity cross section (soundings 18-17). Grays represent interpreted resistivities in ohm-

m. Sounding locations are indicated by the triangles.
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Figure 4. North-south interpreted resistivity cross section (soundings 18-6). Grays represent interpreted resistivities in ohm-
m. Sounding locations are indicated by the triangles.

and many of the "veins" strike northwest, parallel to the
South Mountain Fault, partially shown on figure 1. Figure
1 also shows the South Mountain Fault, Missionary Fault
and an unnamed fault. Parts of the area are highly altered
and consist of a quartz-alunite zone, an opalized zone, an
argillic zone and a propylitic zone. In the survey area,
opalized alteration zones are rare, mostly occurring to the
west.

RESISTIVITY CROSS SECTIONS

Resistivity cross sections are generated from
individual sounding interpretations. Each sounding
interpretation is sampled in a manner to approximate a
continuous vertical distribution of resistivity with depth
(Bisdorf, 1982). This vertical data is then horizontally
interpolated to create a grid. Gray scale or color values
are assigned based on the interpolated resistivity values
and the desired contour levels. Topographic information,
input as sounding elevations, is represented by connecting
the surface location of the soundings by straight lines.

Figure 3 shows a cross section that extends from
sounding 18 on the north, across the heap leach pad
(sounding 11), and ending at sounding 17 on the south.
Sounding 18 is located over predominantly Summitville
Andesite. With the exception of the weathered upper 10
meters, the interpretation of sounding 18 shows a
resistivity range for the Summitville Andesite of 70 to 140
ohm-m as seen in the cross section as two shades of gray.
Under soundings 12 and 7 the resistivity is somewhat
higher, indicating that this material is slightly different,
but not significantly so, than that under sounding 18. This
layer becomes more resistive and higher in elevation until
under sounding 17 it has a resistivity of greater than 150
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ohm-m. The change in elevation of the top of the >
150 ohm-m contour between soundings 7-14 and 11-
15, could be attributed to faulting or it might reflect a
previous topographic surface. The heap leach pad is
indicated by resistivities of 30 to 70 ohm-m, which
reflect the presence of conductive fluids. Under
sounding 12 lower resistivity material is present from
the surface to a depth of 20 to 30 meters and
probably represents clay- and/or water-saturated
sediments.

Because of the high resistivity of the rocks under
the heap leach pad, and if the elevation differences in
these rocks are due to erosion then heap leach
overflows are not likely to leak into the ground water
aquifer through the impervious andesite (rhyolite?).
Leaking fluids would tend to flow along the andesite
surface downhill to either the Cropsy Creek diversion
or Wightman Creek. If the high resistivity rock
surface is faulted and not eroded then leakage is
possible through the faults. Steven, and Ratté (1960)
show a northwest striking fault near sounding 15 (see
figure 1).

Figure 4 shows a north-south cross section that
starts south of the Cropsy waste pile, crosses next to
the open pits, and ends just on the northern side of
Wightman Creek. The high resistivities (greater than
200 ohm-m) seen in the upper 80 meters next to the
open pits (soundings 8 and 13) correspond to a zone
of quartz-alunite alteration. Resistivities of 30 to 100
ohm-m might correspond to a more argillic alteration
zone, where the increase in clay content has decreased
the resistivity. A deep (about 250 meters deep) high
resistivity zone is seen under sounding 8. This area




may represent a less altered rock, such as the quartz-latite
porphyry or even the core quartz monzonite porphyry.
Sounding 18 was made just north of the mapped position
of the Missionary Fault, on what is mapped as the
Summitville Andesite. The cross section doesn’t indicate
a fault here, implying that the mapped fault has offset
rocks of similar resistivities. However, it is possible to
interpret the thinning and apparent offset of the 30 to 100
ohm-m zone between soundings 8 and 13 as a fault.

RESISTIVITY DEPTH MAP

Resistivity depth maps are made by sampling the
continuous vertical resistivity variations described above,
at the desired depth. Combining this value with the x-y
location, an xyz file is created and gridded using a
minimum curvature algorithm (Webring, 1981). Gray
scale or color values are assigned based on the grid value
and the desired contour levels. The Kolor-map and
section program (Zohdy, 1993) uses similar procedures
and provides a discussion of the nuances of resistivity map
generation.

Figure 5 shows a map of interpreted resistivity
for a depth of 30 meters, in which the resistivity
value at each location is the resistivity value 30
meters below the surface elevation. The high
resistivity zone in the vicinity of soundings 8 and 13
and possibly extending out to soundings 16 and 12,
probably represents quartz-alunite alteration with its
high silica content. This is the same shallow resistive
zone seen in the cross section of Figure 4.
Resistivities surrounding sounding 18 represent the
Summitiville Andesite, which grades into higher
resistivity rock toward sounding 14, suggesting a less
porous rock. The lowest resistivities on this map,
under soundings 9, 11, and 4 may represent an argillic
alteration zone or material with high clay and/or water
content. Sounding 4 is located at the base of Cropsy
waste pile where odd colored water discharges. Other
maps and cross sections indicate that this lower
resistivity zone extends deeper under sounding 9 and
exists at depth under sounding 2 possibly indicating a
zone where hydrothermal fluids might have

1000 feet

300 meters

Figure 5. Map of interpreted resistivity at a depth of 30 meters. Grays represent interpreted resistivities
in ohm-m. Circles indicate the Schlumberger sounding locations.
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concentrated and increased the quantity of clay. Higher
resistivities under soundings 5, 17, and 15 correspond to
unaltered volcanic rocks probably andesite or rhyolite,
and tend to mimic the edge of the altered rocks.

SUMMARY

Resistivity depth maps can show the areal distribution
of resistivity and cross sections can show the vertical and
lateral distribution. Possible faults were indicated on the
cross sections, but resolution is limited by the spacing of
the soundings. The resistivity data appears to have
mapped an area of high silica content, possibly some
combination of the vuggy quartz silica, quartz-alunite, and
possibly quartz-kaolinite alteration zones. Lower
resistivity zones are believed to correspond to argillic
alteration zones. The lowest resistivities such as those
detected at the heap leach pad and at the base of Cropsy
waste pile, probably related to rock saturated with poor-
quality water.
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INTRODUCTION

Summitville Consolidated Mining Company Inc.
(SCMCI) negotiated an Amended Settlement Agreement
and Compliance Plan (SA&CP) in July, 1992 with the
Colorado Department of Health Water Quality Control
Division (WQCD) and the Colorado Department of
Natural Resources Division of Minerals and Geology
(DMG). The SA&CP contained several requirements
which, in tota}, were intended to achieve substantial
remediation and reclamation of the Summitville site. The
SA&CP required goals in document submittal as well as
development of goals for on-site work. The first goal of
the SA&CP was submittal of a Progress Report
identifying and defining plans for implementation of
remedial measures by August 31, 1992. Submittal of the
final Remedial Measures Plan by November 30, 1992 was
the second major submittal goal of the SA&CP. Both the
Progress Report and Remedial Measures Plan were
compiled by a group of consultants which included:
Adrian Brown Consulting, Inc; Environmental Solutions
Inc.; Geochimica, Inc.; Geraghty & Miller, Inc.; Golder
Associates Inc.; and, Times Limited. Four papers in this
volume have been extracted directly from the Remedial
Measures Plan and Technical Revision to the Reclamation
Plan (SCMCI, 1992). These papers are:

» "Summitville Site Water Quality Characterization
and Modeling";

» "Geohydrology and Adit Plugging”;

» "Geochemistry of Spent Ore and Water Treatment
Issues”; and,

» "Remedial Alternatives Identification and
Evaluation".

The four papers present a synopsis of the engineering
and scientific approach for development of final Remedial
Measures Plan. The authors recommend the four

combined papers be read to gain an understanding of the
scope and effort expended to prepare the Final Remedial
Measures Plan. These papers are presented in the present
tense although only some of the measures described were
finally implemented by the EPA during their activities.

BACKGROUND

Summitville Consolidated Mining Company, Inc.
(SCMCI) was required by the Amended Settlement
Agreement and Compliance Plan of July 1992 to submit a
Final Remedial Measures Plan to Colorado Department of
Health Water Quality Control Division (WQCD) and
Colorado Department of Natural Resources, Division of
Minerals and Geology (DMG).

The purpose of the Final Remedial Measures Plan was
to present the methodology and engineering designs to
implement the requirements of the Amended Settlement
Agreement to achieve compliance with in-stream
constituent criteria compiled in substantial compliance
with the National Oil and Hazardous Substances Pollution
Contingency Plan (NCP). The format necessitated review
of the Settlement Agreement (Agreement) requirements,
performance of technology screening pertinent to
remediation of the site, description of the technologies
which can be implemented for remediation and, design of
remedial activities based on the applicable technologies.

The applicable requirements for the remedial activities
are the in-stream Numeric Criteria Limits (NCLs)
downstream of the site set forth in the Amended
Settlement Agreement and Compliance Plan. Therefore,
instead of establishing conventional effluent limitations at
each discharge of potentially contaminated water from the
facility, in-stream standards at the downstream boundary
of the site have been established to improve over exiting
water quality conditions of Wightman Fork as that stream
leaves the site. The NCL criteria are based on the

75



NORTH PIT
WASTE DUMP

ELEV. 12.547.8 Ft.

_7'_-6/
COMPUANCE POINT

Figure 1. Compliance Point Location

Colorado Discharge Permit System (CDPS) methodology
for water quality effluent limitations and were derived
using the conventional mass balance calculation with the
1981 Alamosa River water quality standards and the
estimated critical low flows for the basin.

The single downstream surface water monitoring
location at the property boundary is WF-6 which, for the
purposes of the NCLs, has been designated Outfall 004.
The compliance point location (WF-6) is shown on Figure
1. The compliance criteria approach has also been
termed the "bubble approach” because of the single in-
stream monitoring location at the property boundary.
Such a "bubble" concept should allow SCMCI the
flexibility to operate the site as a single unit by
conducting reclamation and remedial activities and, to
treat and/or release water from the site at its discretion to
attain the NCLs at WF-6. The Remedial Measures Plan
was prepared to fulfill the reporting requirements
specified in the Amended Compliance Plan (ACP),
identified as Exhibit C of the July 1, 1991 Settlement
Agreement. The ACP required the following four major
tasks:
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» On or before August 31, 1992, SCMCI shall submit
a Progress Report on the identification and planned
implementation of remedial measures to achieve
compliance with the final NCLs by December 31, 1993.
The progress report shall, at a minimum, include the
following information:

1. a preliminary summary of the loadings for metals
and cyanide currently coming off the Site during each
season for each source identified;

2. preliminary plans for reducing the loading and
description of the methods being considered for inclusion
in the Remedial Plan;

3. a description of steps that need to be taken and what
needs yet to be done to finalize the Remedial Measures
Plan by November 30, 1992;

4. a time schedule for development of the Remedial
Measures Plan; and,

5. a preliminary outline of the monitoring plan for each
remedial measure.

» On or before November 30, 1992, SCMCI shall
submit a Remedial Measures Plan, identifying remedial
measures which SCMCI will take to achieve compliance



with all the final NCLs at Outfall 004! by December 31,
1993. The Remedial Measures Plan shall include, at a
minimum:

1. a description of remedial measures which shall be
capable of meeting the NCLs at Outfall 004 by no later
than January 1, 1994, each measure proposed shall
include a removal efficiency associated with it;

2. a final analysis of loadings to be removed;

3. each measure proposed must include a monitoring
component for assessing the measure’s effectiveness and
efficiency;

4. sediment controls until reclamation is complete;

5. all the elements outlined in the original Compliance
Plan, Exhibit D of the Agreement;

6. a description of active treatment until reclamation
measures result in continued compliance with the NCLs at
Outfall 004 without the need for active treatment;

7. a description of staffing and resources needed for
implementation of the Remedial Measure Plan; and,

8. a schedule for implementation of the proposed
remedial measures.

» On or before November 30, 1992, SCMCI shall
submit a complete and adequate application for a permit
amendment or technical revision, if appropriate, to revise
the following aspects of the existing reclamation plan and
permit. The permit revisions shall comply with all
applicable requirements. The amendment shall revise the
plan to detoxify and reclaim the heap leach, and shall
include:

1. Standards for heap processing solution
detoxification;

2. Schedule for detoxification and dewatering of the
heap;

3. Maintenance of the water balance and saturated
surface within the heap to ensure prevention of line
overtopping;

4. Final grading and configuration of the heap;

Table 1. Numeric Criteria Levels

Parameter

T.R. Zinc, mg/l

T.R. Copper, mg/l

T.R. Lead, mg/l

T.R. Silver, mg/l

Total Mercury mg/l

T.R. Cadmium, mg/l
T.R. Manganese, mg/l
T.R. Iron, mg/l

Weak Acid Dissociable (WAD) Cyanide, mg/l
pH, s.u.

T.R. = Total Recoverable

Interim Numeric
Criteria Levels

5. Subsoiling, topsoiling, revegetation and maintenance
of the heap;

6. Final disposition of all underdrains, sumps and
pump back facilities;

7. Chemical characterization of the heap before and
after detoxification.

» The reclamation plan shall include the results of an
investigation of the potential hydrologic connection
between the mine pit and the Reynolds and Iowa Adits.
The investigation of the potential hydrologic connection
will be submitted to the MLRD and WQCD by August
31, 1992. SCMCI will also evaluate feasible alternatives
to reduce the potential for the hydrological conditions of
the mine pit to contribute to an exceedance of the NCLs
at Outfall 004. The report will also include an evaluation
of the feasibility of reconfiguring the mine pit to increase
runoff and decrease precipitation infiltration to ground
water. Nothing in this Paragraph shall be construed as
modifying SCMCI’s obligation to comply with the NCLs
established by the WQCD at WE-6.

