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ABSTRACT

Procedures for evaluation of natural background conditions, after mining has
occurred, are developed by investigating two similar basins with varying degrees of
mining and very different geochemical signatures. Geologic, hydrologic, and
geochemical data are integrated using ground-water flow and chemical reaction models.
These techniques can be used to assess pre-mining conditions that lead to natural acid
drainage.
Surface water samples from river reaches impacted by historical mining activities,
as well as reaches with no observed upgradient mining activities, contain elevated
concentrations of dissolved sulfate (up to 400 mg/l), Al (up to 25 mg/l), Mn (up to 9.8
mg/l), and Fe (up to 36 mg/l). In many cases, the highest concentrations of these
elements are found in reaches that are not associated with mining activities. Deer Creek
is located adjacent to the upper Snake River and has higher pH values and lower metal
concentrations than the upper Snake River, in spite of the similar number mines. Acidic
waters (pH 3.5 to 5) in the upper Snake River of Summit County, Colorado result from
interaction of ground water with disseminated pyrite in metamorphic rocks and alteration
zones surrounding small rhylolitic to granitic intrusions. The Montezuma shear zone
transects the area and may provide a conduit through which surface and ground water
flows, oxidizing subsurface disseminated pyrite and creating acidic water and ferricrete.
Water quality analysis of surface water samples from the upper Snake River and
Deer Creek are divided into five chemical groups based on eleven characteristics, using a
statistical hierarchal cluster analysis. The groups are representative of different ground
water residence times and different subsurface mineralogy, and when spatially plotted,
provide insight into ground water flow paths and water rock interactions through the two
basins.
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A mass-balance model based on the volume of water that is necessary to create
the ferricrete deposits in the headwaters of the upper Snake River drainage, which is not
impacted by mining activities, indicates the flux of ground water recharge must be in the
range of 9.4 x 105 m3/year based on an estimated age of 10,000 years. A strong spatial
correlation exists between the location of the Montezuma shear zone, the iron-rich
ferricrete deposits, and low-pH waters with high metal concentrations. The flux required
to create the ferricrete deposits is consistent with two independent estimates, one based
on climatologic data (9.8 x 105 m3/year) and the other estimated from stream discharge
(8.8 x 105 m3/year), indicating relatively stable hydrogeologic conditions over the last
10,000 years.
The average annual recharge is incorporated in a numerical flow model of the
basin, using the MODFLOW code, which confirms the flux is consistent with expected
hydraulic conductivities and gradients in the basin. Geochemical models, using the
PHREEQC code, indicate that low-pH, high-metal content water occurs in areas of the
upper Snake River basin that have not been affected by mining. Such models are useful
for evaluating background chemistry of basins that have been extensively affected by
acid mine drainage.
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CHAPTER 1:

INTRODUCTION

Years of mining in the Rocky Mountains produced acid water that poses potential
hazards to human health and environmental quality. Many areas of the Rocky Mountains
have naturally acidic waters with background metal concentrations that are similar to
mine-impacted waters. In areas impacted by both mining operations and naturally acidic
water, it is important to know the background geochemical conditions in order to devise
realistic plans for remediation and monitoring. Background conditions cannot be
measured directly after mining occurs. However, they can be estimated by comparing
water from mined areas to natural waters in highly altered areas that have not been
mined, and by using geochemical modeling to evaluate the controls on natural water
chemistry based on the hydrologic and geologic characteristics of the area.
The upper Snake River and Deer Creek are located approximately 120 km west of
Denver (Figure 1.1); 1.5 kilometers south of the town of Montezuma in Summit County,
Colorado; and approximately 16 kilometers southeast of Dillon Reservoir (Figure 1.2).
The Snake River drains approximately 11.7 kilometers2, and Deer Creek drains
approximately 10.6 kilometers2. These drainages are located within the Colorado
Mineral Belt and the historic Montezuma Mining District (Figure 1.3).
The oxidation of disseminated pyrite creates acidic (pH ~ 4) water within the
upper Snake River drainage basin, which dissolves elements such as manganese,
aluminum, and zinc. Water in the upper Snake River becomes less acidic downstream,
while mine effluent increases (Faure et al., 1996). Deer Creek is underlain by more basic
rocks, yielding higher pH waters and water chemistry typical of a “pristine Rocky
Mountain stream” (Theobald et al., 1963).
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Denver

Site Location

Figure 1.1. Regional site location map (U.S. Geological Survey, 1976).
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Flow Direction

Figure 1.2. Map of the Snake River and Deer Creek drainage basins and the Dillon Reservoir (based on Conaway, 1999).
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Montezuma

Figure 1.3. Colorado Mineral Belt with major mining districts in red (based on Tweto
and Sims, 1963).
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The upper Snake River and Deer Creek flow northward, join near Montezuma,
and ultimately flow into Dillon Reservoir (Figure 1.2), mixing with water from other
tributaries. A portion of the water in the Dillon Reservoir is diverted across the
Continental Divide to Denver via the Harold Roberts Tunnel, supplying potable water for
the Denver area. Faure et al. (unpublished report), estimate that approximately 2,500
metric tons of metal precipitate from acidic, metal-rich waters in the Snake River and its
tributaries accumulated in the Dillon Reservoir between 1965 and 1996. These
precipitates contain large amounts of toxic trace metals, and changing conditions, such as
a small drop in pH, could mobilize some of the trace metals (Conaway, 1999).
The metal content of water increases with time of contact with altered rocks or
weathered surfaces and this time is strongly correlated with the length and gradient of the
flow path. Rapid increase in stream discharge with snowmelt does not necessarily
indicate only increased overland flow. It may include discharge of subsurface water
displaced by rapidly infiltrating snowmelt and/or rapid through-flow of shallow ground
water. A conceptual model of the basin with recharge traveling quickly through the
shallow soil at the soil-bedrock interface during seasonal “flushing” events in the study
area with a very small fraction of water traveling through the fractured bedrock, does not
account for the large volume of ferricrete deposits at the site. Pride and Robinson (2002)
estimate that the existing volume of ferricrete would require oxidation of approximately 5
million tons of pyrite.
This project contributes to the U.S. Geological Survey’s geoenvironmental model
(Wanty et al., 2000; Plumlee et al., 1994) of the Montezuma 15' Quadrangle. The project
provides data and assessment of the geoenvironmental processes for modeling chemical
and mechanical weathering of rocks in the study area (Wanty et al., 2000), facilitating
prediction, mitigation and remediation of the environmental effects of mineral resource
development (Plumlee et al., 1994).
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1.1

Research Problem
This investigation evaluates the source of metal-rich, acidic water in the upper

Snake River based on analysis of surface water chemistry and subsequent geochemical
computer modeling to identify the reactions that have the greatest impact on the water
chemistry. Attention is focused on the large discrepancy in the water chemistry between
the acidic upper Snake River and the adjacent, more basic Deer Creek. The final goal is
to develop procedures by which researchers may evaluate the possible background
chemistry of basins that have been extensively effected by acid mine drainage, where
natural background conditions are not observed or documented.
The Snake River (extending from the study area to the Dillon Reservoir) is
identified on Colorado's 1998 303(d) list of impaired water bodies due to high
concentrations of zinc, cadmium, copper, lead and manganese. A large portion of metals
result from acid mine drainage of the many mines located along the Snake River and its
tributaries. However, no mines are located at the southeastern headwaters of the upper
Snake River, where pH values are as low as 3.1. Extensive ferricrete [Fe(OH)3] deposits
are present in the upper Snake River basin, which indicate that the oxidation of a large
volume of pyrite has taken place, and the process has generated acidic water.
The Deer Creek drainage basin is separated from the Snake River drainage basin
by Teller Mountain, with a distance of up to 3.2 kilometers between the streams. Deer
Creek drainage is home to approximately the same number of abandoned mines as the
upper Snake River, but water in Deer Creek, as well as several mine adits in the Deer
Creek drainage, has a normal range of pH (6 to 9). Theobald et. al. (1963) noted that the
distribution of sulfide-rich veins (Figure 1.4), all historically mined, could produce
sulfate-rich, acid waters in the surface drainage. However, this should result in acidic
water in Deer Creek rather than in the Snake River, and the opposite is observed.
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Figure 1.4. Distribution of sulfide-rich veins and locations that have been mined or
prospected in the Deer Creek and upper Snake River basins (from Lovering,
1935).
The differences in pH and metal content in the two basins, and the presence of
ferricrete deposits in the upper Snake River basin, may be explained by a combination of
basin characteristics; 1) the total volume of pyrite disseminated in the rocks of the Snake
River drainage is higher than that in the veins mined in Deer Creek drainage, 2) the
presence of the highly-fractured Montezuma shear zone, located at the headwaters of the
upper Snake River basin, allows larger amounts of oxygenated recharge to interact with
the bedrock, and 3) the presence of more carbonate-rich rock in Deer Creek.

8

An evaluation of the subsurface geochemistry and possible mechanisms
necessary to facilitate flow through the fractured bedrock to create the naturally acidic
water at the headwaters of the upper Snake River is based on a geochemical models
combining chemistry of precipitation, bedrock, and surface water from both Deer Creek
and the upper Snake River, as well as a spreadsheet model estimating the amount of
oxygenated recharge necessary to produce the observed ferricrete deposits.
The models that are produced can be applied to similar basins that experience
natural acid drainage.
1.2

Previous Work
Geology and Ore Deposits of the Montezuma Quadrangle, Colorado (USGS

Professional Paper 178) was published in 1935 by Lovering. This report has been the
basis for much of the work in the Montezuma quadrangle because it contains detailed
descriptions of the structural, and economic geology of the study area, as well as the
mining history.
In 1950, Lovering and Goddard published a more geographically extensive report
entitled Geology and Ore Deposits of the Front Range, Colorado (USGS Professional
Paper 223), which included much of the information contained in Lovering’s 1935 paper
as well as detailed information on many mines and mining districts within the Colorado
mineral belt.
Theobald et. al. (1963) first studied the precipitation of aluminum, iron and
manganese at the junction of Deer Creek with the Snake River where basic (Deer Creek)
and acidic (Snake River) water mixed. The researchers noted that although each drainage
contained significant metal veins, Deer Creek was underlain by more basic rocks that
neutralized the acidic water produced by the oxidation of pyrite in the area, and produced
a different range of metal precipitate than that observed within the Snake River. Catts
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(1982) continued to study precipitation of metals in the area and discussed the adsorption
of Cu, Pb, and Zn onto birnessite.
Robinson et. al. (1974), Wahlstrom et. al. (1962, 1981), and Warner et. al. (1967,
1981) studied the geology of the area during the 1960’s and 1970’s in preparation for the
construction of the Harold Roberts Tunnel, which runs through the study area and carries
potable water from the Dillon Reservoir to the metropolitan Denver area.
Hill (2000) studied the hydrological response of streams to storms or snowmelt in
alpine basins, using the Snake River as a model.
In the year 2000, an area of approximately 1,200 x 1,500 meters on Webster Pass,
near the headwaters of the upper Snake River (Figure 1.5) was claimed by Mineral
Systems, Inc. (headed by C.S. Robinson) for its base/precious metal potential (Robinson,
2001; Rice and Parry, 2001). During the summer of 2001, Mineral Systems, Inc. drilled
and sampled a 610-meter (2,000 foot) soil boring in order to evaluate the claimed
prospect (Figure 1.5). The boring, including surface sample analysis, indicated a zonal
pattern of elements and supergene enrichment (Rice and Parry, 2001). The geochemical
analysis of cores collected in the summer of 2001 was provided for this thesis work.
Further sampling took place during the summer of 2002 approximately 0.4 kilometers
south of Webster Pass. These data are not included in this report.
Dr. Douglas Pride and Dr. Gunter Faure of Ohio State University have headed
research projects in the area for several of their graduate students (Conaway, 1999; Perse,
2000; Munk, 2001; Munk et. al., 1999, 2001a, 2001b). Conaway (1999) investigated the
water and sediment in the Snake River arm of the Dillon Reservoir, and Perse (2000)
described local ferricrete deposits in detail, suggesting that the Montezuma shear zone is
responsible for channeling water through altered bedrock to produce ferricrete. Munk
(2001) studied the effects of acid-mine drainage and acid-rock drainage in streams
flowing into the Dillon Reservoir. The deficit of expected trace metal concentrations was
explained by sorption in response to increases of pH and uptake by aquatic organisms.
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Figure 1.5. Approximate location of Mineral Systems, Inc. claim and soil boring on
Webster Pass (From Mineral Systems, Inc., 2001).
Extensive research has been conducted by the Institute of Alpine and Arctic
Research (INSTAAR) led by researchers Diane McKnight, Kenneth Bencala (of the U.S.
Geological Survey), and others since the early 1980’s, contributing significantly to
understanding of temporal biological and geochemical processes in the area (McKnight
and Feder,1984; McKnight, 1988; McKnight and Bencala 1988, 1989, 1990; McKnight
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et. al., 1988, 1990, 1992a, 1992b; Runkel et. al., 1996a and 1996b; Bencala and
McKnight, 1987; Bencala et. al., 1986, 1987, 1988, 1990, 1991; Boyer, 1991; Boyer et.
al., 1996, 1999; Hornberger et. al., 1994; Hrncir and McKnight, 1998, Kimball et. al.,
1988, 1991a, 1991b, 1992, 1994a, 1994b, Belanger, 2002). Recent research conducted
by the INSTAAR group has been aimed at describing the fate and transport of dissolved
organic carbon (DOC) as well as diel variations in iron and zinc chemistry (McKnight et.
al., 2002, McKnight et. al., in press). Stream flow and water quality characteristics for
the upper Snake River and Deer Creek were collected by the INSTAAR group for the
years 1980 through 1990 (Boyer et al., 1999).
Boyer et al. (1991) conducted research on Deer Creek pertaining to the flushing of
dissolved organic carbon (DOC) in response to various runoff conditions. TOPMODEL
was used to represent contributions of variable source areas to stream flow. The model
structure represented DOC accumulated in the shallow soils during periods of low flow,
and then flushed into the stream channel during high flows associated with spring
snowmelt. Recharge flow paths were partitioned between the upper and lower soil
horizons, and overland flow.
The U.S. Geological Survey (Fey et. al., 2001) conducted a water and sediment
study of the Snake River watershed. Analyses of sediment and water samples indicated
that concentrations of several metals exceeded aquatic life standards in one or both
media.
The Snake River Task Force, Keystone Center, allows scientists, policy makers,
and interested parties to join together to discuss and share the wealth of research that has
been conducted in the Snake River and Dillon Reservoir vicinity (The Keystone Center,
2002).
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CHAPTER 2:

DESCRIPTION OF THE STUDY AREA

Deer Creek and the upper Snake River are located in the Rocky Mountains within
Summit County, Colorado. The climate in the area ranges from hot, dry summers to cold
snowy winters. The U.S. Department of Agriculture National Weather and Climate
Center (USDA, NWCC) operates a weather station near the field site (Jackwhacker
Gulch – CO05K26S), located approximately 3.2 kilometers east of the upper Snake River
basin at an elevation of 3,341 meters. The weather station reports mean monthly
temperatures from 1999 to 2001 ranging from –8 to 13 degrees Celsius. Total
precipitation values for the same time period averaged 0.8 meters per year (31 inches)
(USDA, 2003). The elevation within the study area ranges from approximately 3220 to
4120 meters. The gradient on the upper Snake River is steep with an average change of
50 meters per 1 kilometer of stream reach (McKnight and Bencala, 1988). Deer Creek
has a similar gradient. Above their confluence, the total change in elevation of the upper
Snake River is 523 meters and the total change on Deer Creek is 277 meters (McKnight
et al., 1992b). The upper Snake River basin has an area of approximately 11.7 km2 and
Deer Creek basin is slightly smaller with an area of approximately 10.6 km2 (Figure 2.1).
The drainages are separated by Teller Mountain and bounded by the continental divide on
their southern and eastern sides (Figure 2.2). The upper Snake River and Deer Creek
merge together at an elevation of 3,221 meters.
Both the Deer Creek and upper Snake River valleys are U-shaped glacial valleys
filled with alluvium and crosscut by veins containing copper, lead, zinc, and silver sulfide
minerals with quartz and pyrite. Hard, black manganese deposits coat the cobble
streambed of Deer Creek, and red iron deposits coat the streambed of the upper Snake
River. Areas near the river of the upper part of the upper Snake River valley are covered
by ferricrete deposits. White aluminum precipitate is observed where the two drainages
meet.
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Figure 2.1. Drainage Basin Locations (from USGS 7.5 Minute Montezuma
Quadrangle).
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Teller Mountain
Deer Creek
Snake River

Figure 2.2. Three-dimensional view of site looking downstream (north) towards the
confluence of the upper Snake River and Deer Creek.
The red dots are sample locations and the yellow dots are mines.
The green line is the continental divide. From USGS digital elevation map.
The upper Snake River and Deer Creek have similar vegetation types. Forests of
pine and spruce cover approximately the lower third of the slopes to the tree line, beyond
which exposed bedrock and talus slopes are present (Figure 2.3). In the central part of
the valleys, willow and mountain alder surround the riparian zone, and sedges
predominate on the slopes between the stream channel and the upland pine-spruce forest.
In the lower section of each stream (before the confluence), the valley narrows, the
stream gradient is steeper and the forest, composed mainly of subalpine fir, lodgepole
pine, and englemann spruce, extends to the stream banks. Willows, alder, and sedges are
also abundant at these lower elevations, especially in the marshy riparian zone near the
stream channels (Boyer et al., 1999; Boyer, 1991). Beavers are active in the area and
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their dams appear throughout both basins. Fish were not observed in the upper Snake
River, but live in the beaver ponds at the headwaters of Deer Creek.
Most of the area is free of snow during July, August, September, and part of
October, but heavy snows usually occur in late October or early November through
March. Thunderstorms are common in May, June, July, and August.

Figure 2.3. View down the upper Snake River Valley from Webster Pass.
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2.1

Hydrology
In the study area, water can be recharged to the stream through the following

processes, 1) direct precipitation into the stream, 2) overland flow, 3) shallow subsurface
flow through the top layer of soil, and 4) as deeper flow through fractured rock (Figure
2.4).

Figure 2.4. Icicles representing ground water flow through ferricrete formations in the
upper Snake River basin.
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Hydrologic conditions in the Rocky Mountains affect stream water chemistry
significantly, following a general pattern (Miller and McHugh, 1994) with an increase in
dissolved constituents at the beginning of the spring runoff (snow melt) due to the
flushing of salts that have built up by evaporation and capillary action during the winter
months. Then waters are diluted during later spring runoff, a gradual increase occurs
during the summer which stabilizes in late autumn and prevails through winter.
Throughout the warmer months stream discharge is affected by storms that occur almost
daily. During these storm events, overland flow is not typically observed, yet the stream
response to the storms is very rapid (Hornberger et al., 1998). At the USGS Snake River
gaging station 09047500 (Figure 1.2), the peak runoff between the years 1980 and 1990
ranged from June 7 to June 29 in nine of eleven years. The other two years had peak
runoff dates on May 29 and 30 (Boyer et. al., 1999).
At their confluence, the two headwater streams have approximately equal flows
averaging from 0.08 to 0.4 cubic meters per second (m3/sec) (3 to 15 ft3/sec) during base
flow conditions and up to 2.0 m3/sec (70 ft3/sec) during peak snowmelt times (Boyer et.
al., 1999, McKnight et al., 1992a and 1992b). At the time of sampling, discharge was
measured at rates less than 0.08 m3/sec. Based on this observation, a lower average base
flow of 0.03 m3/sec (1 ft3/sec) was used to calculate an average annual flux through the
basin of 8.8 x 105 m3.
2.2

Geology
Deer Creek and the Snake River are located within the Colorado Mineral Belt and

the historic Montezuma Mining District within the Colorado Front Range (Figure 1.3).
The mines in the vicinity of the site are shown in Figure 2.1. The crystalline core of the
Front Range includes Pre-Cambrian granite, schist, and gneiss, which is nearly
everywhere bordered by steeply tilted Paleozoic rocks, but along the west side, near
Breckenridge, steeply dipping Mesozoic beds rest directly on the Pre-Cambrian
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basement. Locally the truncated edges of Mesozoic and Paleozoic sediments are covered
by gently dipping Tertiary beds, which lap onto the Pre-Cambrian rocks. In the north the
Tertiary is made up chiefly of clastics, and in the south the Tertiary rocks comprise
interbedded shale, limestone, tuff and lavas. Middle Tertiary intrusive rocks are
associated with the lavas in the southern part of the Pre-Cambrian terrain and in the
Rocky Mountain National Park. Many stocks and dikes were intruded into the central
part of the range during the Laramide revolution but are uncommon elsewhere (Lovering
and Goddard, 1950). The Laramide mineral deposits of the Colorado Mineral Belt are
usually made up of hypothermal or mesothermal deposits localized along fractures,
faults, and in breccias. Both residual enrichment and supergene enrichment are common.
The geology of the Montezuma quadrangle was mapped and described in detail
by Lovering in 1935 (Figure 2.5). The primary regional geologic structures present in the
study area are described in the following sections.
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Figure 2.5. Geology of the Snake River and Deer Creek (based on T.S. Lovering,
1935).
2.2.1 Deer Creek Geology
The predominant rock type in the Deer Creek and Teller Mountain area is the PreCambrian Swandyke hornblende gneiss (Swandyke Gneiss). The eastern contact of this
unit crosses the northeast end of Teller Mountain, so that the western part of the extreme
headwaters of the Snake River is also underlain by Swandyke Gneiss (Figure 2.5)
(Theobald et. al., 1963). The Swandyke Gneissis a metamorphosed igneous rock with the
same degree of metamorphism as the Idaho Springs Formation (discussed in the
following section) (Lovering and Goddard, 1950) and is intermediate between gabbro and
diorite in composition. The Swandyke Gneiss is essentially conformable with the
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enclosing Idaho Springs Formation and in most places the contact between the two
formations is gradational. The general strike of the gneiss and of its schistosity is north
to northwest, with common isoclinal folding (Lovering, 1935).
The Swandyke Gneiss consists of hornblende gneisses and schists with some
interlayered quartz schists, all injected by pegmatite, aplite, granite, and granite gneiss.
The most common variety of the Swandyke Gneiss is a medium-grained, greenish-gray
hornblende gneiss. Quartz schists and feldspathic quartz-biotite schist are more common
than hornblende schist, but in some places nearly pure hornblende schist occurs. Garnet
is common in the hornblende and biotite schists. No muscovite, sillimanite, or chlorite
schists have been observed in the Swandyke Gneiss. Hornblende and andesine are the
chief minerals of the Swandyke Gneiss and together make up over 90% of most of the
dark bands in the formation. As hornblende and andesine decrease, biotite and
microcline usually increase (Lovering, 1935).
2.2.2 Snake River Geology
The predominant rock type in the Snake River area consists of the Idaho Springs
Formation (Figure 2.5). Other important rock types identified within the Snake River
Valley include the pinkish-gray, medium-grained, slightly porphyritic biotite Silver
Plume granite and the Montezuma quartz monzonite stock.
Idaho Springs Formation
The oldest rocks in the Front Range are the schists and gneisses of the Idaho
Springs Formation, which are highly metamorphosed sedimentary rocks of early PreCambrian age. It is the predominant schistose rock of the Front Range and is widely
distributed in the region east and north of the Montezuma quadrangle. The schist in most
of the quadrangle is closely folded and trends north, nearly everywhere parallel to the
bedding planes of the original sediments (Lovering, 1935). The post-metamorphism
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thickness is approximately 6,000 meters and is present along the Snake River (Lovering
and Goddard, 1950).
The metamorphism of the Idaho Springs Formation ranges from almost
monomineralic schists to highly complex gneisses. Quartz-biotite schist and gneiss are
most common and grade into each other, but quartzite, quartz schists, or quartz gneisses
are common in some localities (Lovering and Goddard, 1950). The most common
minerals in the schists of the Idaho Springs Formation, named in order of their
abundance, are quartz, biotite, orthoclase, oligoclase, and sillimanite. Locally
hornblende, magnetite, garnet, muscovite, sericite, tourmaline, and epidote become
prominent, and some of them, such as magnetite and sericite, are nearly everywhere
present, though usually in small amounts. Zircon, titanite, apatite, and rutile are common
accessory minerals (Lovering, 1935). The gneiss is made up of quartz, microcline,
plagioclase, and biotite, with some magnetite and sillimanite and rarely some hornblende.
Intrusions and crosscutting seams and dikes of pegmatite and aplite are present
throughout the Idaho Springs Formation.
Silver Plume Granite
Most of the Pre-Cambrian Silver Plume granite is a pinkish-gray medium-grained,
slightly porphyritic biotite granite. Orthoclase and microcline together usually make up
more than half of the Silver Plume granite, quartz from 15 to 30 percent. The amount of
biotite and muscovite varies greatly. Chloritic and sericitic alteration products of the
essential minerals are present in most of the granite (Lovering, 1935).
Quartz Monzonite
The Idaho Springs and Silver Plume granite formations are all cut by an extensive
series of granite intrusives, the oldest being a quartz monzonite gneiss. It occurs chiefly
in small stocks peripheral to granite batholiths or as injections of the older schists and
gneisses. The middle Tertiary (Cunningham et al., 1994) quartz monzonite gneiss in the
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study area is known as the “Montezuma stock” (Figure 2.6). The main body of the
Montezuma stock is mapped to the north of the study area and covers approximately 41
square kilometers, though it widens appreciably with depth according to Neuerburg
(1971), and is thought to be a projection off of a much larger batholithic mass
(Wahlstrom and Hornback, 1962; Warner and Robinson, 1967). The Montezuma stock is
host to numerous ore deposits and was probably involved in their origin (Neuerburg,
1968, 1971). It is intrusive into the Idaho Springs Formation and probably also into the
Swandyke Gneiss, grading into the Swandyke Gneiss imperceptibly in most places only
to be distinguished by the appearance of biotite and the disappearance of hornblende.
The most abundant minerals are smoky quartz, andesine or calcic oligoclase, biotite,
microcline, orthoclase, and hornblende. Crystals of magnetite, pyrite, and titanite are
visible and most thin sections show zircon and apatite (Lovering, 1935). The effects of
late magmatic alteration are common and consist of chloritized biotite and fine-grained
plagioclase (Neuerberg, 1971).
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Figure 2.6. Location of Montezuma Quartz Monzonite Stock (based on Lovering and
Goddard, 1950).

Porphyry ore deposits, which are spatially and genetically associated with the
quartz monzonite, are mainly in the upper part of the stock and in the Pre-Cambrian rocks
above its gently sloping southeastward extension. Sulfides are principally pyrite, galena
and sphalerite. Characteristics of the ore deposits show that molybdenite, pyrite, and
sphalerite all decline upward, and the extent and intensity of wallrock alteration decrease
upward. However, the proportions of sulfosalts, barite, and carbonate increase. These
changes most likely show the changing composition and lessening energy of ore solutions
with increasing distance from their sources (Neuerberg, 1971).
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2.2.3 Montezuma Shear Zone
The Montezuma Shear Zone (MSZ) is approximately 180 meters (Robinson and
Warner, 1974) to 1.6 kilometers wide where it crosses Webster Pass (Perse and Pride,
2000), and trends northeast across the Snake River Valley until it terminates in the north
against the Montezuma stock (Robinson and Warner, 1974) (Figure 2.7).
The Pre-Cambrian rocks within this area are intensely sheared biotite gneiss and
schist and Silver Plume granite (Robinson and Warner, 1974). The northern part of the
MSZ is part of a larger group of northeast-trending Pre-Cambrian shear zones that
parallel the Colorado mineral belt and may be the structural control for its development
(Tweto and Sims, 1963).
The MSZ is a possible conduit for the emplacement of Silver Plume granite and
movement of hydrothermal fluids leading to mineralization in the area (Perse, 2000).
Some intrusive dikes occur in, and trend parallel to the shear zone, which would indicate
that the shear zone controlled their emplacement (Robinson and Warner, 1974).
In the upper Snake River basin headwaters, the MSZ may provide a conduit for
oxygenated recharge to interact with disseminated pyrite, creating low-pH, iron-rich
discharge in the basin.
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Figure 2.7. General area containing the Montezuma Shear Zone and location of “rusty
altered rock” (Neuerburg et al., 1974).
(Warner and Robinson, 1981; Bryant et al., 1981; Neuerburg et al., 1974).
Note: Original maps displaying researchers interpretation of the MSZ are at
different scales and levels of detail, and may contain some error inherent in
the transfer of data. All are included here to give a general idea of the
location of the Montezuma shear zone.
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2.2.4 Precipitates
The confluence of the upper Snake River and Deer Creek displays a variety of
precipitates (Figure 2.8) including red iron hydroxide deposits (ferricrete), white
aluminum hydroxide deposits, and black manganese deposits (birnessite). Iron
precipitate in the form of ferricrete is located throughout the upper Snake River basin and
is further discussed in Chapter 3.