The Remedial Measures Plan has also been developed
to ensure that the identification and screening of remedial
alternatives is in substantial compliance with the process
used in the NCP. Generally, to satisfy these
requirements, remedial actions must:

» be protective of human health and the environment,
utilize permanent solutions and alternative treatment
technologies or resource recovery technologies to
the maximum extent practicable and be cost-
effective; and,

» attain applicable or relevant and appropriate
requirements (ARARs). The NCLs are
equivalent to the principal ARARs for the
Remedial Measures Plan.

The interim and final NCLs established for WF-6 are

presented in Table 1.
Compliance with the NCLs will be at sampling point

Final Numeric
Criteria Levels

2.9 0.70
3.0 1.6
n/a 0.12
n/a 0.0015
n/a 0.001
n/a 0.019
n/a 5.6
n/a 50
n/a 0.05
n/a 2.5-9.0

77



ND-1 NOATH PIT
WASTE DUMP

MONITORING STATION

A FRENCH DRAN COLLECTION
SUMP AREA

- 1991 INTERM TREATMENT
PLANT AREA

SOUTH MOUNTAN
ELEV. 12,5478 Ft.

SCALE IN FEET

Figure 2. Monitoring Locations

WEF-6. This sampling point is located on the Wightman
Fork at the boundary of the patented claims block
immediately downgradient of the SCMCI mine site and
below the confluence of Wightman Fork and Cropsy
Creek.

SITE METAL LOADING

A detailed water sampling program was implemented
by SCMCI beginning July 1991 to determine the relative
metal load contributions by runoff and seepage from
individual known point sources such as the Reynolds Adit
and ditches, as well as diffused loadings from small
catchment areas at the site. The sampling program has
been conducted in accordance with the Water Sampling
Protocol For The Summitville Mine (EIC, 1991) and
focuses primarily on sampling surface water monitoring
locations and groundwater wells.

Monthly surface water sampling included flow
measurements and analysis for all parameters specified by
the Water Sampling Protocol which include general
chemistry and a range of total and dissolved metals.
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Figure 2 shows the locations of all the on-site sampling
stations. Data from these stations have been compiled for
a twelve month period and incorporated into a metal load
model as described below.

Prior to implementation of the water sampling program
in July 1991, limited water quality data was available for
the Summitville Mine and the Wightman Fork drainage
dating back to October 1981.

POST-1991 WATER QUALITY DATA

The current surface water sampling program specified
surface water monitoring stations at various locations
including:

» Two locations upgradient and downgradient of
the confluence of the Alamosa River and
Wightman Fork designated (AR);

» Thirteen locations along Wightman Fork
designated (WF);

» Five locations along Cropsy Creek and the
relocated Cropsy Creek drainage designated
(CO);



» Five locations along the North Pit Waste Dump
diversion ditch designated (ND);

» Five locations along the diversion ditch collecting
flows from the Iowa and Reynolds Adits
designated (AD);

» Six locations downgradient of the heap leach pad
Dike 1 including outlets of the leach pad
underdrains designated (LPD); and,

» Eight locations along the on-site surface water
diversion structures designated (SC).

Surface water sampling locations for the sampling
program were selected to allow monitoring of water
quality upgradient and downgradient of stream
confluences and potential load source areas. Additional
in-stream sample locations were selected that correspond
with potential diffused load sources such as waste rock
pile areas and point load sources such as the historic
Reynolds Adit. This approach allowed evaluation of metal
loading for specific stream segments and identification of
areas contributing significant metal loadings.

Table 2 details the location of all water monitoring
sites designated in the revised water sampling protocol.
Monthly samples and flow measurements were taken for
all monitoring locations when accessible and when flows
were present. Two additional sample locations are the
French Drain Sump (FD) located below the heap leach
pad dike and the Interim Treatment Plant (ITP) located at
the toe of the Cropsy Waste Rock Dump. Flow
measurements and water samples were collected by
SCMCI environmental staff.

COPPER AS AN INDICATOR

Copper loads will be used as an indicator for

evaluating remedial alternatives in terms of their potential
effects on reducing Copper loads. This metal was used as
the basis of the evaluations for the following reasons:

» Silver, mercury, WAD cyanide, and pH are
already either in, or very close, to compliance
with the NCLs;

» Copper is the metal whose current concentration
exceeds the proposed NCL value by the highest
proportion. This indicates that the remedial
actions at the site will be driven by the need to
reduce copper loadings (and concentrations in-
stream at WF-6). Therefore, modelling remedial
actions in terms of their reductions in copper
loading will always produce estimates of resource
commitments (in terms of time, effort and costs)
that would exceed the estimates generated by the
use of any other NCL parameter.

» Load reductions for key metals can be predicted
reliably on the basis of projected load reductions
in copper. Copper concentration is an excellent
predictor of the concentrations of zinc, lead,

cadmium, manganese, and iron.

A geochemical analysis was made of the water quality
data at WF-6 to investigate the relationship between
copper concentrations and those for other constituents.
Table 3 shows the statistics of the multiple, bivariate
correlations of the NCL compounds for all samples
collected at WF-3, WF-4, WF-5, WF-6, AD-3 and CC-5
from July 1991 to February 1992, representing 58
sampling events, of which 40 events included all ten
parameters on the same physical water samples. All
correlations greater than 0.50 (or less than -0.50) have p-
values less than 0.001 and are therefore statistically
significant. All values of zinc, copper, lead, cadmium,
manganese and iron substantially exceed the quantitation
limit for each metal, indicating that the statistics will not
be confounded by issues of data censoring. It also shows
that the presence of these metals at values one or more
orders of magnitude above the quantitation limit indicates
that the reported values should be quite precise. The
correlation of silver to mercury (r=.45) is an artifact of
setting concentrations equal to quantitation limit for each
of these metals.

The geochemical behavior of the species, given the
ranges of values, correspond well with the statistical
correlations. Because the sample solutions are acidic (pH
3.2 - 4.7) and oxidized (all were surface water samples
collected from shallow, flowing waters), all six metals are
expected to be present in solution predominantly as
divalent ions®>. The somewhat lower (but still significant)
correlation between copper and manganese (as well as
between manganese and the other divalent metals) may be
related to the probable existence of manganese in solution
as the manganate ion (MnO,*) whereas the other metals
are expected to be present in solution as simple Me**
cations. This inference is supported by the fact that the
metals with the highest correlation coefficients with
manganese are the amphoteric metals zinc and cadmium.

Low correlations (e.g., between copper and silver or
mercury) are expected when one parameter has
meaningful values (e.g., values for copper that are always
well above the quantitation limit) while the values for the
other parameter are censored (e.g., the majority of the
silver and mercury values set at the analytical quantitation
limit). The poor correlation between copper (and the
other divalent metals) and WAD cyanide is due in part to
censoring of cyanide data and in part to the fact that the
basic inorganic chemistry of cyanide is sufficiently
different from that of copper that little or no fundamental
relationship is expected in solution and also that cyanide
is released only from the leach pad. It is considered that
the significant correlation between pH and the metals is
due to a common cause (i.e., both are present in solution
because of the oxidation of pyrites and subsequent
leaching of metals.) However, the correlation is lower
than that between the metals because hydrogeochemical
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Table 2. Surface Water Monitoring Sites

Monitoring ID

WE-1
WE-2
WE-3
WF-4
WE-5
WE-6
WE-7
WE-8
WE-9
WEF-10
WEF-11
WE-12
WF-13
AR-1
AR-2
CC-1
CC-2
CC-3
CC-4
CC-5
ND-1
ND-2
ND-3
ND-4
ND-5
AD-1
AD-2
AD-3
AD-4
AD-5
550D-1
550D-2
550D-3
LPD-1
LPD-2
LPD-3
LPD-4
LPD-5
LPD-6
SC-1
SC-2
SC-3
SC-4
SC-5
SC-6
SC-7
SC-8

Location

Wightman Fork just upstream of the limit of SCMCI disturbance

Wightman Fork approximately 100 feet downstream of the corner of sections 24, 19 and 30
Wightman Fork just downstream of Land Application Area B

Wightman Fork just downstream of discharge of adit water

Wightman Fork downstream of the confluence with the tailings pond spillway discharge
Wightman Fork downstream of confluence with Cropsy Creek

Wightman Fork downgradient of the confluence with Sawmill Creek

Wightman Fork downgradient of the confluence with Big Hollow

Wightman Fork downgradient of the confluence with Palmer Gulch

Wightman Fork downgradient of the confluence with unnamed tributary
Wightman Fork downgradient of the confluence with Whitney Gulch

Wightman Fork downgradient of the confluence with Smallpox Gulch
Wightman Fork upgradient of the confluence with Alamosa River

Alamosa River upgradient of confluence of Wightman Fork

Alamosa River downgradient of confluence of Wightman Fork

Cropsy Creek upstream of site disturbance

Cropsy Creek near the head of the diversion

Cropsy Creek upstream of the 550 Ditch

Cropsy Creek downstream of the 550 Ditch outlet

Cropsy Creek just downstream of diversion confluence with natural channel
North Dump north drainage ditch above subsurface drain outlet

North Dump north drainage ditch below subsurface drain outlet

North Dump north drainage ditch upgradient of the sediment ponds

North Dump south drainage ditch upgradient of the sediment ponds

North Dump drainage from the sediment ponds

Drainage from the Towa Adit

Drainage ditch carrying Iowa Adit flows just upstream of the confluence with the Reynolds Adit
Drainage from the Reynolds Adit

Downstream of the confluence of the Reynolds and Iowa Adits

Ditch carrying combined flows upstream of the confluence with Wightman Fork
550 Ditch upstream of the confluence with underdrain flows

550 Ditch downstream of the confluence of the ditch with the underdrain flows
550 Ditch upstream of the confluence with Cropsy Creek Diversion

Underdrain flows outletting on the north abutment of Dike 1

Underdrain flows outletting on the north abutment of Dike 1

Underdrain flows outletting on the west abutment of Dike 1

530 Underdrain flows

510 Underdrain flows

Surface water flows in natural Cropsy Creek channel upstream of the Cropsy Creek Diversion
Outlet of road drainage upgradient of the South Cropsy Dump

Outlet of road drainage at the generator plant

Road drainage upgradient of Gomperts Ponds on the west side

Road drainage upgradient of Gomperts Ponds on the east side

Outlet from Gomperts Ponds

Drainage ditch from the main topsoil stockpile

Pre-existing sediment pond near Wightman Fork west of guard station

Sediment pond at the mud containment area below the Beaver Mud Dump



Table 3. Water Quality Correlations (r(x,y) for NCL Parameters

Zn Cu Pb Ag
Zn 1 .99 .92 -.15
Cu 1 .92 -.14
Pb 1 -11
Ag 1
Hg
Cd
Mn
Fe

WAD CN
pH
Note:

processes can effect the pH of the solution within the
range of 2.7 to 6.7 without differentially affecting the
concentrations of the six metals.

The statistics given in Table 3 are consistent with the
expected physical chemistry of the metals in the existing
aqueous solutions at Summitville. Calculation of mass
loading reduction for the remedial measure of plugging
the Reynolds Adit performed for all the NCL metals show
that for equivalent load-reduction factors, NCL metals
produce predicted in-stream loads that are consistent with
the trends predicted using copper (Table 4). In a more
simplified fashion, consider the data for WF-6 from July,
1991 through September, 1992 as shown on Table 4. The
low flow observed during this period was in February,
1992, when flow at WF-6 was only 147 gpm, which is
very close to the critical flow value used to compute the
NCLs. At that time, the concentration of copper was
13.7 mg/1, the concentration of zinc was 4.41 mg/l, and
the concentration of iron was 51.6 mg/l. Assuming the
that the corrective measures reduce the copper
concentration to the NCL of 1.6 mg/l, equivalent loading
reductions for zinc would produce a concentration of 6.03
mg/l. Concentrations for zinc and iron, based on loading
reductions, would meet the respective NCL values of 0.7
mg/l and 50 mg/l.

Laboratory-scale testing of water treatment options and
industry experience shows that the cyanide concentrations
can be lowered to levels that meet discharge permit
requirements and NCL compliance at WF-6. Laboratory
testing of attenuation that could be achieved in the South
Mountain area by modifying the mine hydrology indicate
that 90 to 99% lower copper concentrations can be
achieved by natural attenuation. The same testing

Hg Cd Mn Fe WAD CN  pH
-.07 .97 75 .99 -.09 -.61
-.13 .96 .67 .98 -.12 -.57
-.03 .98 .60 .88 -.11 -.51
.45 -.12 -.07 -.13 -.01 27
1 -.03 .00 -.07 11 .01
1 .69 .94 -.08 -.57

1 .70 A1 -.58

1 -.11 -.58

1 22

1

Statistics calculated in CSS:STATISTICA; values rounded to two significant places for use in this table only.

program shows that the zinc and iron concentrations also
can be attenuated by up to 90% so long as the pH of the
solutions along the flow path remains above pH 5.
Therefore, it is considered that copper alone can be used
as an indicator metal in the screening of alternatives.

It is therefore concluded that by using copper as the
indicator species in the model, the potential metals
loading reduction through implementation of the remedial
actions produces the most conservative estimates (time,
effort and costs) of resource commitments to achieve the
NCL parameters.

METAL MASS BALANCE EVALUATIONS

The objectives of conducting the metal mass balance

evaluations are as follows:

» To rank the point and diffuse source areas in
terms of their metal loads to assure that
remediation activities focus on the major causes
of the elevated metal concentration WF-6;

» To provide information on seasonal (monthly)
and annual metal loadings for the various areas
and point sources within the site to characterize
the types of loads reporting to monitoring
location WF-6. The seasonal distribution of load
provides clues as to whether the load is
predominantly due to surface flows, waste pile
leachate, or deeper groundwater seepage. This
knowledge in turn is useful in the planning and
design of remedial measures; and,

» To provide a tool that allows the beneficial
impacts of reclamation and remedial alternatives
in terms of reduced metal loads at WF-6 to be
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Table 4. NCL Metals and Equivalent Load Reduction Comparison

NCL Parameter Range of Range of
Concentration at  Concentration at

AD-3' (mg/l) WF-6' (mg/l)

Cadmium 0.21-0.396 0.018-0.062
Copper 69.63-332 7.27-30.0

Cyanide 0.002-0.075

iron 220-754 30-88

Lead 0.33-0.64 0.014-0.087
Manganese 13-33 s 5.7-18.0
mercury <=0.001 <0.0005°
Silver B <0.0025
Zinc 1544.4 2.5-6.56

Notes:

Reduced NCL Level Number of
Concentration at (mg/) Months
WF-6 when AD-3 Exceeding NCL

is Removed?

(mg/)

0.0025-0.03 0.019 4
0.09-12.7 3.0 (INCL) 4
- 0.05 1
10;60 50.0 1
0.12 0
3.4-16.6 5.6 11
- 0.001 0
h 0.0015 -
0.4-5.8 2.9 (INCL) 3

1 Range of concentration for samples collected at monitoring locations WF-6 and AD-3 for the period between July 1991

to September 1992.

2 Reduced concentration is calculated from load analysis when 99 percent of AD-3 loading is removed from WF-6

loading.

3 Indicates that the concentration for this parameter was found to be below the detection limit of 0.005 mg/l.
4 The lead concentration of samples taken at sample pint WF-6 for the period from July 1991 to September 1992 are

all below the NCL level.

5 The mercury concentration of samples taken at sampie points AD-3 and WF-6 for the period from July 1991 to

September 1992 are all below the NCL level.

6 Silver concentrations were generally below detection limits at WF-6, all silver concentrations for AD-3 were below
detection limits. The detection limits for silver ranged from 0.1 to 0.0002 mg/1.

quantitatively estimated as needed.

The water quality data collected during the July 1991
to September 1992 period was compiled to form a metal
loading model. The in-stream metal loads were calculated
as pounds per day from the metal concentration (mg/l)
and the flow rate (gpm) for each monitoring location.
Figure 3 presents the structure for the flow load model.
The model addresses separate stream segments associated
with potential load source areas at the mine site. This
concept includes the Wightman Fork drainage, the Cropsy
Creek drainage, the North Pit Waste Dump Diversion, the
550 Diversion and the Adit Drainage. Each of these
segments are further divided where monitoring sites are
located up and downgradient of potential load sources.
Monitoring locations are associated with potential source
areas as follows:

» North Pit Waste Dump - ND-1, ND-2, ND-3,
ND-4, ND-5, ND-1A, and ND-1B;

Jowa Adit-AD-1;

Reynolds Adit - AD-3;

Beaver Mud Dump - SC-8, SC-6 and WEF-5;
Clay Ore Pile - SC-5;

Heap Leach Pad - FD, LPD-2, LPD-6 and CC-5;
and,

vy v v.vyYy
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» Upper Cropsy Waste Rock Dump - ITP, 550D-1,

550D-2 and 550D-3.

By using such data for load modelling, it is assumed
monthly flow measurements and water samples are
representative for the entire month during which the
sample was collected. The difference in the metal load
between adjacent monitoring stations was used to
determine source loadings for the various areas and their
relative contribution.

Copper was selected for the purposes of these analyses
as the representative indicator metal constituent.
Differences in copper load between stations (delta copper
loads) are presented in Table 5 for each sample location
and reflect the load contributed from a source area
associated with each stream segment for a twelve month
period. The total copper load to WF-6 is calculated as the
sum of the delta copper loads and was found to be greater
than the in-stream loads found at WF-6. This difference
between the calculated sum and the measured in-stream
loads at WF-6 is due to several factors including:

» Treatment of waters currently being collected

(i.e. French Drain Sump, Interim Treatment
Plant) prior to reporting to WF-6;
» Underflow component in the Wightman Fork
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Figure 3. Structure for Flow Load Model

channel; and,

» Possible geochemical reactions occurring between

source arcas and WF-6.

For example, during August 1991 the total delta copper
load at WF-6 is 795 Ibs/day as presented in Table 5. The
measured copper load at WF-6 for the August 1991
sample was 571 lbs/day. An additional 139 lbs/day was
removed from flows being collected and treated at the FD
and ITP during this same period and is included in the
795 lbs/day value. This leaves 85 lbs/day or
approximately 10 percent of the 795 lbs/day total delta
copper value unaccounted. The remaining 10 percent
may be attributed to underflow and other uncertainties.
Therefore the total delta copper load values for WF-6
presented in Table 5 account not only for the copper load
measured at WF-6 but account for copper loads currently
being removed by treatment and uncertainties. This
approach is conservative and allows for a more complete
accounting of metal loading at the mine site. The annual
copper load is calculated as the sum of the calculated
monthly totals.

As discussed above, monitoring station WF-6 was
selected as the compliance point for metal loading on
Wightman Fork. The location of WF-6 is downgradient
of areas impacted by current and historic mining activities
at the Summitville Mine site. During the period of record,
July, 1991 through September, 1992, flows at WF-6
ranged from a high of 7,219 gpm during May, 1992 to a
low of 147 gpm for February, 1992. The total calculated
copper load at WF-6 ranged from a high of 2,406 lbs/day
during June 1992 to a low of 110 Ibs/day during February
1992. It should be noted that peak copper calculated
loading occurs during the months of May, June, and July
with copper loads exceeding 1,600 tbs/day. During this
time period, peak streamflows were also noted at the WF-
6 monitoring site.

The relative contributions of delta copper load for each
monitoring station as a percent of the total calculated
copper load at WF-6 can be calculated. The percentage
values represent the incremental loading occurring
between each monitoring point. This comparison is
useful in identifying the most significant contributors of
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Table 5. Delta Copper Loads (Ibs/day)

Station Jul 91 Aug 91 Sep 91 Oct 91 Nov 91 Dec 91 Jan 92 Feb 92 Mar 92 Apr 92 May 92 Jun 92 Jul 92 Aug 92 Sep 92
WE-1 007 0.29 003 0.0l 000 0.0y 0.00 0.00 0.0 10.00 0.03 0.00 0.01 0.00 0.02
WE.2 0.89 0.77 0.81 0.94 0.61 0.25 0.15 0.14 0.12 0.22 1.23 4.57 1.84 0.00 1.24
ND-1 . - 3.68 - - - . . . 0.00 0.00 0.00 6.29 0.00 1.99
ND-2 - - (1.96) - - - - - - 0.00 0.00 0.00 0.00 0.00 0.00
ND-3 - - (1.31) - - - - - - 0.00 0.00 0.00 0.00 0.00 0.00
ND-4 - - - - . - - - - 0.00 0.00 0.00 0.00 0.00 0.00
ND-5 - 1.28 - - - - - - - 0.00 152.65 198.53 (2.96) 0.00 (1.77)
WE-3 15.88 801 7.02 7.40 4.08 2.34 0.71 2.05 1.67 1.76 (125.48) (33.89) 9.88 4.92 5.47
AD-! 11.00 7.46 332 1.32 0.24 - - - - 0.00 11.66 39.52 6.01 0.00 6.09
AD-2 - - 0.29 - - - - - 47.52 0.00 0.00 0.00 0.00 0.00 0.00
AD-3 739.95 268.65 234.39 159.24 159.24 84.62 61.45 64.78 - 55.11 843.12 1719.97 463.06 0.00 365.57
AD-4 - - 37.02 - - - - - (24.22) 0.00 0.00 (163.34) (469.06) 0.00 9.90
AD-5 (99.11) (52.66) (38.34) - - (13.64) (37.98) (20.87) 24.00 (28.70) (68.57) 71.84 573.79 703.75 (33.04)
WEF-4 252.36 114.08 42.5 (55.48) (55.48) 15.41 10.04 (6.76) - 20.40 (207.39) (151.59) (193.40) (708.67) 10.82
SC-8 - - 6.31 - - - - - - 0.00 0.00 0.00 0.00 0.00 0.00
SC-6 - - 0.14 - - - - - 1.65 0.00 0.00 0.00 0.00 0.00 0.00
WEF-5 (61.37) 166.21 6.13 36.04 36.04 (7.08) (14.76) 9.88 0.00 21.69 121.37 275.77 88.12 0.00 (213.93)
CC-1 0.12 0.03 0.02 0.00 0.00 0.00 0.00 0.00 - 0.01 0.03 0.03 0.07 0.04 0.13
SC-1 - - 0.00 - - - - - - 0.00 0.00 0.00 0.00 0.00 0.00
CC-2 (0.03) 0.01 (0.(0) 0.0 (0.00) (0.00) 0.00 (0.00) - (0.00) 0.06 0.04 0.01 (0.04) (0.05)
CC-3 0.41 0.17 0.03 0.00 0.01 0.00 - 0.00 - 0.00 1.29 3.34 0.13 0.09 (0.00)
550D-1 - - - - - - - - - 0.00 0.00 - 0.00 0.00 0.00
ITP 52.39 85.56 - - - - - - - 0.00 0.00 0.00 0.00 0.00 0.00
550D-2 - - 0.58 - - - - - - - 0.00 - 0.00 0.00 0.00
550D-3 28.56 0.92 (1L.06) 0.48 0.28 - 0.01 0.00 0.01 0.78 13.15 1.08 0.45 0.72 0.26
CC-4 (4.14) (0.520 (0.02) (0.02) V.02) 0.03 - (0.00) (0.01) (0.07) (3.20) 1.10 0.07 (0.81) 0.20
LPD-2 6.87 5.63 494 3.08 2.55 1.66 1.53 4.10 5.69 3.17 5.88 10.85 3.61 0.00 1.39
D 56.25 53.44 50.63 50.63 50.63 50.63 45.53 28.78 32.54 72.50 402.25 56.25 56.25 56.25 56.25
LPD-6 78.97 4.38 0.08 - - - - - - 0.00 0.00 0.00 0.00 0.00 0.00
SC-5 21.41 10.22 2.69 0.47 - 0.38 0.12 0.13 4.19 4.04 142.19 23.32 5.69 0.00 0.00
CC-5 (108.36) 68.25 215 (1.40) 312 (0.62) (0.98) (3.56) 9.09) (6.81) (101.68) (0.83) 0.11 18.94 4.03
WEF-6 383.31 (32.23) 2.02 (38.14) 33.46 0.77 21.09 (25.67) (8.47) 8.81 (155.49) (114.63) (32.51) 212.83 72.49
TOTAL (lb/day) 1648 795 405 293 290 156 141 110 117 188 1695 2406 1215 998 536
MONTHLY (lbs) 51102 24657 12143 9083 8708 4839 4359 3076 3639 5654 52542 74592 37677 30924 16076

ANNUAL (lbs) 254,394



copper loading to the Wightman Fork. For example, the
delta load at WF-5 during August 1991 represents 20.9
percent of the total calculated loading at WF-6. This
delta load includes the increase in load that enters the
Wightman Fork between the WE-4, SC-8, SC-6, and the
WF-5 monitoring locations presented in Figure 3.

A review of the copper loading data expressed as a
percentage indicates that the major contributor of copper
load is AD-3, the Reynolds Adit, which amounts to
between 34 percent (in August 1991) and 71 percent (in
June 1992) of the calculated load at WF-6. Significant
copper contributions also occur in the drainage areas
upgradient of WF-5, and CC-5 for all recording periods.

SELECTION OF COPPER AS THE KEY
INDICATOR CONSTITUENT

As discussed above, the model uses copper as the key
indicator species to evaluate current loadings to the
surface and ground water systems and to predict the
improvements in water quality as a result of potential
remedial actions. The ACP identifies the ten parameters
listed in Table 1 which must meet designated NCL values
at the conclusion of the remedial program. This section
presents an evaluation that supports the use of copper as

Table 6. Water Quality Data at WF-6: July 1991 - June 1992

Zn Cu Pb Ag
Jul 91 7.4 31.0 .041 <.0002
Aug 91 4.4 15.0 .020 <.0002
Sept 91 4.4 14.5 .022 <.0002
Oct 91 6.5 28.0 071 <.0002
Nov 91 5.9 18.5 .054 .0007
Dec 91 4.4 14.3 .059 .0016
Jan 92 2.7 9.1 .048 .0013
Feb 92 5.1 154 .020 <.01
Mar 92 3.1 16.0 .076 <.01
Apr 92 5.7 12.9 .018 <.01
May 92 2.6 7.3 011 <.01
Jun 92 5.4 27.7 .018 <.01
Min 2.6 7.3 .011 <.0002
Max 7.4 31.0 .076 .0016
(<.0D)
Arithmetic Mean 4.8 17.5 .038 .0045
Geometric Mean 4.6 16 .032 .0016
FNCL 0.70 1.6 0.12 0.0015

the representative key indicator species with respect to
achieving compliance with all the NCL parameters.

CURRENT DATA AT WF-6

Table 6 presents the data at WF-6 for the ten NCL
constituents set for the period July 1991 to September
1992. The table provides the arithmetic and geometric
means of the data and for comparative purposes, the
NCLs. While it is understood that during the compliance
period (i.e., after the final NCLs become effective), the
Agreement requires that in- stream concentrations at WEF-
6 meet the final NCL values on a 30-day average for all
months, the annual average water quality data are
considered appropriate for use in this preliminary
evaluation as they represent the currently anticipated long-
term behavior of the NCL parameters in the system.

As shown by Table 6, the water at WF-6 currently
meets the final NCL values for lead, mercury, and pH for
all sampling events. The geometric mean value for silver
is 0.0016 compared to a final NCL of 0.0015; this
difference is not analytically significant. In addition, the
geometric mean concentration of WAD cyanide at WF-6
meets the final NCL value on an annual average basis and
exceeds the final NCL on a monthly basis only in two out

(all data in mg/l except pH in s.u.)