Figure 2.8. Iron, manganese, and aluminum precipitates at confluence of the upper
Snake River and Deer Creek.
2.2.5 Porhyry-Metal Mineral Deposits and Hydrothermal Alteration
Latent mineral deposits can be identified and approximately located by matching
the exposed altered rocks of a mining district with corresponding parts of a model of the
applicable mineralizing system (Neuerburg, 1978). A porphyry molybdenum deposit
model is applied to the upper Snake River primarily due to alteration chemistry that is
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usually associated with local intrusions of quartz monzonite (Neuerburg, 1974; White et
al., 1981), such as the Montezuma stock in the study area. Most porphyry-metal systems
in the Rocky Mountains are molybdenum systems (Neuerburg, 1978) rather than copper
systems.
The porphyry-metal mineralizing system is an inherent and integral part of the
process of batholithic emplacement and venting. Mineralization results from the reaction
of rock with a metalliferous hydrothermal fluid that separated from the magma in
response to a decrease of confining pressure. Hydrothermal alteration is the
reconstitution of rock minerals by substitution of hydrogen (Hemley and Jones, 1964) for
the lithophile cations of aluminosilicates as well as the addition of sulfur and chalcophile
metals to the altered rocks (Neuerberg, 1978a). Some of the original rock cations
dissolved by the altering fluids are later re-precipitated and some elements are enriched.
An important feature of porphyry deposits is that they are very large systems that can
influence cubic kilometers, including the intrusive stock or dike systems that cause their
emplacement. The positions and structure of alteration change with successive venting
episodes as they are displaced by the products of preceding episodes (Neuerberg, 1978a),
creating the zoning illustrated in Figure 2.9.
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Figure 2.9. Generalized schematic diagram of altered zones in a typical porphyry
deposit (modified from Sillitoe, 1972).

In the study area, the coloration observed at Red Cone, located on the southern
side of Webster pass (Figure 2.10) is proof of widespread hydrothermal alteration. Rice
and Parry (2001), working with Mineral Systems, Inc., noted that the red color is caused
by deposits of iron oxides from pyrite on fracture surfaces and as loose fine grained
material in the screes. They further concluded that “the combination of porphyritic
intrusive rocks, breccia bodies, widespread pervasive hydrothermal and geochemical
zoning” that they observed during summer, 2001 core and surface sampling, indicated a
porphyry-style system. Two samples of porphyry collected by Mineral Systems Inc.
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from the Webster Pass vicinity (Figure 1.5) indicate an age of approximately 41Ma. This
age is comparable to radiometric ages obtained from other porphyritic rocks in the
Montezuma area including the Montezuma Stock (Pride and Robinson, 1978). Similar
Climax-type porphyries located southwest of the study area have been dated in the 20 to
30 Ma range (Rice and Parry, 2001).

Figure 2.10. Red iron hydroxide staining as visual evidence of hydrothermal alteration at
Red Cone, Webster Pass. (A horizontal distance of approximately 1.3
kilometers is shown in this picture).
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2.3

Acid Drainage
Pyrite (FeS2) is the most abundant sulfide mineral in the Montezuma quadrangle.

It occurs disseminated through altered porphyries and the country rocks of the veins; it is
present in the contact-metamorphic deposits near the large stocks; it is abundant in the
sericitized rocks of the stockworks in the southwestern part of the quadrangle; and it is
the most common mineral of the veins (Lovering, 1935).
Of the mines located within the upper Snake River Valley that had associated
water drainage during the 2001 field season, all had visible iron hydroxide “yellowboy”
staining on the rocks and ground surface surrounding the mines (Figure 2.11). The Deer
Creek mines did not have visible iron hydroxide staining associated with mine effluent
(Figure 2.12).
Acid drainage results when oxygenated rainwater or snowmelt reacts with pyrite
and sulfide minerals that have been exposed at the surface during mining activities (acid
mine drainage or AMD) or when oxygenated water comes into contact with naturally
occurring pyrite (natural acid drainage or NAD). These processes result in the removal
of a cation and the formation of sulfuric acid and iron hydroxide (or ferrihydrite) by the
following chemical reactions (2.1 through 2.3):
2FeS2 + 7O2 + 2H20 → 2 Fe2+ + 4S042- + 4H+

(2.1)

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2 H2O

(2.2)

Fe3+ + 3H20 → Fe(OH)3 + 3H+ (Precipitation of iron hydroxide)

(2.3)

Equations 2.1 through 2.3 can be summarized by the net equation,
FeS2(s) + 15/4 O2 (g) + 7/2 H2O = Fe(OH)3(s) + 2SO42- + 4H+

(2.4)

Indicating that 1 mole of ferrihydrite, 2 moles of sulfate, and 4 moles of protons are
produced for every 1 mole of pyrite oxidized. As the acidic water moves downslope, it
comes into contact with other minerals common in the igneous rocks, such as
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Figure 2.11. Iron hydroxide “yellowboy” staining from unidentified mine adit draining
into the Snake River approximately ½ mile upstream from the confluence
with Deer Creek.
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Figure 2.12. Drainage from a mine adit located on Deer Creek approximately one mile
upstream from the confluence with the upper Snake River . Note that there
is no iron hydroxide “yellowboy” staining visible, but dark magnesium
staining is present.

potassium and sodium feldspars. The acidic water weathers the feldspars, adding
aluminum, silica, and base cations to the water and causing the pH to rise.
The hydrogeochemical conditions studied in this project include NAD and do not
specifically include AMD, though it does contribute to the low-pH, high-metal water
chemistry in the area. NAD is produced by the natural oxidation of iron sulfides by the
reactions noted previously (2.1 through 2.3).
In the field area, NAD is present in the upper Snake River headwaters, but not in
Deer Creek. This may be due to the presence of the Montezuma shear zone in the upper
Snake River, which may provide a continuous source of oxygenated recharge that can
lead to the natural oxidization of pyrite (FeS2) in the subsurface. The Montezuma shear
zone is not present in the Deer Creek basin, and it is possible that less oxygenated
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recharge is available to react with the pyrite in the Deer Creek basin. Less exposure to
oxygen would indicate that reactions in the Deer Creek basin would be limited to reaction
2.1 (noted previously), and fewer acid-generating protons would be available to the
system.
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CHAPTER 3:

FERRICRETE

Ferricrete deposits are significant indicators of subsurface geology that point to a
large source of iron. It has been noted (Furniss, 1999) that ancient ferricrete deposits can
be analyzed to determine the pre-anthropogenic background levels of metals and can be
used to guide reclamation plans in metal-impacted streams.
3.1

Ferricrete in the upper Snake River
Extensive ferricrete deposits up to 10,000 years old are located along the upper

Snake River and the adjacent Handcart Gulch (Figures 3.1 and 3.2) (Pride and Robinson,
2002). The age of the ferricrete deposits predates any anthropogenic alteration that could
have taken place in the study area.
Ferricrete in the upper Snake River is composed of colluvium, stream sediment,
organic matter, and amorphous iron oxyhydroxides that have been cemented together by
iron oxides and oxyhydroxides (Perse, 2000). Ferricretes are formed as ferrous iron
(Fe2+) is brought to the surface and oxidizes to form ferric iron (Fe3+). Iron in this
valence state is extremely insoluble and precipitates as a mixture of iron oxyhydroxides
which include sorbed trace metals such as gold, silver, copper, molybdenum, lead, and
zinc (Perse, 2000). It has been estimated (Pride and Robinson, 2002; Perse and Pride,
2000) that as much as 10 million tons of pyrite must have been oxidized to produce the
iron in the ferricretes located within the upper Snake River and the adjacent Handcart
Gulch (five million tons for each drainage). The MSZ (Section 2.2.3) is hypothesized to
work as a conduit for ground water containing ferrous iron and associated trace metals to
flow to the surface and oxidize to form the ferricrete deposits.
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Figure 3.1. Massive ferricrete deposits near the upper Snake River headwaters.

Figure 3.2. Massive ferricrete deposits near the upper Snake River headwaters.
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Perse (2000) estimated the thickness of the deposits in Handcart Gulch, located
adjacent to the upper Snake River basin, range up to 4.6 meters thick and run the entire
length of the Handcart Gulch valley (approximately 5.3 kilometers). Figure 3.3 shows
the four separate types of ferricrete in Handcart Gulch, as documented by Perse (2000),
as well as their relative cross-sectional locations. Ferricrete deposits in the upper Snake
River Valley are similar to those in Handcart Gulch.

Figure 3.3. Generalized ferricrete locations and origins (from Perse, 2000).
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3.2

Ferricrete Calculations
A spreadsheet model estimates the volume of ferricrete in the upper Snake River

valley and the volume of bedrock necessary to produce the ferricrete. The results of this
model may be compared to the approximate amount of recharge that flows through the
valley annually. The spreadsheets used in these calculations are included in Appendix A.
This model demonstrates that significant subsurface hydrogeological processes
are necessary to create the ferricrete deposits in the upper Snake River valley.
Weight of Ferricrete in the Upper Snake River Valley
The area of ferricrete in the valley is estimated to be 1.3 x 106 m2 (0.5 mile2)
based on spatial mapping estimations. The thickness of ferricrete is estimated to be
between 0.3 and 3 meters, based on field observations. The density of ferricrete is
estimated to be between 2 and 5 grams/cm3. Different combinations of these values
produces estimated masses of ferricrete in the upper Snake River valley of between
112,000 and 2.2 million tons, with an optimal value of 450,000 tons. The optimal value
is based on an area of 1.3 x 106 m3, an average thickness of 1.2 meters (4 feet), and an
average density of 2.5 g/cm3.
Mass of Iron in Ferricrete
Samples of ferricrete from the upper Snake River were analyzed (Pride and
Robinson, 2001; Perse and Pride, 2000). Five samples were found to contain an average
of 34% Fe (unpublished data from Pride and Robinson, 2001). Using this value, and
upper and lower limits of 50% and 15% Fe, the mass of iron in the ferricrete is estimated
to range from 17,000 to 1.1 million tons, with an optimal value of 150,000 tons based on
the amount of ferricrete found in the previous section (450,000 tons) and the average Fe
(34%) measured by the previous researchers.
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Mass of Iron Rich Rock
Robinson and Pride (2002) collected bedrock core samples from a location at the
top of the upper Snake River valley during the summer of 2001. These core samples
were analyzed and average iron concentrations were documented. In the top 61 meters
(200 feet) of core, the iron content of the rock averages 2.4%. From 61 meters to 610
meters, the iron content of the rock averages 4.4%. The difference (2%) between these
two values may be the amount of iron that has been leached from the bedrock to produce
the ferricrete deposits. Using this amount (2%) and the optimal mass of iron in the
ferricrete determined in the previous section, the mass of iron-rich rock necessary to form
the ferricrete deposits is calculated to be 7.6 million tons.
Volume of Iron-Rich Rock and Depth to which Hydrologic Processes Must Occur
Assuming a bedrock density of 3.0 g/cm3, and the mass of iron-rich rock
necessary to form the ferricrete deposits (7.6 million tons) determined in the previous
paragraph, the volume of iron-rich rock necessary to produce the ferricrete deposits is
calculated to be 2.3 million meters3.
Based on an area of influence of 0.6 kilometer2 (0.25 mile2) the depth of
hydrological processes is approximately 14.3 meters. Based on an area of influence of
1.3 kilometer2 (0.5 mile2), the depth of hydrological processes is approximately 3.6
meters. Based on an area of influence of 2.6 kilometer2 (1 mile2), the depth of
hydrological processes is approximately 1 meter.
Pride and Robinson (2002) observed weathered rock to a depth of approximately
61 meters during drilling. However, this observation was made at the continental divide,
and it is assumed that weathering depth decreases with elevation and is fairly small where
the ferricrete deposits are observed.
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Recharge Necessary to Dissolve Iron in Bedrock
Based on the optimal mass of ferricrete (450,000 tons) determined previously, and
a realistic value for the solubility of iron in water (70 mg/l), the volume of recharge
necessary to dissolve the iron in the bedrock is determined to be 2.0 x 1012 liters/year.
With an area of recharge between .65 and 2.6 kilometer2 (0.25 and 1.0 mi2) contributing
to the oxidation of pyrite, and a total accumulation time of 10,000 years (the time since
the last ice age, as will be explained in the following section) the annual recharge
necessary to form the ferricrete deposits is approximately 0.7 and 1.2 meters (3.0 and 45
inches) per year.
Flux of Recharge Through the Basin
Based on the volume of recharge calculated in the spreadsheet model (1.96 x 1012
liters) passing through a surface recharge area of 2.6 kilometer2 over a period of 10,000
years, recharge flux over the entire (1.2 x 107 m2) basin is estimated to be approximately
9.0 x 105 m3/yr.
3.3

Uncertainty
There are many uncertainties in the parameter values used in the calculations.

Future research may fill in the gaps in this knowledge, and the spreadsheets (Appendix
A) can be updated as new information is obtained.
The volume of ferricrete in the basin represents the largest uncertainty in the
calculations. Field mapping combined with core sampling would improve volume
estimation.
The density of ferricrete and the bedrock have been estimated in these
calculations and would be better known by collecting and analyzing samples.
Required recharge volume will change based on the recharge area. This value and
the depth to which recharge interacts with the bedrock may be more accurately known
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once drill cores from borings in the adjacent Handcart Gulch are analyzed, and water
levels are measured. Drill cores were collected during the summer 2002 field season by
Dr. Charles Robinson of Mineral Systems, Inc..
The duration of ferricrete accumulation would significantly affect the amount of
recharge necessary to create the deposits. This value has been estimated to be 10,000
years for these calculations, but age dating of the oldest deposits in the upper Snake River
valley would provide a more accurate history of the deposits.
The amount of time that the bedrock has been weathering is uncertain. The
assumed period of 10,000 years is based on the approximate date of the last known ice
age in the Colorado Rocky Mountains, which presumably eroded all ferricrete that
accumulated previously. This date may not have any bearing on the length of time that
the bedrock has been weathering. Ferricrete created from some of the weathered rock
may have been eroded during glaciation, which may explain why pyrite appears to have
been removed from a larger depth and volume in core samples than is required to produce
the current deposits.
If ferricrete accumulation was taking place prior to 10,000 years before present,
then the calculated depth of recharge infiltration (1.0 to 14 meters bgs) would represent a
minimum flow depth in the upper Snake River basin.
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CHAPTER 4:

FIELD AND ANALYTICAL METHODS

During the 2001 field season, surface water samples were collected. This chapter
describes the field procedures and subsequent chemical analysis.
4.1

Field Methods
Surface water samples were collected from selected locations on the upper Snake

River, Deer Creek, and their tributaries over 14 days between July 28 and September 1,
2001. The sampling dates fall primarily during the month of August, after the high-flow
snow-melt period during May, June, and July when flushing of salts that may have built
up by capillary action and evaporation during the winter may occur. Seasonal variations
were not established during this study.
Sample locations were selected based on their geographic location and distance
from known mining-impacted areas. Surface samples were collected at the top (highest
water) of all identified water-bearing drainages, directly from mine adits when possible,
as well as along the streams. Sample locations are identified on Figure 2.2 and Figure
4.1.
Field sampling methods included geochemical and hydrologic techniques. At
each sampling site, measurements were made for temperature and pH of the waters. The
pH of each sample was measured using a portable pH meter with automatic temperature
compensation, which was calibrated each morning using three standard buffers, with
nominal pH values of 7.00, 4.00, and 10.00 at 25º Celsius. Water temperature was
measured using a NIST-traceable electronic thermometer.
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Figure 4.1. Sample locations, Summer 2001.
Samples were collected in the field for later laboratory analysis for major and
trace cations, anions, and alkalinity. Anion samples were filtered through 0.45µm
nominal pore diameter cellulose acetate filters, and refrigerated with no further treatment.
Cation samples were filtered through the same 0.45µm filter, and acidified by adding 0.5
ml of concentrated ultra-high purity nitric acid to each 30-ml sample. Samples for
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alkalinity analysis were collected by filling a 125-ml bottle, without filtering or
acidification, and then the sample was refrigerated. All samples were stored at a
temperature of 4ْ C for preservation during transport to the laboratory.
One field blank was collected using deionized water that was brought from the
laboratory to check against equipment contamination. Three duplicate samples (SRE575-D, SRW1-460-D, and SRW1-625-D) were collected (5% of total samples) to validate
analytical procedures.
All analytical results as well as those from the field blank and duplicate samples
are included in Appendix B. Analytical results are plotted spatially for major elements
and are included as Appendix C.
4.2

Analytical Methods
Water samples were analyzed for cations and anions. Anion analyses were

conducted on a Dionex DX-500 ion chromatography (IC) system. The chromatography
columns used were AG-14 and AS-14 guard and separator columns, with a CO3/HCO3
eluent. Using this method, good analytical separations were made for fluoride, chloride,
nitrate, phosphate, and sulfate. The IC was calibrated each day with a minimum of six
standards. The accuracy and precision of the IC was checked by running standards as
unknowns in at least 10% of the IC runs, and by running duplicate analyses of 5 to 10%
of all samples.
Cation analyses were conducted using Inductively Coupled Plasma - Mass
Spectrometry (ICP-MS). The concentrations of 44 major, minor, and trace elements were
determined.
Samples with pH values higher than approximately 5.0 were analyzed for
alkalinity.
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CHAPTER 5:

WATER CHEMISTRY

The major elements in natural waters are usually sodium (Na), calcium (Ca),
potassium (K), magnesium (Mg), carbon (as bicarbonate HCO3), sulfur (as sulfate SO4),
silica (Si), and chloride (Cl). These are the most soluble elements in surface rocks.
Other common surface rock elements such as aluminum (Al), manganese (Mn) and iron
(Fe) have low solubility and are not as predominant in most natural water chemistry.
The pH of a solution can greatly affect an element’s solubility. An addition of
-

OH (an increase in pH) decreases the solubility of many elements. The addition of H+ (a
decrease in pH) increases the solubility of many elements.
The effect of a change in pH on solubility of some elements is dramatically
displayed at the confluence of the upper Snake River and Deer Creek (Figure 5.1), where
low pH, metal rich water from the upper Snake River mixes with high pH water from
Deer Creek, raising the pH of the Snake River waters. The gravel streambed of the upper
Snake River is stained red and brown by iron oxides and the streambed of Deer Creek is
coated with hard, black manganese and red iron deposits (Theobold et al., 1963; Brooks
et al., 1999). Other metals that are abundant in the acid waters, such as zinc (Zn),
cadmium (Cd), and lead (Pb), are typically more soluble at neutral pH and can potentially
be transported greater distances than Fe, Mn, or Al as stream water pH increases.
When discussing the different water chemistry associated with the upper Snake
River and Deer Creek, it is important to note that although abandoned mines are located
across the landscape in the Deer Creek watershed, weathering of exposed mine materials
has not significantly affected the water chemistry, which has pH values ranging from
approximately 6.5 to above 8.0. The water from Deer Creek appears to be buffered by
carbonate minerals such as calcite, raising the pH (Miller and McHugh, 1994). The
carbonate minerals could be accessory minerals associated with alteration in the area. In
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addition, sulfate occurs in the water samples from Deer Creek in lower average amounts
(16 mg/l) than Snake River (averaging 90 mg/l) indicating that subsurface pyrite in the
Deer Creek basin could be exposed to less oxygen than the subsurface pyrite in the upper
Snake River basin (see Chapter 2, reactions 2.1 through 2.3), and creating fewer acidgenerating protons.

DC5
SN2
Deer Creek
Snake River

Figure 5.1. Fe (red), Al (white) and Mn (black) staining at the confluence of Deer Creek
and the upper Snake River. View is to the south. Stream width at the
confluence is approximately 6 meters.

The pH of the upper Snake River and Deer Creek has varied within a narrow
range over recent years (Figure 5.2). Boyer et al. (1999) presents pH readings near the
confluence of the two rivers (sample locations SN2 and DC5) over a six-year period. The
locations of SN2 and DC5 are illustrated on Figure 5.1.
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pH Comparisons
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Figure 5.2. pH values collected during the years 1980 through 1986 on Deer Creek and
the Snake River approximately 30 meters above their confluence.
Each data point has a corresponding data point on the other river taken on
the same day. Sample locations are identified on Figure 5.1. Red lines are
trend lines indicating that average pH did not change significantly over
time.
5.1

Results of Water Sampling and Analyses
The chemical signature of Snake River samples vary dramatically from the

chemical signature of the Deer Creek samples, as expected. Figure 5.3 shows that most
of the pH values in the upper Snake River range between 3.1 and 6.0, while those in Deer
Creek range between 6.1 and 9.4. The results of all sample analysis are included as
Appendix B. Analytical results of some major elements are plotted spatially and included
as Appendix C.
Piper diagrams graphically display analytical results. Figure 5.4 and Figure 5.5
show the Piper diagrams for the sampled waters and Figure 5.6 and Figure 5.7 illustrate
the corresponding sample locations. Three “control” samples, shown in pink, were taken
on different sampling days at the confluence of the Snake River and Deer Creek to verify
that water chemistry was not changing significantly on a day-to-day basis.
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Snake River samples plot as primarily calcium-magnesium-sulfate type, while
Deer Creek waters plot as calcium-bicarbonate and calcium-sulfate type. These results
agree well with previous observations.

Flow Direction

Figure 5.3. Field pH values.
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Figure 5.4. Snake River water sample chemistry.
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Figure 5.5. Deer Creek water sample chemistry.
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Figure 5.6. Snake River water sample locations. Symbols correspond to those on Figure
5.4.
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Figure 5.7. Deer Creek water sample locations. Symbols correspond to those on Figure
5.5.

52

5.2

Statistical Analysis
Due to the large amount of samples and elements analyzed from the study area,

sample comparison is extremely difficult. Analytical results for individual anions or
cations in one sample could be compared to the same anions or cations in a different
sample, however, this type of comparison does not yield a complete picture of the
geochemical trends within the basins due to the typical geochemical variation between
samples, even for samples of the same water type. Due to these issues, a statistical
clustering method was employed to determine if the water samples could be grouped into
distinct hydrochemical groups that could then be used to determine how the geology
influences the transformation of one group of waters into another group of waters.
Hierarchal Cluster Analysis (HCA) was used to measure the correlation between
individual samples using matrix algebra. This method uses the dissimilarities or
statistical distances between objects when forming clusters. These distances, which are
based on a single dimension or multiple dimensions. Similar clustering techniques were
used by Guler (2002) with excellent results.
Cluster analysis uses Euclidean distance measures and Ward’s method linkage
rules. Euclidean distances are a straightforward method of clustering samples based on
their similarities and dissimilarities (or distances). Ward’s method attempts to minimize
the sum-of-squared residuals from any two potential clusters that can be formed at each
step, often creating small clusters. Other methods are available and are discussed in
Guler (2002).
Although it is normal to compute the Euclidean distances with raw data, they can
be greatly affected if the data have large differences in scale among the dimensions from
which the distances are being computed. Since values for different elements are highly
variable in the study area, the sample results are log-transformed (to better fit a normal
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curve) and standardized prior to analysis so each analysis is given an equal weight in the
clustering.
Analysis of Clustering
Figure 5.8 shows the results of the cluster analysis presented as a dendogram for
57 samples. Clustered groups are documented in Appendix D. In order to verify that the
analysis is consistent, most samples are removed and the same analysis is conducted,
producing the cluster diagram in Figure 5.9. The samples cluster into the same
relationships as the original (complete) data set, substantiating that the analysis was not
biased by sample size and yields unique results.
Based on the dendogram and a linkage distance of 10, five clustered groups are
chosen to represent separate water types (Figure 5.8) and plotted on a Piper diagram
(Figure 5.10). The linkage distance is a measure of the degree of similarity. This choice
is provisional, and is evaluated to assess if the statistical clusters have geological
significance by means of geochemical correlation. Each group’s mean samples are
plotted on another Piper diagram (Figure 5.11). From the averaged Piper diagram, Group
1 samples plot as calcium-sulfate waters; Group 2 samples plot as magnesium-sulfate
type waters; Group 3 samples plot as calcium-sulfate waters; and Group 4 and 5 do not
have dominant cations, but are classified as having sulfate-type anions.
Group 1 waters, representative of Deer Creek waters, are the only group that
clearly stands out from the other four, both geochemically and statistically (Figure 5.12).
The majority of Group 1 samples are either located in Deer Creek, or originate in the
Swandyke Gneiss. All of the Group 1 waters plotted in the upper Snake River basin were
collected from stagnant water that has had time to equilibrate with the atmosphere. Thus,
Group 1 samples have both geochemical and spatial coherence.
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Group 3 waters cannot be classified as belonging to either Deer Creek or the
upper Snake River, but the remaining Group 2, Group 4, and Group 5 waters can be
classified as representative of different stages of mineral-enrichment on the upper Snake
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2
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Figure 5.8. Hierarchical cluster analysis of data set
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56

1

3

Figure 5.9. Hierarchical cluster analysis of groups 1 and 3 from full data set
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Figure 5.10. Water chemistry of all samples collected in the Snake River and Deer Creek. Colors indicate separate groupings
from hierarchical cluster analysis.
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Figure 5.12. Spatial Results of hierarchical cluster analysis.
River. Group 4 represents water that has had limited amounts of time in contact
with the subsurface geology of the upper Snake River, and no interaction with
acid mine drainage, while Group 2 represents water that is similar to Group 4
water, with a longer subsurface residence time. Group 5 water represents water
that has mixed with acid mine drainage.
These results are used to create a geochemical model of the transition
between different waters, which is discussed in Chapter 7.
Principal Component Analysis
Principal component analysis (PCA) is a technique that reduces the
number of dimensions present in the data (Guler, 2002). This technique is not a
multivariate statistical technique, but a mathematical manipulation that may
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provide a certain amount of insight into the structure of the data matrix (Davis,
1986) by reducing its dimensions. The variables in this study are reduced from
eleven to two using the PCA technique within a statistical software package (with
Varimax normalized rotation). The first principal component (Factor 1) contains
28% of the total variance in the samples and the second principal component
(Factor 2) represents 51% of the total variance in the samples. Separate colors
are assigned to the samples from each of the five major groups previously
determined using HCA and the results of the PCA are plotted on a scatter diagram
(Figure 5.13). The plotted results of the PCA create spatial groups that support
the results of the HCA. However, without the predetermined groupings, there is
no objective means to clearly distinguish boundaries between groups. In addition,
this type of analysis does not provide any information about chemical
composition (Guler, 2002). Thus, for this study, the results of the PCA are only
useful to support the results of the HCA.
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Figure 5.13. Results of principal component analysis. Colors indicate groups calculated using HCA.
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CHAPTER 6:

FLOW MODELING

A ground water flow model of the upper Snake River basin using the
MODFLOW code improves understanding of the hydrologic system in the field area. A
spreadsheet model based on ferricrete deposits found in the upper Snake River basin
(Chapter 3) determined that recharge flow is not limited to the upper soil horizons or
talus slopes. Using recharge rates estimated from climatologic data in conjunction with
limited observations of hydraulic head and stream discharge, reasonable estimations of
hydraulic conductivity and depth of active flow zone are estimated. No definitive head
measurements are available for the basin. Consequently, the model is hypothetical and
serves as a tool for constraining possible scenarios. The MODFLOW text files are
included on the accompanying data disk.
Deer Creek basin is not included in the model because hydrologic conditions in
Deer Creek are similar to the upper Snake River. Given the hypothetical character of the
model, results from the upper Snake River flow model can be applied to Deer Creek.
6.1

Steady State Numerical Model
The MODFLOW-2000 code is used to simulate steady state ground water flow in

the upper Snake River Basin. The grid and boundary conditions were created using the
Groundwater Modeling System (GMS), version 4.0, graphical user interface (EMS-i,
2002).
6.2

Conceptual Model
The model is based on a fixed recharge rate that varies spatially as shown in

Figure 6.1. Three zones of increasing recharge are assigned to represent a small increase
in precipitation with elevation. Varying zones of hydraulic conductivity and elevation of
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the bottom of the flow zone create alternative conceptual representations of the system
representing rapid flow through the shallow bedrock and slow flow through the deep
bedrock.
High-elevation recharge
Mid-elevation recharge

Low-elevation recharge

Figure 6.1. Recharge zones.
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The field area consists of fractured bedrock with a very thin layer of soil (< 1
meter) or weathered bedrock (Figure 6.2). The fractured bedrock in the field area is
assumed to act as a homogeneous, isotropic, porous media with two different hydraulic
conductivity zones. One representing the country rock and the other, the Montezuma
shear zone.
There are few physical data describing subsurface conditions at the time of this
study, so inferences are drawn from observations and literature. Head values are fixed at
the mouth of the basin in order to represent ground water outflow at that location.
The MODFLOW River and Drain packages are used to represent flow in the
Snake River.

Figure 6.2. Conceptual model (not to scale). Although the one-meter soil layer is
shown here, it is not represented in the numerical model.
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6.3

Calibration Data
A digital elevation model (DEM) from the U.S. Geological Survey (USGS, 2002b)

defines the surface topography. In the Snake River model, the groundwater divide is
considered to be coincident with the topographic divide (Figure 6.3) where flux is defined
as zero (Figure 6.4).

Flow Direction

Teller
Mountain

Figure 6.3. No-flow boundary for upper Snake River flow model.
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Figure 6.4. Conceptual model of ground water divide boundaries.