Hg Cd Mn Fe WAD pH
CN

<.0001 .052 10.0 88.0 <.005 3.25
<.0001 .032 8.4 55.0 .025 3.33
<.0001 .034 9.2 51.5 <.005 334
.0002 .059 12.0 55.0 007 3.46
.0002 .069 11.0 72.0 579 3.68
.0003 .044 9.9 46.3 <.005 3.53
.0004 .039 6.0 33.0 .048 4.67
<.0001 .053 13.8 331 .075 3.70
.0002 .048 10.0  36.0 <.010 3.94
<.0001 .049 189  80.9 .002 3.20
<.0001 .019 6.6 35.1 .003 3.28

<.0001 .040 8.9 86.0 <.002 3.22

<.0001 .019 6.0 33.0 <.002 3.20

.0004 .069 189  88.0 579 4.67
.0002 .045 10.4. 56 .064 3.55
.0001 .043 9.9 52.5 012 N/A
0.001 0.019 5.6 50 0.05 2.59.0

Notes: 1. In calculating statistics, values less than the quantitation limit were set at the quantitation limit.
2. For months in which more than one sample was collected, the value represents an arithmetic average of all
measured values, where this value is taken to be a thirty-day average within the meaning of the Settlement

Agreement.
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of twelve months of the current record. It is indicated
that long-term compliance with the final NCL for WAD
cyanide can be achieved by leach pad decommissioning
activities, including oxidative destruction of cyanide and
enhanced natural attenuation. Of the remaining five
NCL-limited parameters, only zinc, copper and cadmium
exceed the NCL by more than a factor of 2 on an annual
average basis.
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1. Colorado Department of Health Water Quality Control Division identifies WF-6 as Outfall 004.

2. All six metals have two electrons in the outer shell. Binding energy for 3d electrons and 4s electrons in copper
are nearly identical, and one can represent copper as having two 4s electrons and nine 3d electrons as well as
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GEOHYDROLOGY AND ADIT PLUGGING

Adrian Brown
Adrian Brown Consultants, Inc.
155 S. Madison #302
Denver, CO 80209

INTRODUCTION

Summitville Consolidated Mining Company Inc.
(SCMCI) negotiated an Amended Settlement Agreement
and Compliance Plan (SA&CP) in July, 1992 with the
Colorado Department of Health Water Quality Control
Division (WQCD) and the Colorado Department of
Natural Resources Division of Minerals and Geology
(DMG). The SA&CP contained several requirements
which, in total, were intended to achieve substantial
remediation and reclamation of the Summitville site. The
SA&CP required goals in document submittal as well as
development of goals for on-site work. The first goal of
the SA&CP was submittal of a Progress Report
identifying and defining plans for implementation of
remedial measures by August 31, 1992. Submittal of the

final Remedial Measures Plan by November 30, 1992 was

the second major submittal goal of the SA&CP. Both the
Progress Report and Remedial Measures Plan were
compiled by a group of consultants which included:
Adrian Brown Consulting, Inc; Environmental Solutions
Inc.; Geochimica, Inc.; Geraghty & Miller, Inc.; Golder
Associates Inc.; and, Times Limited. Four papers in this
volume have been extracted directly from the Remedial
Measures Plan and Technical Revision to the Reclamation
Plan (SCMCI, 1992). These papers are:

v

"Summitville Site Water Quality Characterization

and Modeling";

» "Geohydrology and Adit Plugging";

» "Geochemistry of Spent Ore and Water Treatment
Issues”; and,

» "Remedial Alternatives Identification and

Evaluation”.

The four papers present a synopsis of the engineering
and scientific approach for development of final Remedial
Measures Plan. The authors recommend the four
combined papers be read to gain an understanding of the
scope and effort expended to prepare the Final Remedial
Measures Plan. These papers are presented in the present

tense although only some of the measures described were
finally implemented by the EPA during their activities.

BACKGROUND

Prior to the SCMCI mining period, the Summitville
ore zone had been mined since the last century, using
underground methods. This mining has left an extensive
network of adits, drives, workings, and stopes at the base
of South Mountain. Access to these workings was in
general by horizontal adits driven into the side of the
mountain from the north. The principal access to the
underground workings is the Reynolds Adit, which was
collared at an altitude of 11,320 feet, and which proceeds
in an approximately west-south-west direction to the ore
zone. The Reynolds adit is approximately 2,500 feet
long, and is essentially straight. The Reynolds is joined
close to the exit point by the Dexter Adit, which connects
the adit system in the north of the ore zone with the
Reynolds Adit, providing a common egress from the prior
workings. The general adit system which is known to
have existed is presented in Figure 1.

The adit system which provided access to the
underground mines during their active periods today
provides drainage from the mine workings and the north
flank of South Mountain. Reaction of infiltrating
meteoric water with residual mineralization, particularly
under the desaturated conditions of the drained adit
system, has produced acidic, high-TDS, high-metals
waters that are currently - and have been for many years -
discharging from the Reynolds system. Prior to the
implementation of the portable interim treatment system
(PITS), this discharged water was directed to Wightman
Fork, where it comprised the majority of the metal and
acid loading of the creek.

The plugging of the adits is intended to:

» Prevent currently acidic flow from directly reaching

Wightman Fork;
» Raise the water table in the ore zone, to reduce
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Figure 1. Location of Reynolds and Dexter Adits

or eliminate the formation of further acid from the
oxidation of the ore zone; and,

» Drive any seepage from the ore zone through the
rock and alluvial materials between the ore zone
and Wightman Fork, to reduce the concentration
and load of metals in the water by both
increasing pH and attenuation by the rock mass
between the ore zone and the creek.

GEOLOGY

The geology of the Summitville Mine site is relatively
complex, as shown by Figure 2. The upper cross-section
in Figure 2 shows the general geology of the area looking
to the west, while the lower cross-section in Figure 2
shows the concentric rings of the orebody which are
located within the porphyry between Wightman Fork and
South Mountain. The site is located at the intersection of
two major structures; the Platoro fracture zone and the
ring fractures of the Platoro-Summitville caldera complex.
The South Mountain composite volcanic dome consists of
at least four phases of quartz latite porphyry. There are
six major alteration assemblages associated with the
epithermal gold-silver-copper mineralization, the most
important alteration zone being the silica zone, which
hosts the silver/gold orebody. Argillically altered rock is
the most abundant material on South Mountain and
appears to be more resistant and probably more
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permeable than the orebody host material. To the north
of the orebody, approximately bordered by Wightman
Fork, is a zone of andesitic rock which is essentially
unaltered.

GENERAL HYDROGEOLOGIC
DESCRIPTION

As it relates to the groundwater flow regime the
geology of the Wightman Fork area seems to be relatively
simple. It comprises altered volcanics in the South
Mountain area, with the degree of alteration decreasing to
the north to Wightman Fork, and essentially unaltered
andesites just south and to the north of Wightman Fork.

The hydrogeological setting of the volcanic porphyry
within which the Summitville Mine area presents a rather
uniform medium. The hydraulic conductivity of the rock
in the vicinity of the orebody has been evaluated by a
series of permeability tests in monitor wells drilled into
bed rock, the results of which are shown in Table 1.

The direction of groundwater flow in the South
Mountain area appears to be north-east towards Wightman
Fork. Groundwater flows and hydraulic heads are greatly
influenced by the Reynolds Adit which appears to drain
the entire north-east side of South Mountain, including the
pit area. The lowa Adit, located at an elevation of
approximately 11,730 feet, drains a portion of the east
side of South Mountain. It is estimated that the average
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Table 1. Hydraulic Conductivity in ABC Observation Wells

Site Water Depth (ft) Q (gpm) K (cm/s)
ABC-MW1 182 10.0 1.1 X 10°%
ABC-MW2 149 8.8 2.2 X 10*
ABC-MW3 292 9.6 95X 10°
ABC-MW4 123 12.0 6.0 X 10°
ABC-MWS5 182 14.0 1.1 X 10°
ABC-MW6 87 53 4.7 X 10°
flow from the Reynolds Adit is between 200 and 400 CURRENT LOAD
gpm, with high flows during spring runoff. Shallow The load to Wightman Fork from the Reynolds Adit
groundwater from the mined area also reaches the ground can be computed from information collected over the
surface as numerous seeps around the Reynolds and Towa years by SCMCI and its predecessors at the site. The
portals. information available for this evaluation is flow and
REYNOLDS TUNNEL FLOW
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Figure 3. Measured Flows at the Mouth of the Reynolds Adit
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Figure 4. pH of Reynolds Adit Waters

chemical data taken at the mouth of the adit.

The flow from the Reynolds adit has varied over the
times at which it has been monitored over the last decade.
The flows by month at the adit are illustrated in Figure 3,
presented in the months that the flows were measured.
Based on these data, a synthetic estimated hydrograph for
the year has been developed, as shown by the solid line
on the curve in this figure. Based on this synthetic flow,
the average flow from the adit has been approximately
220 gpm.

pH, total dissolved solids (TDS), copper and zinc are
considered to be indicative of the overall chemistry of the
system, these will be evaluated below.

pH
The pH of the Reynolds Adit water had shown
considerable variability over the last decade, with the
range of values falling between 2.7 and 3.6 (Figure 4).
The median pH is about 3.

TDS
The TDS of the adit water has increased over the last
five years, from about 1,000 mg/l in 1987, to about 5,000
mg/] present, with spikes to near 6,600 mg/l at times.
The majority of this TDS is sulfate.

Copper

The copper concentrations in the Reynolds Adit flow
are presented in Figure 5. They have increased from
about 20 mg/1 in the mid-eighties to a peak of near 340
mg/l in 1992. Concentrations are highest during the
spring runoff, and drop rapidly during the year.

The mass flux of copper to Wightman Fork from the
Reynolds Adit averages about 75 tons of copper per year.
Prior to the SCMCI development, based on the limited
data available, the average copper load may have been
about 30 tons per year. The prevention of the copper flux
to the stream will remove the 75 tons per year, providing
a reduction of up to 30 tons per year from the pre-
SCMCI condition.
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Figure 5. Copper Concentration in the Reynolds Adit Flow

Zinc
Data available for zinc shows groundwater
concentrations less than 45 mg/l, with concentrations
directly related to flow volume.

LOAD REDUCTION ACTIONS
The load reduction activity proposed for the Reynolds
Adit is the plugging of the adit. This action will result in
the following:

» The direct flow from the adit system will
immediately cease.

» Flow that previously exited the adit will be forced
to travel through the groundwater system, thus
maximizing the opportunity for precipitation and
attenuation' of metal species.

» The groundwater level, currently significantly
below ground surface in the area of the ore zone
(due to the drainage which occurs through the
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Reynolds Adit), will rise toward the ground surface.
This will decrease the rate of direct oxidation of
pyrites by oxygen, thus reducing and perhaps
largely eliminating acid generation and leaching of
metals in the submerged sulfide ore zone.

» Modelling of the groundwater system after the
Reynolds Adit is plugged shows the mine pits
filling but not overtopping the rim of the pit.

The plugging of the Reynolds Adit will be achieved by
the installation of engineered acid-resistant concrete plugs
in the main stem of the adit. The proposed design
concept is illustrated in Figure 6. The plug will be
designed to withstand the maximum possible static head
which could be exerted by the water behind it in the
Reynolds Adit with a factor of safety of at least 2. The
plug will be fitted with monitoring devices, so that the
water pressure and water quality behind the plug may be
monitored after the installation of the plug. In addition,
the plug is fitted with a drainpipe, so that the water may
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In conjunction with the plugging of the Reynolds Adit,
it is proposed that the Dexter Adit also be plugged. The
Dexter, which joins the Reynolds approximately 120 feet
inside the existing Reynolds portal, also connects with the
mine workings at the same elevation as the Reynolds
Adit, but at the northern end of the workings. Currently,
however, the Dexter Adit has been plugged by natural
processes. The natural plug has withstood an estimated
150 feet of head since the early 1980°s without significant
leakage, and currently the flow from the adit is less than
one gpm. The plugging of the Dexter Adit is anticipated
to take advantage of this existing plug, and to provide
insurance from a catastrophic failure of that plug. To
'protect against such a failure, an engineered acid-resistant
concrete plug is proposed in the open portion of the
tunnel, avoiding the disturbance of the existing natural

plug.

EFFECTIVENESS OF LOAD REDUCTION
ACTIVITIES

Hydraulic Effectiveness

The hydraulic effectiveness of the adit plugging
program has been evaluated using a finite element model
of the groundwater flow system.

The flow system is modelled as a groundwater aquifer,
with flow in the model originating as infiltration, moving
through the system, and exiting into the streams in the
topographic lows. The Reynolds Adit, and the
underground workings to which they are attached, are
modelled as line sinks, with head controlled within the
system. All flow is conserved; any flow that enters the
model domain exits in Wightman Fork.

The model was constructed by reviewing the
topography, meteorology, hydrology, and geology of the
site area. A model domain comprising the surface water
catchment of the stream gauging location WF-7 was
selected for analysis, including the entire upper Wightman
Fork basin, as well as Cropsy Creek, the northern portion
of South Mountain, and the southern portion of North
Mountain. The model was calibrated by applying the
infiltration rate, and setting the hydraulic conductivities of
the different geologic materials so that the model
reasonably simulated the groundwater heads and Reynolds
Adit flows observed prior to the SCMCI mining activity
(SRK, 1984) and at the present. After a reasonable match
was obtained flow from the Reynolds Adit was eliminated
and the resulting head and flow conditions observed.

Conclusions drawn from the Reynolds Adit plugging
analyses are as follows:

» Nearly all of the existing rock mass will be re-

saturated after the plug is installed and
equilibrium is established. It should take up to
seven years to reach equilibrium after the adit is
plugged;

» After plugging the adit, the South pit system
should fill in about two years and overflow into
the North pit should occur at the rate of about 20
gpm. The pit system will not overflow,
however;

» Groundwater flow through the bedrock from the
ore zone to Wightman Fork should increase from
its current 220 gpm to about 400 gpm;

» Transit time for groundwater flow to reach
Wightman Fork from the ore zone is about 20
years; and,

» The groundwater flow through the Beaver Mud
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Dump at the toe of the slope will be approximately 40

gpm.