Head Measurements
Hydraulic head measurements were not collected because there are no wells in the
field area. Average head in the field may be above the surface in areas of groundwater
discharge, and well below ground surface at the ridges. During this study, a mineral
exploration boring was drilled near the continental divide in the southeastern Snake River
drainage. Anecdotal information from the drillers indicates the water level was observed
at between 400 and 700 feet below ground surface at that location. No head
measurements were collected after drilling was completed.
River Stage and Flow Rates
Discharge to the Snake River calculated by the MODFLOW model should be
similar to the difference in base flow observed between measurement locations in the
field. At the Snake River site, flow rates were collected between August 11 and October
1, 2001. Measured stream discharges are shown in Figure 6.5. The data are included in
Appendix E. Accuracy of the values is poor because they were collected with a Price
flow meter. It is expected that one can only assume the values are accurate to within 20%
at the 95% confidence level. The standard deviation on the difference between flow

67

measurements based on this level of accuracy was significantly larger than the actual
difference between flow measurements (Appendix E). This result is significant because
it indicates that the collected flow measurements could not be used for model calibration.
Consequently, the estimated baseflow is used to determine a total recharge for the model.

Figure 6.5. Flow observations, Summer 2001.

When the MODFLOW River package is implemented, if head in the aquifer is
above the river stage, then flow is from the aquifer to the river, and if head in the aquifer
is below the river stage, flow is from the river to the aquifer. The river bottom elevation
is set ½ meter below ground surface and the river stage is set at ground surface. The
Drain package is used to simulate seasonal flow. If head in the aquifer is above the drain
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elevation, flow is from the aquifer to the river, and if head is below the drain elevation,
the river reach is dry and no water passes between the river and the aquifer in either
direction. The Drain package is useful in areas of steep topography and at the headwaters
where flow is seasonal. All tributaries to the Snake River are represented as drains.
6.4

Model Input

Recharge
Recharge is water that infiltrates to the water table and equals precipitation minus
runoff and evapotranspiration. The U.S. Department of Agriculture National Weather
and Climate Center operates a weather station near the field site (Jackwhacker Gulch –
CO05K26S), located approximately 3.2 kilometers east of the upper Snake River basin at
an elevation of 3,341 meters. The weather station reports annual precipitation values
from 1999 to 2001 averaging 0.8 meters (31 inches) per year (USDA, 2003).
Evapotranspiration (ET) is the transport of water from snow, plants and soil to the
atmosphere involving a change in phase, from liquid to gas. ET is composed of
sublimation (the direct change of snow or ice to gas), evaporation from wet surfaces
(leaves, wet soils and rock, surface water bodies) and transpiration (water given off from
plants). Globally, ET is about 62 percent of precipitation (Brutsaert, 1982). However,
ET in the area is estimated to be higher due to dry air, low pressure, high winds, and high
solar radiation, combined with a surface of grassland and exposed rock.
The initial value of ET for the study area was estimated at 90% of precipitation.
Given this assumption and the estimated average annual precipitation, recharge is
estimated to be on-the-order-of 2.5 x 10-9 m/s. Based on this value and the area of the
basin (1.2 x 107 m2), recharge flux is estimated to be on the order of 9.8 x 105 m3/year.
Three zones of differing recharge are defined and the recharge rate for each zone
is defined such that the total recharge equals this average spread over the area of the
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basin. in the numerical model. The first zone follows the upper Snake River, covering
14% of the model area. The second zone represents mid-level elevations, covering 37%
of the model area. The third, and highest, zone covers 49% of the model area (Figure
6.6).

Mid-elevation recharge

High-elevation recharge

Low-elevation recharge

Figure 6.6. Recharge zones.
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Hydraulic Conductivity
The upper Snake River aquifer is composed of moderate to highly fractured rock.
To use an equivalent porous media model, such as MODFLOW, the grid blocks must be
larger than the representative elementary volume. The grid size of 29 km2 is considered
to be larger than the representative elementary volume for moderate to highly fractured
rock, which has hydraulic conductivity (K) values in the range of clean to silty sand
(approximately 1.0 x 10-8 m/s to 1.0 x 10-2 m/s) (Table 6.1). Two zones of differing
hydraulic conductivity are defined: the highly fractured Montezuma shear zone (Figure
6.7, Figure 2.7); and the rest of the basin. To obtain accurate hydraulic conductivity
values, field tests must be conducted. Field conditions and the high cost of installing a
monitoring well at the site prevented the acquisition of pump test data.
To estimate hydraulic conductivity, Darcy’s law is applied to flux midway down
the basin assuming ¼ of the recharge flows through that section. Recharge is estimated
to be equal to measured base flow above the confluence of the Snake River and Deer
Creek. This average base flow is calculated to be on the order of 0.028 +/- 0.004
m3/second (assuming approximately 10% of the base flow at the USGS Snake River
gauge No. 09047500 with a 95% certainty that the base flow is accurate to within 25%).
Therefore, flux for the calculation is 9.0 x 105 m3/year divided by four. Assuming the
average gradient (i) of groundwater flow toward the stream is similar to the topographic
slope (0.39) (Hill, 1997), the basin is 4,400m long and the flow zone is 1.0 to 14 meters
thick, the resulting range of hydraulic conductivity is calculated to be between 3.0 x 10-7
m/s and 4.0 x 10-6 m/s. These values are consistent with the values noted in textbooks
(Table 6.1). The highly fractured Montezuma shear zone (Figure 6.7) is modeled with a
higher hydraulic conductivity than the rest of the basin in all model runs.
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Based on Haitjema (1995)
Soil/Rock Type
gravel
sand and gravel
coarse sand
medium sand
fine sand
silty sand
silt
peat
sandy clay
clay

low k value
(m/sec)
1.8 x 10-3
7.1 x 10-4
1.8 x 10-4
7.1 x 10-5
3.5 x 10-6
3.5x 10-7
3.5 x 10-8
3.5 x 10-9
3.5 x 10-10
0

-

high k value
(m/sec)
and higher
1.8 x 10-3
7.1 x 10-4
1.8 x 10-4
7.1 x 10-5
3.5 x 10-6
3.5 x 10-7
3.5 x 10-8
3.5 x 10-9
3.5 x 10-11

karst limestone
permeable basalt
fractured igneous and metamorphic rocks
limestone and dolomite
sandstone
unfractured metamorphic and igneous rocks

Table 6.1.

Based on Freeze and Cherry
(1979)
high k value
low k value
(m/sec)
(m/sec)
1.0 x 10-1 10
1.0 x 10-5

-

1.0 x 10-1

1.0 x 10-5 1.0 x 10-6 1.0 x 10-8 -

1.0 x 10-1
1.0 x 10-2
1.0 x 10-5
-

1.0 x 10-11 -

1.0 x 10-8

1.0 x 10-4
1.0 x 10-5
1.0 x 10-7
1.0 x 10-8
1.0 x 10-9
1.0 x 10-12

1.0 x 10-1
1.0 x 10-1
1.0 x 10-2
1.0 x 10-5
1.0 x 10-5
1.0 x 10-9

-

Hydraulic conductivity (K) estimated from published literature.
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Fractured Rock K

Highly-Fractured Rock K
(Montezuma Shear Zone)

Figure 6.7. Hydraulic conductivity zones.

6.5

Model Results
With initial values of K determined in the previous paragraph, recharge at the

rates discussed in Section 6.1.2, and depth to the impermeable zone 200 meters below the
surface, manual parameter adjustment determined values of K that produce a reasonable
distribution of head shown in Figure 6.8 (between 3,200 and 3,950 feet) and an
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acceptable mass balance in the model. This process yielded K values of approximately
5 x 10-8 m/s in the country rock, and 9 x 10-7 m/s in the shear zone. The predicted a base
flow of approximately 0.011 m3/s (0.4 ft3/s) is similar to the conceptual model value of
0.028 m3/s (1.0 ft3/s). The model converged with an acceptable mass balance (-0.04%).
Given the geometry of the basin and the need for the re-wetting of cells, the model is very
sensitive to input parameters.
Modflow input files are included as Appendix F.

Figure 6.8. MODFLOW head distributions

74

6.6

Conclusions
The value calculated for base flow (0.011 m3/s or 3.5 x 105 m3/year) is slightly

lower, but consistent with ground water recharge flux values calculated using the
ferricrete mass-balance model developed in Chapter 3 (9.4 x 105 m3/year), as well as
values developed using climatologic data (9.8 x 105 m3/year) and stream discharge
estimates (8.8 x 105 m3/year).
6.7

Suggestions
To improve robustness and calibrate the Snake River model, accurate head

measurements should be obtained from borings that are currently being drilled on and
near the continental divide by C.S. Robinson. Depending on conditions, it may be
possible to obtain slug-test information that could supply representative hydraulic
conductivity measurements for the area. Stream discharge should be collected with a
pygmy meter at the same time that head measurements are collected.
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CHAPTER 7:

GEOCHEMICAL MODELING

The dissolution of minerals and the chemical reactions in a basin are better
understood through geochemical modeling. Ground water chemistry from the study area
is modeled using the PHREEQC modeling code, which simulates chemical reactions in
aqueous systems. It is a tool that is based on the equilibrium chemistry of aqueous
solutions interacting with minerals, gases, solid solutions and sorption surfaces. The
governing equations for each type of model discussed in this paper are documented in
detail in the users guide (Parkhurst and Appelo, 1999; USGS, 2002a).
Known mineralogy and water chemistry are used with the PHREEQC code to
evaluate the important reactions controlling water chemistry (Figure 7.1) and to
determine if the acid drainage observed in the upper Snake River basin is a naturallyoccurring phenomenon caused by the reaction of oxygenated recharge water with a
combination of minerals known (by historical documentation) to be present in the basin.
To determine the geologic conditions necessary to produce the water chemistry
observed in stream base flow from the precipitation, five models are developed (Figure
7.2); the conceptual geochemical model, the observational model, the inverse model, the
forward static model, and the mixing model. The conceptual geochemical model defines
the hydrological and mineralogical conditions at the site. The observational model
identifies the important geochemical trends, points to any trends that may not be evident
in the raw data and verifies that the data are reasonable based on observed and calculated
saturation indices. The inverse model determines the mineralogy necessary to produce
the chemically-altered waters from an assumed initial water chemistry. The forward
static model predicts the water chemistry that results from adding minerals determined in
the inverse model and reacting the resultant water with mineral precipitate surfaces
observed in the basin. Finally, the mixing model mixes upper Snake River water with
Deer Creek water to produce the water at the confluence of the two streams, and can be
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used to understand how much water each river is providing at the confluence, and explain
water chemistry of down stream waters from the chemistry of the tributaries.

Figure 7.1. The goal of geochemical modeling in the upper Snake River basin.
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Figure 7.2. Summary of geochemical models.
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7.1

Conceptual Geochemical Model
In the study area, there are two distinct systems present, one is dominated by

pyrite and occurs in a large fractured zone (upper Snake River drainage), and another of
lower iron content occurs in rocks containing acid-neutralizing carbonate minerals (Deer
Creek).
The upper Snake River basin is underlain by the Idaho Springs Formation, which
is relatively rich in aluminum and silicon. Large amounts of subsurface disseminated
pyrite create metal-rich, acidic surface waters. The Montezuma shear zone (Section
2.2.3) is believed to occupy much of the upper Snake River basin (Figure 2.7), and large
amounts of subsurface disseminated pyrite are believed to occur in the shear zone. This
shear zone is assumed to be the conduit for oxygenated recharge water that is allowed to
react with and oxidize the disseminated pyrite and form large ferricrete deposits. Figure
7.3 shows one conceptual model of subsurface processes occurring in the Snake River
basin. Robinson and Pride (2002) estimate from drill core collected at the continental
divide on Webster Pass (Figure 1.5), that weathered rock exists to a depth of
approximately 61 meters (200 feet).
The second system is located in the Deer Creek basin, which is composed of
metamorphic hornblende gneiss that is rich in calcium, magnesium and iron. Carbonate
minerals such as calcite and rhodochrosite are assumed to be present due to the
characteristics of the geologic formation, and neutralize any acidic water produced by the
oxidation of disseminated pyrite in the area.
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Figure 7.3.

Snake River conceptual model of flow through disseminated pyrite in the
fractured Montezuma shear zone. Relative weathering depths are based on
data from Robinson and Pride (2002).

Dissolved Components
The following components, considered the most soluble and readily found in
natural waters, are included in the model; carbon (as bicarbonate – HCO3-), calcium (Ca),
chloride (Cl), potassium (K), magnesium (Mg), sodium (Na), sulfur (as sulfate - SO42-),
and silica (as silicate – SiO2). Other elements included in the modelare less prevalent in
natural waters are; aluminum (Al), copper (Cu), iron (Fe), manganese (Mn), and zinc
(Zn). The geologic or mineralogic sources of these elements in the upper Snake River
and Deer Creek basins are discussed in the forthcoming sections.
Where available, the U.S. Environmental Protection Agency’s (EPA) National
Primary Drinking Water Standard (NPDWS) and National Secondary Drinking Water
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Standards (NSDWS) (USEPA, 2002a) are included for reference. Copper is the only
element listed in the NPDWS with a maximum contaminant level goal (MCLG). The
MCLG represents the level of a contaminant in drinking water below which there is no
known or expected risk to health. The NSDWS regulations list the maximum
concentrations for each element that are acceptable in drinking water. These levels
represent reasonable goals for drinking water quality and are only included in the
discussion as a reference point. The concentration at which the element becomes
hazardous to human health is considerably higher than the NSDWS values.
All analytical results are attached as Appendix B.
Carbonate
Inorganic carbon is often the dominant anion in non-acidic ground water systems
and can take up or release hydrogen ions as part of speciation reactions, combining with
the hydrogen ion and raising the pH of the water according to the following reaction:
CaCO3 + H+ = Ca2+ + HCO3Carbonate (CO2) could be supplied by several different minerals that are assumed
to be present in the field area. Rhodochrosite (MnCO3) is found in hydrothermal veins
associated with copper, silver, and lead sulfides and other manganese minerals. Both
magnesite (MgCO3), and calcite (CaCO3) could be present in the schist associated with
the Swandyke Gneiss. Due to an absence of documentation describing the geochemical
composition of carbonate rocks at the site, these minerals are used to represent sources of
bicarbonate in the model.
Calcium
Calcium is the most abundant of the alkaline-earth metals and is a major
constituent of many common rock minerals such as the feldspars. Calcium also occurs in
other silicate minerals that are produced during metamorphism, so at least a small amount
of calcium is expected to be in water that has been in contact with igneous and
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metamorphic rock. Plagioclase [(Na,Ca)AlSi3O8] and hornblende [Ca2Mg5Si8O22(OH)2]
are both present in the Idaho Springs Formation and the Swandyke Gneiss. Hornblende
is particularly concentrated in the Swandyke Gneiss of Deer Creek (Lovering, 1935).
These minerals as well as calcite (previously discussed) could dissolve to supply the
calcium that is found in upper Snake River and Deer Creek waters.
According to Catts (1982), natural birnessite (MnO2) precipitating within Deer
Creek is composed of approximately 13% calcium and could provide a sink for calcium
in the aqueous system.
Chloride
Compounds of the chloride ion with common metallic elements, alkali metals,
and alkaline earth metals are readily soluble in water. However, minerals in which
chloride is an essential component are not very common. According to Hem (1985), the
average amount of chloride in natural waters in the United States that can be attributed to
rainwater is a “few tenths of a milligram per liter”. Precipitation chemistry from Guler
(2002) reports an average chloride concentration of 0.47 mg/l in the higher elevations of
the Sierra Nevada Mountains in California. Relatively low concentrations (average of ~
0.6 mg/l in all water samples) of chloride found in the upper Snake River and Deer Creek
systems most likely originate from rain and snow.
Acceptable levels of chloride in drinking water are listed by the EPA NSDWR as
<250 mg/l. Chloride concentrations in the Snake River and Deer Creek range from 0.01
to 4.18 mg/l, falling well below the EPA recommended levels.
Potassium
Potassium does not readily dissolve from silicate minerals and exhibits a strong
tendency to be reincorporated into solid weathering products, such as clay minerals. The
average concentration of potassium in living plants is 0.3% (Hem, 1985) and some of the
concentration found in natural waters may be caused by surface runoff incorporating
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plant debris. Most natural waters have a relatively low concentration of potassium.
Microcline feldspar (KAlSi3O8) is found in granitic pegmatites and gneiss, but weathers
very slowly. Muscovite mica [KAl3(Si3)O10(OH)2] and biotite mica
[KMg3AlSi3O10(OH)2] are common minerals in many intrusive igneous rocks,
pegmatites, and metamorphic rocks. All of the minerals discussed are components of the
gneiss, schist, and pegmatite found in the Idaho Springs Formation, the Swandyke Gneiss
and the associated mineralized veins, and are potential sources of potassium in the
aqueous system.
Magnesium
Magnesium is a major constituent of ferromagnesian minerals (olivine, pyroxene,
amphiboles, micas) found in igneous rock. In the Snake River and Deer Creek, biotite
mica and hornblende both may contribute magnesium to the aqueous system.
Additionally, forsterite (MgSiO4), the magnesium-rich end-member of the olivine family,
is typical of mafic intrusive igneous rocks, and is used in the model to represent a source
of magnesium to the system.
Sodium
Sodium is the most abundant member of the alkali-metal group (Hem, 1985).
Once sodium is in solution, it tends to remain in solution, and although it can be adsorbed
onto mineral surfaces such as clays, these interactions are generally weak and do not
affect the sodium content of the water significantly.
Feldspars are a significant source of sodium. Andesine (NaCaAlSi2O8) is present
in the Swandyke Gneiss (Lovering, 1935), and is considered a minor constituent in most
granites and metamorphic rocks. Albite (NaAlSi3O8) is an essential constituent of
granites, pegmatites, mica schists, and gneiss, and could be a source for the sodium in the
aqueous system. Potassium feldspars are resistant to weathering, but the sodium and
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calcium varieties are more susceptible (Hem, 1985). Rainwater contains up to 1.0 mg/l
of sodium and could contribute a small amount of sodium to the system.
Sulfur
The sulfide ion (S2-) is the most reduced form of sulfur. Large concentrations of
sulfide minerals often indicate ores of economic significance and produce acidic aqueous
conditions. When sulfide minerals such as pyrite are weathered, the sulfur is oxidized to
create sulfate (SO42-) ions, which are incorporated into the aqueous solution. Hydrogen
ions are produced during this process, lowering the pH of the system. Sulfate occurs in
the water samples from Deer Creek (averaging 16 mg/l) and Snake River (averaging 90
mg/l).
Pyrite (FeS2), represents the most important reservoir of sulfide in the upper
Snake River system. Additional sulfide minerals are present in smaller amounts, such as
sphalerite (ZnS), chalcopyrite (CuFeS2), and chalcocite (Cu2S). Molybdenite (MoS2) and
galena (PbS) are also present, however, their relative abundance in rocks is relatively
small and they are not very soluble. For simplicity, galena and molybdenite are not
included in the model. Copper (possibly from chalcopyrite) concentrations in Snake
River and Deer Creek waters range up to 0.4 mg/l.
Concentrations of sulfate in precipitation generally range from 0.1 to over 1.0
mg/l (Hem, 1982). Acceptable levels of sulfate in drinking water are listed by the EPA
NSDWR as <220 mg/l. Sulfate concentrations range up to 400 mg/l in the Snake River,
exceeding the listed EPA values in some places.
Silica
Approximately 30% of all minerals are silicates and approximately 90% of the
Earth's crust is made up of silicates. It is second only to oxygen in abundance in the
earth’s crust (Hem, 1985). In the field area, many of the common rock-forming minerals
are silicates, including andesine, microcline feldspar, muscovite, sillimanite (Al2SiO5),
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biotite, hornblende, plagioclase, and quartz (SiO2). Dissolved silica is represented as the
oxide SiO2 or silicic acid (H4SiO4), and the precipitate is represented as amorphous
SiO2(a). Silica in natural water ranges up to approximately 30 mg/l (Hem, 1985), and
water in the upper Snake River system ranges up to 36 mg/l.
Aluminum
Aluminum is the third most abundant element in the Earth’s outer crust.
Although it is readily available, aluminum rarely occurs in solution in natural water in
significant concentrations, except where the waters have a very low pH (Hem, 1985).
This trait can be observed when comparing the aluminum content of Deer Creek (high
pH, low aluminum) with the Snake River (low pH, high aluminum). Because aluminum
stays in solution in low pH waters and precipitates at higher pH, a white aluminum
hydroxide precipitate is observed at the confluence of the Snake River and Deer Creek,
where high aluminum water (Snake River) meets high pH water (Deer Creek).
Many of the silicates found at the site are aluminum silicates. Andesine,
microcline, muscovite, sillimanite, biotite mica, and plagioclase are all examples of
minerals that are available to add aluminum to the system. Based on saturation indices
(discussed in the following section), aluminum precipitate at the site is in the form of
gibbsite [Al(OH) 3].
Acceptable levels of aluminum in drinking water are listed by the EPA NSDWR
between 0.05 and 0.2 mg/l. Aluminum concentrations range up to 25 mg/l in the Snake
River, exceeding the listed EPA values in some cases. Aluminum ranges up to 0.01 mg/L
in Deer Creek.
Copper
Copper is present in very small concentrations in samples from Deer Creek (up to
0.11 mg/l) and in slightly higher concentrations in Snake River samples (up to 0.43 mg/l).
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This source is copper in the upper Snake River basin is probably due to copper sulfide
minerals such as chalcopyrite and chalcocite.
The EPA NPDWR list the MCLG for copper in drinking water as 1.3 mg/l, which
is higher than the highest concentration found in the upper Snake River basin of 0.43
mg/l.
Iron
Iron is the second most abundant metallic element in the Earth’s outer crust.
However, concentrations of iron in natural waters are generally small (Hem, 1985).
Biotite, chalcopyrite, magnetite (Fe3O4), and sphalerite are all minerals that are available
at the site and contain iron. However, pyrite is probably the most important of the ironbearing minerals as far as the water chemistry of the Snake River/Deer Creek system is
concerned. Iron is precipitated as ferrihydrite [Fe(OH)3] in the form of ferricrete.
Acceptable levels of iron in drinking water are listed by the EPA NSDWR as <0.2
mg/l. Iron concentrations range up to 36 mg/l in the Snake River, greatly exceeding the
listed EPA values in many cases.
Manganese
There is approximately 1/50th as much manganese in the Earth’s crust as there is
iron. Manganese is not a common constituent of most silicate rock minerals, but it can
substitute for iron, magnesium and calcium in these rocks. Rhodochrosite (previously
discussed in the carbonate section), and forsterite [Mg(2-x)Mn(x)SiO4] may be available
to supply manganese to the aqueous system.
Manganese is precipitated as a black oxide. At the site, this black oxide is mostly
composed of birnessite. Birnessite is a hydrous manganese oxide that plays a significant
role in controlling trace metal geochemistry of aqueous environments by adsorptive and
coprecipitation processes (Catts, 1982).

86

Acceptable levels of manganese in drinking water are listed by the EPA NSDWR
as <0.05 mg/l. Manganese concentrations range up to 9.8 mg/l in the Snake River,
exceeding the listed EPA values in some cases.
Zinc
Zinc usually has a similar abundance in crustal rocks as copper, but is more
soluble and more prevalent in natural waters. Sphalerite is present at the site and may
supply zinc to the system. Zinc concentrations in Deer Creek are nearly “normal” for
natural waters (approximately 0.02 mg/l; Hem, 1985). Concentrations of zinc in the
Snake River are approximately one order of magnitude higher, in agreement with Hem’s
(1985) estimate that streams affected by mine drainage commonly contain 0.1 mg/l or
more. Although the top reaches of the upper Snake River are not impacted by mining
activities, the pH and metal content of the water are similar to acid-mine waters.
Acceptable levels of zinc in drinking water are listed by the EPA NSDWR as <0.5
mg/l. Zinc concentrations range up to 4.0 mg/l in the Snake River, exceeding the listed
EPA values in some of the upper Snake River samples.
7.2

Observational Model
An observational model was constructed to relate analytical results to field

observations. Analytical results of sample analyses are entered into the model and the
saturation indices (SI) of specified minerals are calculated by the model. The SI’s are
used to evaluate the degree of attainment of equilibrium between the waters of the area
and the minerals discussed above.
Saturation Indices
Each chemical reaction has an associated equilibrium constant (Keq). This
constant represents the ratio of the effective concentrations, also known as activities, of
the products and reactants after the solution has reached equilibrium.
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wW + xX → yY + zZ

[Y ] [Z ]
[W ]w [X ]x
y

Keq =

z

where
y = stoichiometeric coefficient
Y = element
Keq = equilibrium constant
[Y] = activity of Y

6.1

The ion activity product (IAP) and the equilibrium value (Keq) are used to
determine the SI for the solution.
For example:
NaCl ↔ Na+ + Clyields:
Keqmineral =

[a ][a ]
Na +

Cl −

[aNaCl ]

[ ]

where: aCl − = activity of Cl-

Assuming that [aNaCl ] = 1, the ion activity product is:
6.2

IAP = (a Na + )(aCl − )
and the saturation index (SI) in PHREEQC is:

SI = log10

IAP
Keqmineral

where
SI = 0; mineral is in equilibrium with solution
SI < 0; mineral is under-saturated
SI > 0; mineral is over-saturated

6.3

SI values make it possible to evaluate the reactive mineralogy of the subsurface
from surface aqueous samples. At equilibrium, the rates and amounts of dissolution and
precipitation of the solid will be in balance and the product of the concentrations as
shown in equation 6.1 will equal the equilibrium constant. When a solid is in contact
with a solution, disequilibrium will exist between the two phases if the solution does not
contain the same components as the mineral. Disequilibrium will also exist if the
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solution contains all of the components of the mineral, but the ion activity of those
components does not exactly equal the equilibrium constant.
If the SI is less than zero, the water is under-saturated and the mineral will
dissolve. It is also possible that that an under-saturated mineral is not present or not
reactive under the site conditions. For example, calcite is under-saturated in the Snake
River basin, and it is assumed that there are limited amounts of calcite available for
dissolution in the Idaho Springs Formation (Figure 7.4). Calcite-undersaturated samples
in Deer Creek are probably due to limited time in contact with bedrock.
If the SI is larger than zero, the water is super-saturated with respect to that
mineral. A reactive mineral that is present should produce a SI of close to zero if it has
enough time to reach equilibrium. Within the upper Snake River, it is assumed that the
iron is controlled by ferrihydrite [Fe(OH)3], which is the primary constituent of ferricrete,
and oxidizing ground water should be in or near equilibrium with this mineral. Figure
7.5 shows the SI values for Fe(OH)3. Deer Creek samples are all super-saturated with
respect to ferrihydrite, where nucleation of the precipitate has not occurred, while Snake
River samples are mostly near saturation, indicating that Fe(OH)3 is near equilibrium in
the Snake River, which is consistent with field observations of Fe(OH)3 precipitation. It
is also possible that Fe(OH)3 in the Deer Creek basin is calculated as super-saturated
because Deer Creek has more iron in the unoxidized (Fe2+) state than the oxidized (Fe3+)
state, on which the modeling program bases Fe(OH)3 SI calculations.
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Figure 7.4. Calcite saturation indices.
Less than 0 represents water that is under-saturated with respect to calcite.
Between -0.5 and 0.5 represents water that is near equilibrium with respect
to calcite.
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Figure 7.5. Calculated Fe(OH)3 saturation indices.
All under-saturated (-1.5 to -0.5) and near-equilibrium (approximately -0.5
to 0.5) samples are located on the Snake River, while all Deer Creek
samples are super-saturated (0.5 to 5).
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Deer Creek
Calculated SI and partial pressure values for selected minerals and gasses in Deer
Creek water samples are presented in Figures 7.6 through Figure 7.8. Partial pressures
for both CO2 and O2 gases lie close to their known atmospheric partial pressures of 10-3.5
and 10-0.7 atm., respectively, indicating that there are no significant anomalies in the
sample analysis (Figure 7.6).
Fe(OH)3 ranges from near equilibrium to super-saturated in all Deer Creek
samples (Figures 7.5 and 7.7). Amorphous SiO2 ranges from near equilibrium to
undersaturated, while Zn(OH)2 is undersaturated in all waters, and gibbsite is close to
equilibrium in most samples (Figure 7.7).
Plagioclase and k-feldspar are under-saturated (dissolving) in each sample, as
expected (Figure 7.8). The one anomaly with respect to the feldspar minerals is the
Lower Chattaqua mine sample (Sample: Lower Chat), which has SI values close to
equilibrium. Deer Creek samples are super saturated with birnessite, but under-saturated
in confluence samples (Samples: Control 8/30, Control 8/31, and Control 9/1) (Figure
7.8). However, birnessite occurs as a hard, black precipitate throughout Deer Creek,
documented by Catts (1982), suggesting that the residence time in Deer Creek is
sufficient to reach equilibrium. However, the SI value is for the crystalline mineral while
the actual product may be microcrystalline or amorphous requiring a different Ksp value.
The difference in birnessite SI values before and after the confluence show the profound
influence that a small drop in pH has on water chemistry.
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Figure 7.6. Deer Creek log partial pressures for CO2 and O2 gases (with pH for reference).
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Figure 7.7. Deer Creek saturation indices for Fe(OH)3, SiO2, gibbsite [Al(OH)3], and Zn(OH)2 (with pH for reference).
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Figure 7.8. Deer Creek saturation indices for k-feldspar, plagioclase, and birnessite (with pH for reference).
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Snake River
Calculated SI and partial pressure values for selected minerals and gasses in
Snake River water samples are presented in Figures 7.9 through Figure 7.12. While
calculated O2 gas remains close to saturation with respect to the atmospheric partial
pressure of 10-0.7 atm, calculated CO2 is extremely under-saturated compared to
atmospheric partial pressure of 10-3.5 atm in some samples (Figure 7.9). Acidic samples
(pH < 4.5) do not produce accurate calculated PCO2 values because the majority of
dissolved carbonate is present as H2CO3, which was not measured.
SI values of Fe(OH)3 fluctuate to a great extent in upper Snake River samples. In
general it is close to equilibrium, becoming more under-saturated when the water is more
acidic, while it is close to equilibrium or greatly super-saturated where the water is more
basic (Figures 7.5 and 7.10). SiO2 is near equilibrium to undersaturated in all samples
(Figure 7.10).
Gibbsite SI values fluctuate to a great extent; it is super-saturated in more basic
water and under-saturated in more acidic water. Zn(OH)2 is under-saturated in acidic
water, but is closer to equilibrium at higher pH (Figure 7.11).
Birnessite shows a similar response to pH as in Deer Creek water, it is undersaturated in acidic water and super-saturated in basic water. Plagioclase and k-feldspar
are under-saturated (dissolving if present) in every sample (Figure 7.12).
In general, an analysis of modeled SI values in both Deer Creek and the upper
Snake River sample data is consistent with field observations and known conditions
(Theobald et. al., 1963; Catts, 1982).
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Figure 7.9. Snake River log partial pressures for CO2 and O2 gases (with pH for reference).
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Figure 7.10. Snake River saturation indices for Fe(OH)3 and SiO2 (with pH for reference).
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Figure 7.11. Snake River saturation indices for , Zn(OH)2, and gibbsite [Al(OH)3] (with pH for reference).
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Figure 7.12. Snake River saturation indices for k-feldspar, plagioclase, and birnessite (with pH for reference).
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7.3