The precision of the flow analysis is considered
adequate for design and regulatory support, but actual
performance of the plugged system may vary from the
predicted behavior.

In summary, the plugging of the Reynolds Adit is
expected to re-saturate the north slope of South Mountain,
flood the underground mine workings, and cause most
groundwater flow from the workings to pass through the
rock mass which is located between the ore zone and
Wightman Fork.

Effectiveness in Preventing AMD

The mine workings that are drained by the
Reynolds/Dexter system lie in sulfide ore. The sealing of
the Reynolds and Dexter Adits should substantially
mitigate the long-term acid-mine drainage (AMD) by
limiting the initiating oxidation of pyritic sulfides once the
new, saturated condition is established. The generation of
acid from sulfide oxidation requires three components:
sulfide, water, and an oxidant (generally atmospheric or
dissolved oxygen). Of these, the supply of oxygen or
another oxidant is the critical component, given the
presence of sulfides (Brown and Logsdon, 1991). The
complete flooding of the sulfide-bearing minerals
remaining in the vicinity of the pit, and the submergence
of the pre-SCMCI underground workings will almost
totally deprive the acid generation reaction of oxygen.
Once saturated conditions have been reestablished, the
groundwater is the only medium capable of carrying
oxygen into the system; the maximum concentration of
dissolved oxygen is about 10 ppm. The low flux of
oxygen through the saturated system will limit the
oxidation of pyrite, thus mitigating the long-term acid-
generation potential of the re-saturated ore zone.
Additional oxidants such as ferric iron would also be

Table 2. Field Parameters for Groundwater Wells

Site Depth To Temp.
Water °F
(ft)

ABC-MW1 188.50 46
ABC-MW2 285.35 46
ABC-MW3 202.88 44
ABC-MW4 37.56 46
ABC-MW5 14.30 46
ABC-MW6 16.10 48
Reynolds 43

Note: Data taken in period August 11-14, 1992
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present in limited quantities but are not expected to have a
significant effect on the oxidation of pyrite over time.

The reduction of acid generation then will limit the
leachability of base metals from the sulfides and iron
from the direct dissolution of iron sulfides.

Effectiveness in Limiting Copper

and Zinc in Wightman Fork

After the groundwater flow system has reached its new
equilibrium, the groundwater table slope will have
increased, and somewhat more groundwater will be
flowing to Wightman Fork from the general mine area
than previously (it had been flowing down the Reynolds
Adit instead). Prior to the plugging of the adit, the
groundwater flow rate from the pit area to Wightman
Fork is estimated to be about 220 gpm and the flow from
the Reynolds Adit is about 200 gpm. After plugging the
adit, groundwater flow is computed to rise to
approximately 400 gpm. The groundwater in the rock
material adjacent to the creek has been measured to
contain less than 1 mg/] of dissolved copper. When this
material flows into Wightman Fork, the copper load to
the stream from the pit area is computed to be less than 1
ton per year, a net reduction of about 74 tons per year, or
about 99% of the current load from the adit.

After the plugging of the adit, groundwater will
infiltrate into the mined area, and into South Mountain
upgradient of it, and will tend to flush the existing
groundwater in the mined area towards Wightman Creek.
The current groundwater concentrations in the most
recently drilled wells are presented in Table 2; the
locations of the wells, and the copper concentrations in
them, are indicated in Figure 7.

This information suggests that the rock in the vicinity
of the ore zone (ABC-MW2 and ABC-MW3) has no
further neutralizing capacity, allowing acid generation and
subsequent metal mobilization. The higher pH values and

pH EC SO, Cu
ps/cm mg/1 mg/l
6.1 200 125 0
3.2 2600 3000 310
2.8 2500 2750 90
4.1 1200 750 1
6.0 200 65 0
6.9 2200 1400 0
3.2 2700 2700 180
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Figure 7. Groundwater Observation Wells and Copper Concentrations (1992)

the lower field copper values in ABC-MW4 and ABC-
MW6 suggests the rock between the ore zone and
Wightman Creek appears to have neutralizing and
attenuating capacity. The presence of sulfate in ABC-
MW4 and ABC-MW6 suggests that the groundwater in
these locations was previously acid and has been partially
or largely neutralized in transit from the mine area to the
creek.

The transit time for groundwater to move from the pit
to Wightman Fork is estimated to range up to 20 years,
based on the calibrated model and an estimated porosity
of 5%. During that time, the acidic groundwater will
interact with the rock between the ore zone and the creek,
resulting in some neutralization of the seepage, and the
attenuation of metals, particularly copper and zinc. The
effect of these processes will be to reduce the
concentration of copper and zinc and other metals in the
groundwater, and thus to reduce the load of copper and
zinc and metals to Wightman Fork.

To evaluate the response of acidic, metal-bearing
waters as they flow through the formation, a geochemical
testing program was undertaken. Based on the results of

sequential leach tests of rock samples obtained from the
drill holes located between the orebody and Wightman
Fork (ABC-MW4 through ABC-MW6), an empirical
model of copper and zinc removal from groundwater was
developed for the site. This model was applied to
groundwater flow through rock in that zone and produced
the following results:

» The total attenuative capacity of the rockmass for
copper is at least 135,000 tons using only the
attenuation limits found in the batch tests-the
batch tests were not taken to the point at which
no further copper or zinc were attenuated, a point
in excess of the 4:1 water:soil ratio. This
exceeds the calculated mass of copper in the
entire orebody above the elevation of Wightman
Fork (105,000 tons). Thus, the rockmass has the
capacity to prevent all of the copper from
reaching Wightman Fork, should it oxidize.

» The total attenuative capacity of the rockmass for
zinc at a water:soil mass ratio of 4:1 is at least
12,000 tons based on the same attenuation
testing. This constitutes about 25 percent of the
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zinc present in the orebody above the elevation of
the Wightman Fork (16,500 tons).

» For both copper and zinc, the amount of metal

which can actually be mobilized after the
successful plugging of the Reynolds Adit is
limited (to about 12 tons per year for copper and
2 tons per year for zinc). The attenuative
capacity of the rock is sufficient to contain such
generated dissolved metals for several thousand
years without breakthrough.

In both cases, the attenuative capacity of the rockmass
far exceeds the amount of copper and zinc currently
computed to be in the orebody groundwater system (850
tons and 80 tons, respectively), which provides excellent
protection against this existing metal load from ever being
felt in Wightman Fork. This model assumes the
groundwater will flow through the bedrock as a porous
medium, and that the randomly collected samples are
representative of the bedrock geochemistry. Groundwater
seeping into Wightman Fork from the orebody via the
rockmass is expected to have an insignificant effect on
metal mass fluxes in Wightman Fork.

Based on these evaluations, it appears that the
rockmass has the capacity to permanently reduce
significant metal transport from the orebody to Wightman
Fork by the groundwater pathway.

SUMMARY OF EFFECTIVENESS

Based on the detailed hydrological and chemical

evaluation discussed above it is concluded that the
installation of the plug in the Reynolds Adit should
achieve the following effects:

» Substantial reductions of direct discharge of
acidic, metal-bearing water from the adit;

» The remaining orebody materials will largely or
totally saturate over a seven-year period, thus
reducing further acid generation and metal
mobilization; and,

» Existing acid, metal-bearing groundwater in the
underground workings and the adjacent rock will
move downgradient towards Wightman Fork.
Interaction between this water and the bedrock
through which it is flowing will result in: the
attenuation of copper, zinc, and other metals to
levels which will be insignificant with respect to
meeting the remedial objectives; and a modest
increase in the pH of the groundwater.

Accordingly, successful plugging of the Reynolds Adit

system is expected to reduce groundwater-borne metals
contributions to Wightman Fork immediately.

96

POTENTIAL NEGATIVE EFFECTS
AND PROBLEMS

Potential negative effects and problems associated with
plugging of the Reynolds Adit, and the response that has
been developed to mitigate them, are as follows:

» Re-saturation of the surface. The increase of the
water table level to the ground surface may locate
seeps and alter the forest cover which exists now,
or which might re-establish on the reclaimed
surfaces. However as the slope was probably
flooded with groundwater prior to the original
mining, this is considered to be a return to the
natural condition, and is not likely to be a
negative impact.

» Pit outflow. There may be a small flow from the
existing pit depressions to the surface water
system. It is likely that this flow will be acid,
and may carry some dissolved metallic load.

» Possibility of plug failure. There is a potential
that the plug to be emplaced in the adit system
may fail. This would cause the water in the adit
system to discharge suddenly into Wightman
Fork. This possibility has been rendered remote
by the design of the plug system. If failure were
to occur discharge would enter the existing dam
on Wightman Fork, where solids would settle
out. After this, the flow would mix with the
Wightman Fork flow, and would pass
downstream and become increasingly dilute
reducing downstream impacts.

» Possibility of flow from another adit. A
considerable amount is known of the adit system
at Summitville. Many of the original adits have
now been mined out in the current mining
campaign. The Reynolds emerges from the
mountainside at considerably the lowest elevation,
11,320 feet. Table 3 shows the relationship of
other adits to the Reynolds Adit. It is likely that
the construction of the Reynolds Adit plug, along
with a protective bulkhead in the Dexter Adit to
prevent a catastrophic failure of the natural plug
now in place, will be the only plugging
necessary.

» Possibility that the re-saturation of the slope will
be incomplete. 1t is possible that, despite the
results of the analysis of the re-saturation of the
slope, there will be portions of the near-surface
material which will remain unsaturated after the
adit plugging is complete. In this event, there
may be some opportunity for continued acid
generation in the subsurface. It is considered



Table 3. Elevations of Historic Adits

Adit Elevation (ft) Comment
Reynolds 11,318 Open
Chandler 11,498 Natural plug
Ida 11,604 Open
Dexter 11,513
Narrow Gauge 11,677
Status Unknown
Oding 11,687 Mined out
Montroy 11,765 Mined out

that this can at most be a minor volume of material,
and that any acid generated, and metal liberated,
will be minor compared to the original mass load of
metal from the adit system. Such flow will pass
through the groundwater system, and will interact
with the existing rock, providing some reduction in
metal concentration and increase in pH.

» Possibility of increased seepage in vicinity of the
Reynolds Adit. The plugging may induce
increased seepage at the surface near the
Reynolds Adit. However, as this seepage may
have to pass considerable rock cover, it is
expected it will be somewhat neutralized and the
copper and zinc levels lowered by sorption. No
major problem is expected.

In evaluating the possible negative effects and problems
associated with mine plugging, an evaluation of the adit
plugging activities at the Eagle Mine in Summit County,
Colorado was undertaken. The plugging of the Eagle
Mine resulted in flow from other adits, incomplete
saturation of the mountain, and numerous seeps of poor
quality water. It appears that the problems associated
with the Eagle Mine are a result of:

» The placement of the bulkheads was too close to
the ground surface of the mountain allowing for
water pressure to exceed the confining pressures
of the overlying materials;

» The location of the workings within the stratified
formation allowed for discrete flow pathways
through the sedimentary formations to the
surface; and,

» Fracturing of the formation provided numerous
pathways for water to surface.

In addressing these modes of failure relative to
Summitville, the Reynolds plug location is 1200 feet
within the adit allowing for several hundred feet of
confining materials to support the increased water
pressure. The workings lie within a relatively uniform
formation with low permeability. Similar circumstances

Above Reynolds, natural plug
May be mined out or covered over by the North Pit Waste Dump -

to these are found in the Walker Mine in Plumas County,
California where the plugging of the mine showed very
positive results. There the placement of the bulkhead was
2700 feet within the adit and the formation to be flooded
was relatively uniform.

PIT RECONFIGURATION

The plugging of the adits will create the potential for
the disposal of acid generating material in the area from
which material was removed during the pit development.
An analysis was performed to evaluate the amount of
material that could be placed in the pits, and on top of the
pit area at the same hydraulic conductivity as the in-siru
material and still remain saturated by groundwater after
the plugging of the adit. The volume of material which
could be disposed of in a saturated condition is
approximately 7 million cubic yards (10 million tons),
based on this computation. This available capacity can be
utilized to store acid-generating materials that present a
significant metals load and must be effectively remediated
by other engineering measures.

IOWA ADIT

In addition to the Reynolds Adit, the lowa Adit
produces a measurable surface flow May through
November. The average flow for these months is
approximately 27 gpm, with a high of 80 gpm during
June. The water quality is acidic (pH 3 or 4), with TDS
running between 3,000 mg/l and 10,000 mg/l, copper
between 20 mg/l and 50 mg/l, and zinc between 12 mg/l
and 25 mg/], the concentrations being directly related to
flow volume. The location of the lowa Adit is
topographically higher than the South pit rim, the flow
from the Iowa will be directed into the pit to mix with
waters from the lower groundwater system created by the
plugging of the Reynolds Adit.
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ENVIRONMENTAL MONITORING AND
EFFECTIVENESS OF REYNOLDS ADIT

Monitoring activities after adit plugging will consist of
the following:

» Monitoring of the bedrock wells ABC-MW4

through ABC-MW6;

» Hydraulic head measurements of water within the

Reynolds and Dexter Adits;
» Visual inspection of the Reynolds, Dexter and
JIowa Adits; and,

» Annual spring and seep survey.

The existing hydrogeologic model indicates that the
actual effectiveness of the adit plugging activities will not
be fully known for three to four years. It is estimated
that South Mountain will resaturate in approximately
seven years. During this evaluation of new springs and
seeps or increased flows at existing springs and seeps will
indicate the quantity of solution bypassing the natural
neutralizing and attenuation capacity of the bedrock.

Groundwater quality monitoring, if the adit plugging is
successful, should indicate that the existing poor mine
water is being pushed through the bedrock towards
Wightman Fork. This should take a minimum of three to
four years.

Hydraulic head measurements at the Reynolds and
Dexter Adit plugs will be performed to document the rate
of resaturation. The Iowa Adit will be visually monitored
for the presence of flow.