Inverse Model

The inverse modeling feature of PHREEQC is used to determine the mass of
selected minerals and gases that must enter or be released from solution to account for the
differences in composition between two waters (Figure 7.13). Inverse models are
constrained to satisfy mass balance for each element and charge balance for each endmember solution as well as for the mixture. In general, inverse models are non-unique
solutions.
Initial water chemistry is based on precipitation (snow) data from the east side of
the Sierra Nevada (Guler, 2002). Aluminum, copper, iron, manganese and zinc are
assumed to be zero in precipitation data. Final water chemistry of the upper Snake River
and Deer Creek is based on average group chemistry of the statistically determined data
clusters presented in Section 5.2.
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Figure 7.13. Conceptualization of the inverse model
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7.3.1 Inverse Model 1a
Precipitation to Deer Creek Water

Inverse model 1a describes the reactions that take place when average
precipitation is allowed to react with mineral-rich rocks to produce the chemistry
represented by an average of clustered Group 1 samples (Section 5.2, Appendix D). A
conceptual representation of the process is shown in Figure 7.14. Group 1 sample
locations are shown in Figure 7.15 as red dots, and represent the first reactions that take
place in the Deer Creek basin when precipitation is allowed to react with the minerals
that are present.

Figure 7.14. Conceptual representation of inverse model 1a.
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Figure 7.15. Sample locations with Group 1 classification.
Group 1 is shown as red dots. Yellow dots indicate all other sample
locations. Topographic contours are shown at 10-meter intervals. View is
looking northward; the Snake River is on the right, and Deer Creek is on the
left. Both are flowing towards the top of the figure.
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Seven of the clustered Group 1 samples are located in the Snake River. All of
these samples were collected from stagnant water. Because stagnant water has enough
time to equilibrate with the minerals and the atmosphere, the metals that are present in
other upper Snake River water samples are no longer in solution at high concentrations.
Additionally, waters on the eastern slope portion of the upper Snake River drainage
originate in the Swandyke Gneiss, which predominantly underlies the Deer Creek
drainage, and may create similar water on the eastern slopes of the upper Snake River
drainage (Figure 2.5). The average chemical composition of the Group 1 waters with and
without the inclusion of the samples located in the upper Snake River is documented in
Figure 7.16. Constituents of the two averaged waters are very similar with the exception
of the sulfate concentration. In order to keep the original clustered statistical groups
intact, water from the upper Snake River water is allowed to remain in the Group 1
average for this model.
Comparison of water chemistry of precipitation (initial water) and average Group
1 waters (final water) indicate that the water may be neutralized with calcite (Table 7.1).
PHREEQC input for all inverse models is included in Appendix G.
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Figure 7.16. Comparison of average concentrations in Group 1 waters with (blue) and
without (red) the inclusion of equilibrated upper Snake River water.
Error bars are based on a 95% confidence that the sample analysis was
correct to within 20%.
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Element

*pH
SO4
Ca
K
Mg
Na
SiO2
Cl
Al
Fe
Mn
Zn

Solution 1
Solution 2
(µg/l)
(µg/l)
(precipitation) (average Group 1)
5.9
7.8
1,100
16,000
840
9,200
410
570
190
1,500
430
1,000
170
5,000
470
300
NM
7.4
NM
91
NM
12
NM
11

*pH is in standard units
NM = not measured

Table 7.1.

Model 1a analytical input for PHREEQC model.

Inverse Model 1a Results
The concentrations of minerals that are necessary to create the average Group 1
water chemistry (representing Deer Creek water) from average precipitation are shown in
Figure 7.17 and Appendix H. Calcite is present in larger amounts than all other
minerals. This is consistent with the conceptual model, which assumes that high pH
values in Deer Creek are influenced by acid-neutralizing calcite. Pyrite concentrations
are realistic, as sulfide minerals are present within the Deer Creek basin as well as the
upper Snake River basin. Plagioclase is present within the metamorphic gneisses and
schists in the area. Forsterite represents a source of magnesium in the area and may act
as a proxy for other undetermined magnesium-rich rocks.

107

The model predicts that SiO2, Al(OH)3 and Fe(OH)3, and birnessite precipitate in
the Deer Creek basin. In general, the inverse model accurately describes the observed
conditions at the site.

Deer Creek Dissolved Constituents

9%
Calcite

18%

Pyrite
51%

Plagioclase
Forsterite

23%

Deer Creek Precipitated Constituents
2%

SiO2

26%
40%

Al(OH)3
Fe(OH)3
Birnessite

29%

Figure 7.17. Summary of inverse model 1a results. Values are percent of total moles.
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7.3.2 Inverse Model 2a
Precipitation to Beginning Snake River Water

Inverse model 2a describes the reactions that take place when average
precipitation is allowed to react with mineral-rich rocks to produce the chemistry
represented by an average of clustered Group 4 samples (Section 5.2, Appendix D). A
conceptual representation of the process is shown in Figure 7.18. Group 4 sample
locations are shown in Figure 7.19 as red dots. The samples were collected from minor
tributaries or at the headwaters of the Snake River and thus represent the first reactions
that take place in the upper Snake River basin when precipitation reacts with the minerals
that are present.

Figure 7.18. Conceptual representation of inverse model 2a.
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Figure 7.19. Sample locations with Group 4 classification.
Group 4 is shown as red dots. Yellow dots indicate all other sample
locations. Topographic contours are shown at 10-meter intervals. View is
looking northward; the Snake River is on the right, and Deer Creek is on the
left. Both are flowing towards the top of the figure.
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Comparison of precipitation water chemistry (initial water) and average Group 4
waters (final water) indicate water-rock interaction (Table 7.2). PHREEQC input for all
inverse models is included in Appendix G.

Element

*pH
SO4
Ca
K
Mg
Na
SiO2
Cl
Al
Fe
Mn
Zn
Table 7.2.

Solution 1
Solution 2
(µg/l)
(µg/l)
(precipitation) (average Group 4)
5.9
4.2
1,100
34,000
840
3,800
410
1,000
190
1,600
430
1,000
170
11,000
470
540
NM
1,700
NM
82
NM
1,400
NM
200

Model 2a analytical input for PHREEQC model.

Inverse Model 2a Results
The concentrations of minerals that are necessary to create the average Group 4
water chemistry (representing the headwaters of the upper Snake River) from average
precipitation are shown in Figure 7.20 and Appendix H. The most important dissolution
reactions occurring within the upper Snake River basin include pyrite, plagioclase,
rhodochrosite, K-feldspar, and hornblende. Precipitated components include Fe(OH)3,
Al(OH)3, and nontronite.
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Figure 7.20. Summary of inverse model 2a results. Values are percent of total moles.
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Pyrite is present in larger amounts than all other minerals. This is consistent with
the conceptual model, which assumes that low pH values in the upper Snake River are
caused by the oxidation of pyrite. Concentrations of the other dissolved constituents are
realistic based on known geology in the basin.
The model confirms that Al(OH)3 and Fe(OH)3 precipitates are present in the
upper Snake River basin, where they are observed as white and orange-brown sediment.
Nontronite, a clay mineral within the montmorillonite group, is present as a
relatively large precipitation component. It is expected that clay minerals are
precipitated, as they are a typical product of the weathering process.
In general, the inverse model accurately describes the observed conditions at the
site.
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7.3.3 Inverse Model 3a
Beginning to Final Snake River Water

Inverse model 3a describes the reactions that take place when the average Group
4 water is allowed to react with mineral-rich rocks to produce the average chemistry of
Group 2 waters (Section 5.2, Appendix D). A conceptual representation of the process is
shown in Figure 7.21. Group 4 and Group 2 sample locations are shown in Figure 7.22
as blue and red dots, respectively.

Figure 7.21. Conceptual representation of inverse model 3a.
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Figure 7.22. Sample locations with Group 4 and Group 2 classifications.
Group 4 (initial water) is shown with blue dots. Group 2 (final water) is
shown as red dots. Yellow dots indicate all other sample locations.
Topographic contours are shown at 10-meter intervals. View is looking
northward; the Snake River is on the right, and Deer Creek is on the left.
Both are flowing towards the top of the figure.
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Comparison of water chemistry of Group 4 (initial water) and Group 2 waters
(final water) indicate water-rock interaction from the upper reaches towards the lower
reaches of the upper Snake River basin (Table 7.3). PHREEQC input for all inverse
models is included is Appendix G.

Element

*pH
SO4
Ca
K
Mg
Na
SiO2
Cl
Al
Fe
Mn
Zn
Table 7.3.

Solution 1
Solution 2
(µg/l)
(µg/l)
(average group 4) (average group 2)
4.2
3.7
34,000
230,000
3,800
13,000
1,000
2,100
1,600
12,000
1,000
2,900
11,000
27,000
540
1,000
1,700
13,000
82
6,300
1,400
4,400
200
2,100

Model 3a analytical input for PHREEQC model.

Inverse Model 3a Results
The minerals that are necessary to create the average Group 2 water chemistry
(representing the lower reaches of upper Snake River water) from average Group 4 water
chemistry (representing the higher reaches of upper Snake River water) are shown in
Figure 7.23 and Appendix H. The most important dissolution reactions occurring within
the upper Snake River basin include pyrite, plagioclase, biotite, rhodochrosite, and trace
amounts of sphalerite. Precipitated components include Si(OH)3, Fe(OH)3, and jarosite.
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Pyrite is present in larger amounts than all other minerals. This is consistent with
the conceptual model, which assumes that low pH values in the upper Snake River are
influenced by the oxidation of pyrite. Concentrations of the other dissolved constituents
are realistic.
The model is consistent with observations that Fe(OH)3 and SiO2 precipitates are
present in the upper Snake River basin. Jarosite [KFe3(SO4)2(OH)6] is not necessarily
expected to precipitate in the area, but it is usually associated with iron minerals and may
be representative of more Fe(OH)3 precipitation.
In general, the inverse model accurately describes the observed conditions at the
site.
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Figure 7.23. Summary of inverse model 3a results. Values are percent of total moles.

118

7.4

Forward Static Model

Forward static model solutions for the upper Snake River (model 2a and 3a) are
allowed to react with concentrations of pyrite and other minerals previously determined
by inverse models 1a, 2a, and 3a. The resultant solution is then equilibrated with
Fe(OH)3 (within the model), which composes the large ferricrete deposits in the upper
Snake River. The resultant chemistry represents the water chemistry that should be
observed in low-pH, high-metal content field samples collected from the upper Snake
River basin. The calculated results are compared to data collected in the field. Forward
static model solutions for Deer Creek (model 1a) are not equilibrated with Fe(OH)3, since
ferricrete is not observed in Deer Creek.
Each forward static model contains two groups of minerals that have been
calculated from the corresponding inverse model. The first group contains only pyrite,
and the second group contains all other calculated minerals. This is done so that pyrite
may be incrementally reacted with oxygen, and the pH of the water lowered, before the
water reacts with the other minerals, since the way in which mineral dissolution
progresses for minerals other than pyrite is significantly affected by the pH of the water.
The PHREEQC input decks for all forward static models are included in Appendix G.
7.4.1 Forward Static Model 1a
Precipitation to Deer Creek Water

Mineral concentrations determined from inverse model 1a are added to the Deer
Creek forward static model 1a (Table 7.4, Appendix G) and allowed to react with the
average precipitation composition given by Guler (2002). If the mineral concentrations
predicted by the inverse model are accurate, the forward static results should be similar to
the averaged Group 1 water chemistry, which represents Deer Creek surface water.
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Forward Static Model 1a input (from Inverse Model 1a)
Total Pyrite
8.41 x 10-5 mol/l
Total minerals (excluding pyrite)
2.86 x 10-4 mol/l
Percent of Total Minerals
Mineral
(excluding pyrite)
Plagioclase Feldspar
23%
Calcite
66%
Forsterite (Olivine)
11%

Table 7.4.

Input for forward static model 1a.