OBSERVATIONAL APPROACH DECISION
CRITERIA
The effectiveness of the Reynolds Adit plug in
reducing metal loads to Wightman Fork will be evaluated
in two stages, the short-term and long-term effectiveness.

The short-term effectiveness in reducing the metal load to
Wightman Fork should be immediate. However, should a
large increase in spring and seep flow in the mine area
develop after plugging indicating that South Mountain will
not resaturate and hydraulically encapsulate the sulfide
rock, then a contingency plan will be implemented during
Phase II. The contingency plan would involve collection
and treatment of acid drainage from the Reynolds Adit.
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INTRODUCTION

Summitville Consolidated Mining Company Inc.
(SCMCI) negotiated an Amended Settlement Agreement
and Compliance Plan (SA&CP) in July, 1992 with the
Colorado Department of Health Water Quality Control
Division (WQCD) and the Colorado Department of
Natural Resources (Division of Minerals and Geology
(DMG). The SA&CP contained several requirements
which, in total, were intended to achieve substantial
remediation and reclamation of the Summitville site. The
SA&CP required goals in document submittal as well as
development of goals for on-site work. The first goal of
the SA&CP was submittal of a Progress Report
identifying and defining plans for implementation of
remedial measures by August 31, 1992. Submittal of the
final Remedial Measures Plan by November 30, 1992 was
the second major submittal goal of the SA&CP. Both the
Progress Report and Remedial Measures Plan were
compiled by a group of consultants which included:
Adrian Brown Consulting, Inc; Environmental Solutions
Inc.; Geochimica, Inc.; Geraghty & Miller, Inc.; Golder
Associates Inc.; and, Times Limited. Four papers were
taken directly out of the final Remedial Measures Plan
and Technical Revision to the Reclamation Plan (SCMCI,
1992). These papers are:

» "Summitville Site Water Quality Characterization
and Modeling";

» "Geohydrology and Adit Plugging”;

» "Geochemistry of Spent Ore and Water Treatment
Issues"; and,

» "Remedial Alternatives Identification and
Evaluation”.

The four papers present a synopsis of the engineering
and scientific approach used in development of final
Remedial Measures Plan. The authors recommend the
four combined papers be read collectively to gain an

understanding of the scope and effort expended to prepare
the Final Remedial Measures Plan. These papers are
presented in the present tense although only some of the
measures described were finally implemented by the EPA
during their activities.

DESIGN AND OPERATION OF HEAP
LEACH SYSTEM

The heap leach system was designed as a zero
discharge facility to recover precious metals from crushed
rock contained in the Summitville orebody. The heap
leach system consists of a lined permanent pad, two dikes
or retention embankments, the solution application and
collection piping and pumping equipment, a series of
lined ponds, water diversion structures, a metallurgical
processing facility for recovery of metals, and access
roads. In addition, there are waste rock disposal areas
and the open pit.

The general operating plan for the heap leach system
was to load ore from each year of mining onto the
existing heap on a protective synthetic liner behind a
rock-filled dike. Upon placement of the ore, a dilute
solution of cyanide was applied to the leach pad and ore
through sprinklers to dissolve the gold and silver as their
cyanide complexes. After percolation through the ore,
the solution was collected by gravity at the bottom of the
pad and removed by pumping from a series of wells
located within the pad. The gold and silver bearing
solution was pumped to the metallurgical facilities for
processing, with the barren solution being recirculated
onto the pad to continue the leaching process.

The construction of the containment dikes and
installation of liners was initiated in late 1984 and
completed in early 1988. The design of the containment
dikes was modified again in 1986. In addition to the
other components discussed, a diversion channel was
excavated around the south and east sides of the leach pad
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to divert natural Cropsy Creek flows around the pad and
to intersect surface runoff.

A permanent underdrain system consisting of geofabric
wrapped coarse rock and perforated pipe, remains under
the double liner to collect natural seepage from the
bedrock underlying the leach pad area. The collected
seepage is directed through the underdrain placed beneath
the leach pad to a pumpback station located at the toe of
the dike. The contamination of the underdrain seepage
with leach solution is a problem which has been examined
and is discussed in a subsequent section. At the upper
end of the heap leach pad, the valley center drain (VCD)
consists of an 18-inch diameter perforated and corrugated
plastic pipeline buried in crushed bedding material and
drain rock, all of with is enclosed in a geotextile wrap.
Associated with the main underdrains are the finger drains
which were originally located by visual examination of the
prepared ground surface. The VCD discharges at the toe
of Dike 1 at the French Drain sump.

In addition to the underdrain system, two other systems
were constructed for the heap leach pad. The first
drainage system was a temporary cutoff to intercept
runoff upgradient of the leach pad during its construction.
The second system was a permanent cutoff to divert
runoff around the road which was intercepted upgradient.
The present 550 diversion ditch is the permanent cutoff to
intercept runoff and drainage between the Cropsy
diversion and the top of the completed leach pad.

The heap leach system was originally designed as a
zero discharge facility. However, with the introduction of
the cyanide-bearing return flow from the French Drain
sump in 1986, SCMCI began to experience a positive
water balance in the heap leach pad. Two computer-
modeled water balance projections were conducted
(Klohn-Leonoff, 1987 and Golder Associates Inc., 1988)
for SCMCI. Both water balance models indicated that the
Summitville heap leach pad was in a positive water
balance and would, at some point in the future, exceed
design containment requirements. At the end of 1988,
there was approximately 80 million gallons of excess
solution stored within the heap leach pad. This positive
water balance was largely a result of pumping the French
Drain flows back into the heap leach pad.

SCMCI performed feasibility testing of various water
treatment scenarios in 1988 and filed an application for a
CPDS permit to authorize discharge of treated excess
water from the heap leach system in 1989. After several
months of discussion with WQCD, a CPDS permit was
issued in May 1989. In the fall of 1989, a water
treatment facility was brought on-line to treat and release
excess solution from the heap leach pad to reduce the
solution storage volume.

The heap leach pad operated as a closed system.
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Inflows were from direct precipitation, snowmelt,
discharge from the interim water treatment plant (IWTP)
and return flow from the French Drain sump. Outflows
include spray evaporation and discharges from the
recently modified water treatment plant (WTP) which
have been treated to meet effluent limits at Qutfall 004,

HEAP LEACH PAD DECOMMISSIONING

Heap leach pad decommissioning involved a step-by-
step approach. The first step was to evaluate the spent
ore material chemical stability for in-place, long-term
closure. Once the feasibility of in-place chemical
stabilization of the solids was established, evaluation of
long-term solution management, and short-term
dewatering and treatment were addressed. The "bubble
concept” of establishing a single in-stream compliance
point below the operation allowed SCMCI the flexibility
to remediate the site by treating and releasing water from
the site to attain the water quality criteria. After closure,
long-term solution management of the leach pad was to be
incorporated into the site "bubble" to allow the most
efficient use of resources while still achieving the
objective of meeting site-specific in-stream water quality
criteria at one downgradient point.

The goal of decommissioning was to comply with the
site-specific closure standards in an economical and
practical manner. To accomplish the goal of
decommissioning, a combination of physical reclamation,
water treatment, and rinsing is usually required.

The purpose of physical reclamation is to minimize the
infiltration and generation of potentially poor quality
solution through its contact with the pad solids. The act
of physical reclamation usually involves recontouring and
capping of the pad with low permeability liners and/or
compacted soils. The final surface of the pad is then
revegetated to maximize runoff and minimize infiltration.

The purpose of treatment and rinsing is to produce an
effluent of acceptable quality for release into the
environment without causing unacceptable impacts to
surface and ground waters. Treatment can be
accomplished through one of several chemical, biological,
or physical processes such as hydrogen peroxide
oxidation, microbial degradation, or volatilization. The
combination of microbial degradation and volatilization
are often referred to as natural attenuation. These
processes discussed later can often be enhanced artificially
through addition of chemical reagents and microbial
seeds. Treatment and rinsing can be combined by either
recycling or discharging treated effluent generated through
continuous application of fresh water onto the pad.

In the event recycling or treated effluent is used to
rinse the pad, the solution eventually must be either



discharged or evaporated. If the recycled or continuous
fresh water used in rinsing must be discharged following
treatment, compliance with the in-stream standards or
existing discharge permit is mandatory.

The constituents of concern a the Summitville Mine
with respect to the pad solids and solution included the
metals, WAD cyanide, and pH for which in-stream
Numeric Criteria Limits (NCLs) have been established in
Wightman Fork at sampling station WF-6.

Solution Management

There are two goals associated with solution
management within a spent leach pad, short-term and
long-term. The short-term goal is to dewater and/or rinse
the pad sufficiently to achieve compliance with the
specified closure standards and to allow discharge of the
residual solution. The long-term goal is to minimize the
infiltration of water and the generation of additional poor
quality solution.

In order to increase the treatment and discharge of pad
solution, the existing water treatment facility has been
retrofitted according to a plan presented in the July 1,
1992, Plan for Compliance. The plan utilized the barren
and filtration ponds at the gold plant for WAD cyanide
destruction using hydrogen peroxide instead of chlorine,
and then feeding the partially treated water to the
retrofitted wastewater treatment plant for final metals
precipitation and polishing using sulfide reduction.

The WAD cyanide remaining in the recirculating pad
solution could be systematically reduced over time using
one of two approaches. The first approach would involve
addition of hydrogen peroxide to the entire recirculating
solution in a quantity to completely destroy the WAD
cyanide, using the recently installed Degussa treatment
system.

A second approach would involve enhanced biological
degradation through the addition of specifically adapted
microbial seeds and the necessary nutrients to the
recirculating solution. The results of a preliminary
bench-scale investigation indicated that a significant
reduction in WAD cyanide was achieved following the
passing of a few pore volumes of microbially spiked
solution through a column of pad material at the lower
solution temperatures anticipated at the site. An
evaluation to conduct full-scale, enhanced, natural
microbial attenuation of WAD cyanide within the pad
during the dewatering phase was performed. Since the
discharge of water during dewatering must meet the
existing CDPS permit with respect to WAD cyanide, and
the cost of biological degradation is significantly less than
chemical treatment, this is the process of choice at the
present time.

Solids Management

In conjunction with the management, treatment, and
discharge of solutions, there remains a need to minimize
the long-term generation of poor quality solution through
contact of precipitation, runoff, and snowmelt with the
residual pad solids. There are two specific aspects of
solids management which must be addressed during
decommissioning. The first aspect is to classify the solids
as to their nature and their potential release of metals and
other constituents at undesirable levels.

Following rinsing, the primary source of additional
metals release arises from the generation of acid and the
oxidation of sulfides. With knowledge of the chemical
aspects of the solids, a physical reclamation plan can be
devised to minimize the extent of infiltration and solution
movement within the pad. Of particular importance at the
Summitville Mine, is the introduction of acidic drainage
into the pad from the upgradient South Cropsy Waste
Rock Pile

Physical reclamation can be accomplished in one of
several manners including capping with low permeability
liners and/or soils, and recontouring the sides and
surfaces to maximize runoff. In the case of the
Summitville Mine, there was an additional option to allow
permanent submergence of a portion of pad under water
to impede acid generation, if this process is shown
probable. In this case, establishment of a wetland on top
of the recontoured pad may be a viable approach,
although it would raise additional issues regarding
geotechnical stability of Dike 1. Since partial or complete
submergence of the pad probably would not be a viable or
acceptable approach, then maintaining only a minimal
hydraulic head on the liner would be the preferred.

HEAP LEACH PAD GEOCHEMISTRY

To determine the long-term impact of the leach pad
drainage and geochemistry on water quality in Wightman
Fork at the compliance point, SCMCI undertook a
detailed geochemical evaluation of the behavior of the pad
solids. The evaluation included mineralogical and
chemical analyses of samples of the different types of the
pad solids and a laboratory testing program to evaluate
the long-term chemistry of leachate produced under two
alternative leaching scenarios. The first leaching test
evaluated the chemistry of leachate derived from reacting
the pad solids with acidic drainage such as would be
anticipated from the upgradient Cropsy Waste Rock
Disposal Area. the second leaching test evaluated the
chemistry of leachate derived from reacting the pad solids
with de-ionized (DI) water as a surrogate for rain or
snowmelt.
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Six bulk samples of the leached ore or pad solids were
collected by SCMCI in February 1992 as representative of
the types of materials that exist on the pile. These
samples were initially evaluated for static acid-base
accounting (ABA) parameters, and EPA Method 1312
leaching characteristics in April 1992. In this program,
the spent ores or pad solids were tested on both an "as-
received basis" and after rinsing with DI water to remove
the easily solubilized alkaline rinds. The samples were
rinsed at a water:rock ratio of 5:1 on a volume basis until
either a total ratio of 80:1 had been reached or the pH
and conductivity of the rinsate had fallen below 7.0 and
100uS, respectively.

A second phase testing program included the following
elements:

» Initial characterization tests on "as-received”
materials. The characterization tests include measurement
of pH, conductivity, Eh and ferrous iron (Fe*?*)on a 2:1
(water:rock) paste, and analysis of total metal
concentrations for calcium, magnesium, sodium,
potassium, silicon, aluminum, sulfur, iron, arsenic,
barium, cadmium, chromium, cobalt, copper, manganese,
lead, mercury, nickel, selenium, silver and zinc.

» Preparation of an equal-mass composite of the six
ore types and retesting of the initial characterization on
the composite pad.

» Detailed testing of the composite sample and a
specific sample of high-S ore, selected to be sample LPO-

Table 1. Leach Pad Ore: Acid-Base Accounting

4. The detailed testing included:

- Static acid-base accounting (ABA) on an "as-
received"” material. Results are presented in Table 1.

- Rinsing the crushed ore until the conductivity of
the rinsate fell below 100uS.

- Repeating the acid-base accounting tests on the
rinsed ore samples. Results are presented in Table 1.

- EPA Method 1312 leaching of the rinsed splits
with analysis for atkalinity/acidity; pH; Eh; SO4;
chlorine, calcium, magnesium, sodium, potassium,
silicon, aluminum, sulfur, iron, Fe*?/Fe*3, arsenic,
barium, cadmium, chromium, cobalt, copper, manganese,
lead, mercury, nickel, selenium, silver, and zinc.

- Sequential leach testing with chemical analysis of
leachates and solids. Each sample was leached with both
DI and with Reynolds Adit water. The DI tests were
performed to simulate leaching with rainwater/runoff, as
would be expected if the pad materials are isolated form
drainage from the Cropsy waste dump. Results are
presented in Table 2. The Reynolds tests were performed
to simulate leaching that could occur if acid water (e.g,
drainage from the Cropsy dumps) moves through the pad.
Results are presented in Table 3. Figure 1 is a schematic
diagram of the sequential testing procedure. The
sequence of tests allows evaluation of the leaching that
could occur at water:rock ratios ranging form 0.25:1 to
4:1.

A bulk sample of low pH, mineralized water from the

Parameter LPO-4 LPO-4 LPO-COMP LPO-COMP
(as received) (washed) (as received) (washed)
Total S (%) 3.02 3.46 2.47 1.90
Pyritic S (%) 0.22 0.27 0.26 0.21
Total S (ton CaCO,/Kton) 94 .4 108 77.2 59.4
Pyritic S (ton CaCO,/Kton) 6.9 8.4 8.1 6.6
Acid Neutralizing Potential (ton CaCO,/Kton) 4.0 5.2 5.2 3.7
ANP-Pyritic S (ton CaCO,/Kton) -2.9 3.2 2.9 2.9
Table 2. LPO-COMP Sequential Batch - Leachates (DI)
Batch pH EC S04 Aluminum Copper Iron Zinc
Dl 7.36 3090 2380 0.80 1.10 4.37 0.04
Cl 7.30 2820 1970 1.25 1.13 4.32 0.05
Bl 6.78 2340 1650 3.05 1.06 5.38 0.05
Al 6.99 1560 774 0.91 0.60 1.31 0.03
A2 5.85 493 148 0.18 0.04 0.61 <0.01
A3 6.80 321 84 0.20 0.02 0.71 <0.01
Ad 6.36 228 44 0.29 0.02 1.48 <0.01
1312 6.71 <10 0.17 <0.01 <0.03 <0.01
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Table 3. LPO-COMP Sequential Batch - Leachates (Reynolds)

Batch pH EC S04 Aluminum Copper Iron Zinc
D1 7.28 3420 2440 0.57 1.06 5.45 0.05
C1 6.96 3180 2340 3.34 1.19 9.63 0.19
Bl 6.85 2870 2360 0.70 0.81 32.6 0.06
Al 4.26 2580 2450 0.12 0.86 217 0.83
A2 3.78 2240 2380 0.8 0.62 503 6.06
A3 3.77 2040 2270 0.7 0.42 660 8.25
A4 3.72 1970 2040 0.7 0.45 765 8.75
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Figure 1. Schematic Diagram of the Sequential Testing Procedure

Reynolds Adit was collected and analyzed using standard
EPA methods, consistent with the methods used in the
current SCMCI sampling and analysis program. This
bulk sample was used in the sequential batch leaching

tests to simulate acidic waters from across the site.

The chemistry of a leachate from the decommissioned
leach pad will depend upon predominantly the acidity of

the fluid that enters and leaches the solids. If the lixiviant

is quite acidic like the Reynolds Adit water, then the
residual alkalinity of the leach pad ores will be removed,
relatively rapidly, and the leachate will be a low pH
(<4), high TDS, high metals solution that will contain at
a minimum cadmium, iron and zinc concentrations above
the NCL limits.
However, if the lixiviant is infiltrating precipitation,

which is simulated by de-ionized water the Method 1312
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Figure 2. Proposed Process Flowsheet

extractions, then the decommissioned leach pad should not
0 acid and high concentrations of NCL metals should not
appear over time. Given a final cover with an in situ
saturated hydraulic conductivity of 1x10 cm/s (Cover
Option #1), the total steady-state recharge through the pile
would be about 24.5 acre-feet/year. At this rate of
recharge, the interstitial water will turn over at a rate of
about 1 pore volume per 36 years. For a final cover with
an in situ saturated hydraulic conductivity of 1x107
cm/sec (Cover Option #2), the total recharge would be
about 6.0 acre-feet/year. For Option #2, one pore
volume would be exchanged per 147 years. The short-
term chemical behavior of the pad, which is dominated by
the residual alkalinity produced by the leaching and the
addition of lime CaCO; to the ore to create a high pH
would be expected to produce neutral to alkaline pH
leachate, and low concentrations of metals. Based upon
the laboratory results, this short-term geochemical
condition would be expected to persist for at least 90 pore
volumes of water exchange, or several thousand years.

The long-term behavior would be dominated by the
low reactivity of the leached ores, which contain very
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little sulfide mineralization and low total metals
concentrations. The low ionic strength infiltrating water
does not react significantly, and the result is a low TDS,
pH 6.0-6.5, low alkalinity solution with very low
concentrations of dissolved metals.

Based on these results, a properly capped and
recontoured leach pad which is not inundated by acidic
water will produce a minor metals load to Wightman Fork
and would provide an environmentally acceptable closure
approach with respect to the heap leach pad.

HEAP LEACH PAD DETOXIFICATION

The collection and routing of French Drain water and
barren heap leach pad solution flows, as well as the
treatment plant design have been modified to allow an
increase in WAD cyanide detoxification, and metals
removal capabilities during dewatering and an emergency
situation. The proposed process flowsheet is presented on
Figure 2. The new wastewater treatment system (WTS)
includes the cyanide destruction circuit at the site of the



Gold Plant, and the sulfide precipitation circuit at the site
of the water treatment plant. The heap leach pad
detoxification standards are discussed in the Technical
Revision to the Reclamation Plan (SCMCI, 1992). There
are two options for rinsing or detoxifying the WAD
cyanide in the heap leach pad. Two concentrations have
been derived based on the need to satisfy the in-stream
WAD cyanide NCL at WF-6. These two concentrations
are 0.7 mg/l, which will be acceptable for a cover having
a saturated hydraulic conductivity of 1x10° cm/sec, and
2.5 mg/l when a cover hydraulic conductivity of 1x107
cm/sec is used.

The hydrogen peroxide cyanide destruction first stage
has been modified to accommodate a maximum combined
flow of French Drain and barren solution of 1,500 gpm.
Discharge from the first stage flows by gravity to the
second stage at the existing water treatment facility,
which has been modified to accommodate an average flow
rate of 400 gpm and peak flow of 540 gpm by conversion
of its single train configuration to dual train operation.

To maximize treatment performance, the French Drain
solution is being treated first for removal of iron and
manganese prior to combination with the heap leach pad
solution for cyanide destruction, softening and additional
metals removal. The iron and manganese are removed
first to decrease the subsequent demand for hydrogen
peroxide in the cyanide detoxification process. Iron and
manganese are commonly removed by oxidation followed
by either sedimentation or filtration. Typical oxidants
used in iron and manganese removal include air (oxygen),
chlorine, potassium permanganate, and hydrogen
peroxide. To minimize the addition of chemicals that
result in increased TDS, air is used in the primary oxidant
during iron and manganese removal.

The WTS involves addition of the hydrogen peroxide
using an in-line static mixer and a chemical dosing system
and storage system leased from a chemical distributor.
Soda ash is being added to increase alkalinity and promote
precipitation of hardness as calcium carbonate. The
chemically treated solution will then enter the existing
barren pond to provide sufficient residence or hydraulic
retention time to complete oxidation of cyanide and
settling of the sludge. The sludge will be disposed in
accordance with currently accepted and permitted
practices, although alternative sludge disposal scenarios
are being evaluated and are discussed below.

At a design flow of 1,500 gpm, the 2.5 million gallon
barren pond provides a minimum of one day (24 hours) of
residence or oxidation time as well as short-term storage
for precipitated sludge. Following chemical precipitation
of the metals and oxidation of WAD cyanide, the treated
solution is routed to the second stage. Conveyance of the
pre-treated solution is through a newly installed pipeline
from the first stage to the pumphouse with designed flow

capacity of approximately 600 gpm and then to the second
stage through 2 existing 4-inch pipelines. The excess
detoxified solution that cannot be discharged is routed
back to the leach pad for spraying to rinse the leached
ore.

Soda ash softening is a proven technology used in
treatment of drinking waters for hardness removal.
Calcium concentrations are reduced to <100 mg/L as
CaCO, in typical water treatment. The reduction in
calcium concentration will aid in reducing the possibility
of scaling problems in the WTS. The softening process
produces a considerable volume of sludge that is settled in
a clarifier or in the barren pond. The sludge is co-
mingled with the sludge generated from the cyanide
destruction process and currently disposed on the lined
heap leach pad.

Additionally, it is proposed to biologically detoxify the
spent ore by applying solutions of treatment bacteria in a
drip application, percolation leach. Enhanced biological
degradation or detoxification of WAD cyanide in the
leach pad moisture and on the retained solids at the
Summitville Mine will consist of the following steps:

» Production of bacteria designed to oxidize cyanide

in spent ore and the pore moisture of spent ore.

» Application of dilute solutions of the treatment

culture.

» Analysis of drain-down solutions and spent ore to

verify biological degradation of cyanide.

The process is operated as a closed-circuit with
recycling and with no discharge to the environment. The
process bacteria populations and nutrients are natural and
non-toxic.

Once the accumulated pad water is removed and
detoxification completed, the pad will be rinsed if needed
to achieve the specified closure standard for cyanide. In
the event the specified standard has not been achieved,
then chemical treatment using hydrogen peroxide would
be needed to destroy the residual cyanide to the rinse
standard. Rinsing could be accomplished either by
recycling biologically or chemically treated water or by
continuously passing fresh water through the pad. In
general, fresh water rinsing is not practical at the
Summitville Mine due to the limitations on water
availability and the problems associated with storing,
treating, and discharging large volumes of water.

ACTIVE WATER TREATMENT OF
ACID DRAINAGE

Active water treatment of acid drainage at the
Summitville Mine is being performed at the portable
interim treatment system (PITS). The PITS is currently
treating flow from the Reynolds Adit, the Iowa Adit and
other groundwater seeps. The PITS has been designed

105



and constructed with a flow capacity of 150 gpm.

The chemistry of the acidic site waters is dominated by
metals including aluminum, iron, manganese, zinc, and
copper, the concentrations of which can range from
several tens to hundreds of mg/l. Of major concern are
the potential long-term changes in site water chemistry
resulting from generation of acid drainage.

There are four primary issues relating to the efficiency
and success of long-term active water treatment:

Current and future water chemistry;
Current and future water volumes;

Type and degree of water treatment; and,
Volume and chemical nature of the sludges
produced during treatment.

The range of water chemistry and flows determine the
design capacity of an active treatment system. Design
and construction of a treatment system with no
consideration of storage or flow equalization would
require a very large capacity to accommodate flows
generated during the short runoff period, while only a
fraction of the capacity would be needed during the
remainder of the year.

The initial concentrations of the constituents and the
required reduction in metals loading will dictate the
complexity and degree of treatment required. In the event
only minor reductions in metals loading are required a
conventional active treatment facility employed either
alone or in combination with a passive treatment system
may be sufficient to attain the necessary efficiency.

A conventional neutralization and metals precipitation
facility in general can achieve a 95 percent or greater
reduction in metal load.

The long-term active treatment of water is generally
not considered a viable option for site remediation due to
cost and the generation of large volumes of sludge. The
current and future water chemistry and volume will be
controlled by the success of site reclamation and closure,
in conjunction with other potential remedial actions.

One area of particular concern with respect to water
treatment involves the long-term disposal of chemical
sludges, for which the options are on-site and off-site
disposal. One off-site disposal option would involve
dewatering and possibly drying the sludge for shipment to
a non-hazardous waste repository. For this approach to
be successful the sludges must pass the traditional USEPA
SW-846 TCLP analysis. "A second off-site disposal
option would involve shipment of the sludge to a smelter
for recovery of metals, if the economic value is
acceptable.

The current on-site disposal method involves placement
of the sludge on the heap leach pad in accordance with an
approved State protocol. However, long-term disposal of
sludges may not be feasible or consistent with the long-
term reclamation objectives. The preferred on-site

vy vyvyy
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disposal options include: underground disposal within the
historical mine workings and/or within the open pit.

PASSIVE WATER TREATMENT OF
ACID DRAINAGE

Three passive treatment alternatives were considered.
They include wetlands, engineered anoxic systems, and
direct land application. These alternatives are considered
passive due to their increased reliance upon natural versus
manmade components as the center of the treatment
system. Although these systems are not maintenance
free, their operational costs are generally less than those
associated with conventional or advanced treatment
systems.

These systems could be of value in treating small water
flows requiring only periodic and/or partial metals
removal. In general, the operational life of direct land
application and wetlands systems are finite due to the
available metals loading capacity of the soils and organic
matter associated with the systems.

Once the metals loading capacity of either wetland or
direct land application systems is exhausted, the soils
and/or organic matter must be removed and replaced if
continued use of the systems is desired.

SLUDGE DISPOSAL

Chemical sludge is produced in the active water
treatment process at the Summitville site. Under the
process flow scheme at the water treatment system
(WTS), sludge is produced in three separate process
steps: 1) iron and manganese removal, 2) softening, and
3) sulfide precipitation. Sludge is also produced in the
treatment of waters from the Reynolds Adit and other
groundwater seeps through the portable interim treatment
system (PITS).

Sludge Characteristics and Volume

During the course of water treatment involving
processes such as chemical oxidation, neutralization, and
softening, chemical sludges are produced through the
precipitation of metal hydroxides and carbonates. In
addition, there is a minor quantity of sulfide sludge
produced during advanced treatment and removal of trace
metals. Currently, the sludges are dewatered to about
30% solids by weight using two filter presses and
deposited on the heap leach pad.