The results of model calculations (Figures 7.24 through 7.27) are the predicted pH
value and element concentrations based on infiltrating precipitation reacting with the
minerals listed in Table 7.4. Error bars show the variance of the sample analysis based
on a 95% confidence that the sample analysis is correct to within 20% of the measured
value. Predicted values of aluminum, zinc, manganese, iron, and potassium are lower
than the measured values of these elements, while predicted chloride, sodium, and silicate
values are higher than the measured values. The predicted values for pH, magnesium,
calcium, and sulfate are within a reasonable range of the measured values.

ug/L (pH is in standard units)
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Figure 7.24. Forward static model 1a observed and calculated chemistry (pH, Al, Zn, and
Mn).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values.
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Figure 7.25. Forward static model 1a observed and calculated chemistry (Fe, Cl, and K).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values.
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Figure 7.26. Forward static model 1a observed and calculated chemistry (Na and Mg).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values.
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Figure 7.27. Forward static model 1a observed and calculated chemistry (SiO2, Ca, and
SO4).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values.
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7.4.2 Forward Static Model 2a
Precipitation to Beginning Snake River Water

Mineral concentrations determined from inverse model 2a (Table 7.5, Appendix
G) are added to the (upper Snake River) forward static model 1a and allowed to react
with the average precipitation composition given by Guler (2002). Because ferricrete is
observed in the basin, the resultant water is allowed to equilibrate with a modeled
Fe(OH)3 surface. If the mineral concentrations predicted by the inverse model are
accurate, the forward static results will describe the averaged Group 4 water chemistry,
which represents initial upper Snake River surface water.

Forward Static Model 2a input (from Inverse Model 2a)

1.57 x 10-4 mol/l

Total Pyrite
Total minerals (excluding pyrite)
Mineral

Plagioclase Feldspar
Rhodochrosite
K-Feldspar
Hornblende
Sphalerite
Chalcocite
Table 7.5.

1.29 x 10-4 mol/l
Percent of total minerals
(excluding pyrite)
51%
19%
14%
12%
2%
0.8%

Input for forward static model 2a.

The results of model calculations (Figures 7.28 through 7.31) are the predicted pH
value and element concentrations based on infiltrating precipitation reacting with the
minerals listed in Table 7.5. Error bars show the variance of the sample analysis based
on a 95% confidence that the sample analysis is correct to within 20% of the measured
value. Predicted values for iron are lower than the measured value, while the predicted
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values for sodium, magnesium, aluminum and silicate are higher than the measured
values. The predicted values for pH, zinc, chloride, potassium, manganese, calcium, and
sulfate are within a reasonable range of the measured values.
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Figure 7.28. Forward static model 2a observed and calculated chemistry (pH and Fe).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values. Forward Static Model 3a.
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Figure 7.29. Forward static model 2a observed and calculated chemistry (Zn and Cl).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values. Forward Static Model 3a.
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Figure 7.30. Forward static model 2a observed and calculated chemistry (K, Na, Mn,
Mg, Al, Ca).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values. Forward Static Model 3a.
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Figure 7.31. Forward static model 2a observed and calculated chemistry (SiO2 and SO4).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values. Forward Static Model 3a.

125

7.4.3 Precipitation to Final Snake River Water

In order to create the waters observed in the upper Snake River basin directly
above the confluence of the upper Snake River and Deer Creek, the calculated mineral
concentrations of the higher elevations of the upper Snake River basin (inverse model 2a)
are added to the calculated mineral concentrations of the lower elevations of the upper
Snake River basin (inverse model 3a) and the resultant concentrations are averaged. A
conceptual representation of the two inverse models is shown in Figure 7.32. The
mineral concentrations resulting from the combination of these two models (Table 7.6)
are allowed to react with precipitation concentrations from Guler (2002). The
PHREEQC input deck for this model has been included in Appendix G.

Figure 7.32. Conceptual model of the procedure used to obtain average mineral
concentrations of the entire upper Snake River basin.
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Forward Static Model 3a input
(from Inverse Model 2a and Inverse Model 3a results)
Total Pyrite
1.04 x 10-3 mol/l

Total minerals (excluding pyrite)
Mineral

Plagioclase Feldspar
Biotite Mica
Rhodochrosite
K-Feldspar
Hornblende
Sphalerite
Chalcocite
Table 7.6.

5.74 x 10-4 mol/l
Percent of total minerals
(excluding pyrite)
49%
17%
16%
7%
6%
4%
0.4%

Input for forward static model 3a. Average of minerals inverse model 2a
(Table 7.4) and inverse model 3a (Table 7.5) representing the path from
precipitation to final Snake River water.

The results of model calculations (Figure 7.33 through 7.36) are the predicted pH
value and element concentrations based on infiltrating precipitation reacting with the
minerals listed in Table 7.6. Error bars show the variance of the sample analysis based
on a 95% confidence that the sample analysis is correct to within 20% of the measured
value. Predicted values of calcium, chloride, zinc, iron, and sulfate are lower than the
measured values of these elements, while predicted potassium, sodium, and silicate
values are higher than the measured values. The predicted values for pH, zinc,
manganese, magnesium, and aluminum are within a reasonable range of the measured
values.
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Figure 7.33. Forward static model 3a observed and calculated chemistry (pH).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values.
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Figure 7.34. Forward static model 3a observed and calculated chemistry (Mg, Ca, and
Al).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values.
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Figure 7.35. Forward static model 3a observed and calculated chemistry (Cl, K, Zn, Na,
Mn, and Fe).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values.
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Figure 7.36. Forward static model 3a observed and calculated chemistry (SiO2 and SO4).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values.
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7.5

Mixing Model

A mixing model is constructed using the observed water chemistry from each
river directly above the confluence (Table 7.7) to calculate the amount of water from
each river that is necessary to create the water at the confluence.
Mixing the observed water chemistries at a 1:1 ratio, the resultant model predicts
a pH of 5.5 (the measured pH is 5.2). Error bars show the variance of the sample analysis
based on a 95% confidence that the sample analysis is correct to within 20% of the
measured value (Figure 7.37 trhough 7.40). Overall the predicted water chemistry is very
similar to the sampled confluence water, indicating that the two tributaries supply
approximately equal amounts of recharge to the main Snake River. This is consistent
with measured and observed flow rates (Boyer et. al., 1999, McKnight et al., 1992a and
1992b).

*pH

Sample SR-2700 Chemistry
Snake River above confluence
(µg/l)
3.78

Sample DC-3750 Chemistry
Deer Creek above confluence
(µg/l)
8.12

SO4

83,000

9,800

Ca
K
Mg
Na

8,300
830
5,000
2,000

12,000
570
1,800
1,100

SiO2

18,000

5,000

Cl
Al
Fe
Mn
Zn

700
4,600
760
1,100
670

120
7.8
110
10
50

Element

Table 7.7.

Model input for mixing model .

ug/L
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Figure 7.37. Mixing model observed and calculated chemistry (Fe, Zn, Cl, K, Mn).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values.
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Figure 7.38. Mixing model observed and calculated chemistry (Na, Al, Mg).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values.
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Figure 7.39. Mixing model observed and calculated chemistry (Ca).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values.

70000
60000

ug/L

50000
40000
30000
20000
10000
10

11
SiO2

12
SO4

13

Figure 7.40. Mixing model observed and calculated chemistry (Ca).
Lines represent measured values with error bars indicating a variance of
20%. Diamonds represent calculated values.
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7.6

Geochemical Modeling Summary

An observational model of collected water sample data calculated saturation
indices of the samples and indicated that aluminum hydroxides are expected to precipitate
in some areas the Deer Creek basin, while in the upper Snake River, ferrihydrite,
amorphous silica, and aluminum hydroxides are all expected to precipitate in some areas.
The inverse model predicted the types of minerals that may be dissolved and
precipitated in the two basins based on an initial precipitation chemistry and observed
average clustered group chemistry. In the Deer Creek basin, calcite, pyrite, feldspar, and
forsterite are expected to dissolve, and amorphous silica, aluminum hydroxide,
ferrihydrite, and magnesium oxides are predicted to precipitate. In the upper Snake River
basin, pyrite, feldspar, hornblende, carbonate, biotite, and sphalerite are expected to
dissolve, and ferrihydrite, aluminum hydroxide, clay minerals, and amorphous silica are
expected to precipitate.
The forward static model reacted initial precipitation water chemistry with
available minerals that were determined by the inverse model to create the observed
stream chemistry. In both basins, the calculated minerals reacted with precipitation to
form surface water mineral concentrations, which are close to those observed in the field.
The result of this modeling effort indicates that the natural acid drainage observed
in the upper Snake River basin is a naturally-occurring phenomenon that is caused by the
reaction of oxygenated recharge water with a combination of minerals known to be
present in the basin, including pyrite, feldspar, hornblende, calcite (carbonate), biotite,
and sphalerite. It is also determined (using the mixing model), that downstream water
contains equal parts of Deer Creek and upper Snake River water chemistry. Any
remediation attempted on either basin would affect conditions downstream of the
confluence accordingly.
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CHAPTER 8:

8.1

CONCLUSIONS AND RECCOMENDATIONS

Discussion

The upper Snake River and Deer Creek have significantly different surface water
chemistry even though they are located adjacent to each other and both have similar
mining histories. These differences may be explained by a combination of basin
characteristics:
1)

The total volume of pyrite in the rocks of the Snake River drainage is higher than in
Deer Creek drainage, and pyrite is more disseminated in the upper Snake River
drainage, thus having a higher surface area than pyrite present in veins of the Deer
Creek drainage and allowing for more oxidation of the pyrite surface.

2)

The presence of the highly-fractured Montezuma shear zone, located at the
headwaters of the upper Snake River basin, allows larger amounts of oxygenated
recharge to interact with the bedrock, producing the following reactions (discussed
in Chapter 2) with pyrite:

2FeS2 + 7O2 + 2H20 → 2 Fe2+ + 4S042- + 4H+

(8.1)

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2 H2O

(8.2)

Fe3+ + 3H20 → Fe(OH)3 + 3H+ (Precipitation of iron hydroxide)

(8.3)

Without additional oxygen in the system, reaction 8.2 cannot produce additional
protons, only Fe2+ is produced, and the pH is constrained. If Fe3+ is not produced by
reaction 8.2, then Fe(OH)3 does not precipitate by reaction 8.3, explaining the
absence of ferricrete deposits on Deer Creek.
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Another possible result of increased oxidation of the bedrock in the upper Snake
River is an increase in hydraulic conductivity due to weathering, and a resultant
decrease in water table elevation. A lower water table could allow for the continued
exposure to oxygenated recharge to less weathered bedrock in the vadose zone.
3)

The presence of more carbonate-rich rock in the Deer Creek basin buffers the effect
of any pyrite oxidation that takes place.

The differences outlined above explain the presence of natural-acid drainage at the
headwaters of the upper Snake River, and the relative deficiency of acidic water in Deer
Creek. Basins with similar characteristics and mineralogy to the upper Snake River and
Deer Creek may have comparable natural background concentrations and pH values.
Furthermore, the explanations support that any estimation of pre-mining water quality in
acid water-impacted areas should take into account: 1) the character of the distribution
(disseminated versus veins) of acid forming minerals in a basin, 2) the potential for high
levels of oxygen interaction with bedrock, and 3) the presence of carbonate-rich rock.
8.2

Conclusions

Ferricrete volume and the volume of bedrock necessary to produce the ferricrete
in the upper Snake River basin indicate the depth of flushing and water rock interaction is
1.0 to 14 meters in the basin. However, recent sampling at the continental divide has
indicated that weathered bedrock extends to a depth of approximately 61 meters. It is
possible that more extensive ferricrete deposits were present as a result of this weathered
bedrock, but were eroded by glaciers that moved through the area approximately 10,000
years ago.

135

Recharge estimated from the rate of ferricrete formation (0.07 m/yr using 1.3 km2
as area of recharge infiltration) is consistent with recharge estimates from climate data
(0.08 m/yr) and stream discharge (0.07 m/yr).
A flow model of the basin, constrained using values of recharge estimated from
ferricrete volume, climate data, and stream discharge produced values for hydraulic
conductivity that are consistent with expected hydraulic conductivity and gradient.
Hierarchally clustered water quality data sets form spatially distinct groups. A
spatial depiction of these groups indicated four distinct water types representing, 1) Deer
Creek surface water, 2) Snake River headwater (with limited residence time), and 3)
upper Snake River water (with longer residence time), and 4) Snake River surface water
that has mixed with mine-impacted waters.
The shallow subsurface recharge and rock mineralogy interacts to create the water
chemistry observed in the upper Snake River. Geochemical modeling of the site using
clustered sample groups demonstrated that the chemical concentrations of elements in the
high-metal, low-pH waters may be explained by a combination of minerals common in
the bedrock and sulfide deposits. This result is consistent with previous investigations
that point towards a large body of disseminated pyrite and an associated sulfide deposit in
the area, which is the likely cause of acidic, metal-rich waters in the upper Snake River
basin.
This research provides a procedure by which the subsurface geochemical
conditions at a site may be investigated without expensive or difficult drilling. This may
be important to environmental clean up efforts, which attempt to remediate acid-mine
waste waters to their natural conditions. A large and spatially varied surface water
chemistry data set can be generalized using cluster analysis and analyzed using
geochemical modeling techniques. The analysis generates a set of minerals that may be
present in the subsurface. These models can be applied to other basins in which the
background concentrations of metals in water must be understood. Additionally, the
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geochemistry of downstream waters may be predicted using the results of the inverse and
forward static geochemical models by mixing calculated or observed waters. Mixing
model results should be particularly valuable for parties interested in remedial activities,
as it provides a means to determine the effects of different remedial techniques within the
river. The models created during this study are easily enhanced and refined whenever
new or more detailed information becomes available.
8.3

Recommendations

This study produced a template for the statistical analysis and geochemical
modeling of natural-acid impacted waters. Because the conditions in the area vary
drastically throughout the year, and samples were collected only during a narrow time
period during the summer season, the results should only be used as a guide to aid in
future studies.
Important information for future studies may include an accurate saturated-zone
flow model that could properly constrain the time that water has to come to equilibrium
in the subsurface. This may also be accomplished by age dating the water that discharges
at the ferricrete deposits.
In order to create a calibrated flow model of the area, head measurements and
accurate flux measurements must be collected. Wells should be constructed, or data from
borings currently being constructed in Handcart Gulch should be collected.
Three measurements collected through piezometers at approximately 0.1 meter
below the stream bed (SR-1800-G, SRW1-1425-G, and SRW1-460-G) indicated that
high concentrations of metals are entering through the subsurface, as expected. Future
research may concentrate on the collection of samples in the hyporheic zone.
A comparison of hydrographs of Deer Creek and the upper Snake River during
high-discharge storm events may evaluate the different basin responses to through-flow.

137

A quick response indicated by a spike in flow rate during storm events may indicate a
lower hydraulic conductivity and less infiltration into the bedrock. However, a gradual
response may indicate deeper infiltration into the bedrock and a higher hydraulic
conductivity.
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