Based upon the levels of metals remaining in solution
following primary and secondary treatment, the total
quantity of sulfide sludge produced per day in the second
stage has been estimated to be about 100 pounds or less.
At an estimated solids underflow concentration of 3%, the



volume of sludge would only be about 400 gallons per
day (gpd). Although the sulfide sludge does exhibit the
necessary characteristics to be acid generating, it is

commingled each day with thousands of pounds of
hydroxide and high alkalinity and high pH chemical
sludges which are not acid generating. As a result, the
primary concern from a short and long-term perspective
related to the disposal of the high volumes of metal
hydroxide and softening (calcium carbonate) sludges.

Disposal Alternatives

Off-site sludge disposal alternatives including hauling
to an approved disposal facility or hauling sludge to a
smelter for metals recovery were evaluated. However,
the cost of off-site sludge disposal is extremely high, and
recovery of copper or other metals only provides a short-
term solution. Therefore, other alternatives were
evaluated with particular emphasis on on-site disposal.

The current on-site sludge disposal practice involves
placement of dewatered filter cake on the heap leach pad
in accordance with a State-approved method. However,
long-term disposal of sludges in this manner is not
consistent with the heap leach pad closure plan. The other
on-site disposal alternatives include construction of a
disposal facility, or disposal in the old mine workings
after plugging of the Reynolds adit.

A lined impoundment could be constructed for disposal
of sludge as an alternative. Following completion of
active water treatment, the impoundment could be capped
with low-permeability soils and revegetated. To
accommodate the sludge produced for a period of only 3
to 4 years, it is estimated that about 2 to 3 acres of area
would be required assuming a final depth of sludge of 20
to 30 feet.

The preferred on-site disposal alternative involves
placement of the sludges without dewatering, into the old
mine workings following plugging the Reynolds adit. The
advantages of this alternative include providing both a
short and long-term solution of sludge disposal, the
potential for neutralization of the acidic water as it enters
the workings and possibly decreasing metals levels, and
an approach to significantly reduce the cost of
decommissioning and closure of the leach pad and
ultimately the entire mine site.

Another advantage to this approach is the potential
opportunity to ensure that adequate buffering capacity is
provided in the deposited sludge to neutralize not only the
acidity in the Reynolds Adit water, but also the acidity
produced as the result of the precipitation of metals such
as aluminum and iron. Based upon the flows of French
Drain water and barren heap leach pad solution and their
corresponding chemical characteristics, the total alkalinity

available in the combined sludges during two years of
treatment, which corresponds to the estimated time
required to fill the workings, would be about 3,580 tons
as calcium carbonate.

Since an excess of buffering capacity or alkalinity,
above the anticipated acidity in the water filling the
working, of about 620 tons or 17% is anticipated
following disposal of sludges underground, the alternative
appears acceptable. Based upon experience, however, a
ratio of about 1.5:1.0 for alkalinity to acidity is often
needed to raise the low pH water from below 4.0 to about
7.0.

Using a ratio of 1.5:1.0, more alkalinity expressed as
calcium carbonate was needed in addition to the excess
620 tons anticipated to neutralize the incoming acidity.

At a combined French Drain and barren solution flow of
0.58 MGD, the additional excess tonnage of alkalinity
corresponds to an increase in feed dosage for soda ash of
700 mg/l. The preferred approach would be to carefully
monitor the alkalinity, hardness, and sludge production, to
determine the appropriate dosage requirements, and add
further alkalinity accordingly.

With respect to residual WAD cyanide in the sludge,
the results of the recent chemical evaluations of the sludge
obtained from treatment of the French Drain water
without cyanide destruction indicated that the cyanide was
associated with the liquid and not the solid phase of the
sludge. Therefore, following treatment of the various
waters for removal of WAD cyanide, very low WAD
cyanide levels are anticipated in both solids and solutions.
Assuming all of the WAD cyanide in the 3% sludge was
associated with the solids, a total cyanide concentration of
about 40.0 mg/l based upon recent analyses of the French
Drain water, and a ratio of sludge to Reynolds adit water
of about 0.15 (i.e. 30/200), the resultant WAD cyanide
level in the mine workings without any treatment would
be about 0.18 mg/l, or less than the drinking water
standard.

Environmental Monitoring of
Heap Leach Pad

During the detoxification and dewatering process,
operational monitoring will be performed to determine
water levels and success of cyanide destruction.
Following the detoxification of the heap leach pad, five
auger drillholes will be sampled and analyzed to verify
that the facility solids and solutions meet the closure
standards. These auger samples will also be evaluated for
the potential to generate acid drainage. The potential for
acid generation of the heap leach spent ore will determine
the permeability requirements for the cover materials.
Some downgradient monitoring points will be established
to analyze for cyanide. The acid drainage under the heap
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leach pad was evaluated as part of the Cropsy
groundwater and surface water diversion task. Quarterly
monitoring of the French Drain solution for cyanide will
continue through Phase I.

Subsoil and Topsoil for Heap

Leach Pad Reclamation

This section presents the cover designs which are
presented in the Technical Revision to the Reclamation
Plan (SCMCI, 1992).

To establish a cover with a hydraulic conductivity of
1x107 cm/sec the following sequence was proposed.
After regrading of the heap, 242,000 cu. yds. of rinsed
spent ore should be removed and stockpiled for future
use. Bentonite admixture (it is estimated that up to 12%
bentonite may be required) will then be mixed in the
upper one foot of the regraded spent ore. Such addition
can be done by spreading the bentonite on the surface and
disking it in or by using a pugmill batch plant operation.
The amended material will be place in lifts and
compacted, so that a continuous low permeability soil
liner is formed. To prevent frost damage to this low
permeability liner, it will be covered by a three foot
blanket layer of the stockpiled spent ore. A three foot
thick layer will be sufficient to insulate the clay liner and
prevent frost damage. The blanket layer will be covered
by a one foot thick layer of growth medium prior to
seeding. Approximately 81,000 cu. yds. of growth
medium will be placed using front-end loaders, haul
trucks and dozers. The surface of the topsoil layer will
be slightly compacted through equipment passes. This
process will allow for better water retention and reduce
erosion on the topsoil layer. ‘

It has been the experience at the Summitville Mine that
fine clayey materials can be placed and compacted to a
hydraulic conductivity of 1x10%m/sec. The cover
construction to obtain a hydraulic conductivity of 1x10
cmy/sec will consist of the following. Material from the
Dexter clay stockpile will be placed using front-end
loaders, haul trucks and bulldozers with compaction
provided by construction traffic as well as compactors if
needed. This material will be placed in a one foot thick
lift. This compacted layer of low permeability material
will be covered with a one foot thick layer of topsoil
which will be handled in the same way as described
above. It must be noted that a blanket layer is not
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included in this cover design, because experience on-site
has shown that clayey materials such as the Dexter clay
stockpile will maintain a permeability of about 1x10%
cny/sec in the freeze/thaw conditions experienced at the
mine.

Observational Approach Decision Criteria

The heap leach pad decommissioning will be
performed during Phase I by achieving detoxification
standard for WAD cyanide and then regrading and
capping the facility. The success of revegetation will be
monitored and corrective measures applied if necessary.
Evaluation of the long-term geochemical behavior of the
spent ore will be performed during subsequent Phases. A
primary goal of the heap leach pad decommissioning is to
minimize infiltration and flow through the spent ore, to
prevent removal of the buffering capacity, and to reduce
the potential for generation of acid drainage.

The wastewater treatment system will be partially
dismantled and removed from the site once the heap leach
pad has been successfully detoxified. The first stage
hydrogen peroxide cyanide detoxification system will not
be required. Should acid drainage treatment requirements
be greater than the capacity of the PITS, the sulfide
precipitation circuits of the second stage will be left in
operation until the flows can be reduced to comply with
PITS design capacity.
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INTRODUCTION

Summitville Consolidated Mining Company Inc.
(SCMC) negotiated an Amended Settlement Agreement
and Compliance Plan (SA&CP) in July, 1992 with the
Colorado Department of Health Water Quality Control
Division (WQCD) and the Colorado Department of
Natural Resources Division of Minerals and Geology
(DMG). The SA&CP contained several requirements
which, in total, were intended to achieve substantial
remediation and reclamation of the Summitville site. The
SA&CP required goals in document submittal as well as
development of goals for on-site work. The first goal of
the SA&CP was submittal of a Progress Report
identifying and defining plans for implementation of
remedial measures by August 31, 1992. Submittal of the
final Remedial Measures Plan by November 30, 1992 was
the second major submittal goal of the SA&CP. Both the
Progress Report and Remedial Measures Plan were
compiled by a group of consultants which included:
Adrian Brown Consulting, Inc; Environmental Solutions
Inc.; Geochimica, Inc.; Geraghty & Miller, Inc.; Golder
Associates Inc.; and, Times Limited. Four papers in this
volume have been extracted directly from the Remedial
Measures Plan and Technical Revision to the Reclamation
Plan (SCMCI, 1992). These papers are:

» "Summitville Site Water Quality Characterization

and Modeling";

» "Geohydrology and Adit Plugging”;

» "Geochemistry of Spent Ore and Water Treatment

Issues"; and,
» "Remedial Alternatives Identification and
Evaluation”.

The four papers present a synopsis of the engineering
and scientific approach for development of final Remedial
Measures Plan. The authors recommend the four
combined papers be read to gain an understanding of the
scope and effort expended to prepare the Final Remedial
Measures Plan. These papers are presented in the present
tense although only some of the measures described were

finally implemented by the EPA during their activities.

SCOPE

This paper integrates the findings of the other three
papers and provides a basis for identifying the most
cost-effective combination of remedial measures. The key
aspects of this paper include:

» A brief summary of the acid rock drainage (ARD)

issues at the Summitville Mine site.

» Identification of the types of remedial technologies

and process options that could be applied at the site.

» A discussion of the basis used to evaluate the

alternative remedial measures.

» The evaluation of the alternative remedial measures.

» A description of the selected remedial measures and

the associated implementation approach.

The selected measures incorporated the most cost-
effective alternatives that achieve significant reductions in
metal loading. Implementation involves a phased
approach which allows field verification of the
effectiveness of the measures as these are being installed.

The basic procedures outlined in the National
Contingency Plan (NCP) were followed. The NCP
represents the federal guidelines (USEPA, 1988) for
conducting remedial investigations and feasibility studies
at Superfund sites, and contains formalized requirements
for: identifying remedial technologies and process
options; "screening out” those that are infeasible;
developing remedial alternatives from the remaining
technologies; and conducting detailed evaluations of these
alternatives.

SUMMITVILLE MINE ISSUES
The problems at the Summitville Mine (Figure 1) were
the result of solid mine waste management plans that did
not include any special provisions for ARD from the ore
and waste rock, and, additionally, the absence of an
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Figure 1. Site Map and Compliance Point Location.

effective water balance management plan for controlling
(without spilling) and ultimately disposing the water and
process fluids stored in the valley heap leach operation.
In addition, the mine was faced with having to deal with
the historic acidic discharge from the Reynolds Adit. As
a result, towards the later phases of mining, the operators
had to contend with acidic discharges from the
underground adit, acidic seeps from the various waste
piles, including the valley leach embankment which was
constructed of waste rock with ARD potential, and an
increasing water volume accumulating in the valley leach
impoundment. Furthermore, upon closure of the mine,
the mine operators were faced with having to control
future acid runoff and seepage that would accumulate in
the pit.

The important mine features are depicted in Figure I,
while Figure 2 provides a flow sheet that illustrates the
major discharge and seepage pathways. The approximate
annual zinc and copper loadings associated with the
various discharges and seeps are summarized in Table 1.
The associated impact on the water quality of the main
receiving stream, Wightman Fork Creek at gauging
station WF-6, is illustrated in Table 2.
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Copper is the main constituent of concern and can be
used to characterize the mine’s major environmental
impact, i.e., impact on fisheries in the receiving streams
which include Wightman Fork Creek and the Alamosa
River. As discussed later, copper is also used as the key
constituent for the evaluation of the alternative remedial
measures.

SELECTION OF REMEDIAL
ALTERNATIVES

The settlement agreement with the State of Colorado,
referred to in the introduction, required that the remedial
measures achieve interim (by the end of 1993) and final
(by September 1995) aquatic life-based numeric criteria
levels (NCLs) in the lower reaches of Wightman Fork
Creek (i.e., at station WF-6). This is an innovative
"bubble” concept to achieve water quality standards, in
that it does not include any discharge standards for
individual mining facilities, and, therefore, allows the
mine to select the best mix of upgradient remedial
technologies. However, the NCLs were relatively
arbitrarily set and did not consider site-specific values
necessary to protect aquatic life, or values that were



Table 1. Current Metal Loads to Wightman Fork

Source Area
(subbasins)

AD-3 (Reynolds)
French Drain
WEF-3 to WF-5
SC-5

Upgradient of 550-D3
(Interim Treatment)

LPD-6
AD-1 (Towa)
LPD-2
SC-7
AD-5/WR-3 to WF-4
WEF-1 to WF-2
CC-2 to CC-3
Upgradient of WF-1
CC-1to CC-2
Upgradient of CC-1
550D-3/CC-3 to CC-4
ND-5/WF-2 to WF-3
CC-4/SC-5 to CC-5
AD-3/AD-2 to AD-5
CC-5/WF-5 to WF-6

Note:

Mine Facilities Contained in Source Area

Portions of the Mine Pit and the Underground Mine
Heap Leach Pad and South Cropsy Waste Pile
Beaver Mud Dump and Tailings Pond
Clay Ore Stockpile
Portion of South Cropsy Waste Pile

Heap Leach Pad
Portions of the Mine Pit and the Underground Mine
Heap Leach Pad
Ditches from Roads and Crusher Area
None
None
Roads
None
Portion of Upper Cropsy Waste Pile
None
None
North Dump and Former Land Application Area
Dike 1
Portions of the Mine Pit and the Underground Mine

None

Negative values may be the result of precipitation and/or sampling error.

Total Load for Ranking
Perio