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Disclaimer

The following papers have been accepted for publication in the Proceedings of the
International Conference on Acid-Rock Drainage to be held in Denver, May 22-25, 2000. The
purpose of this open-file report is to make these data available to the public, particularly the
residents of Silverton, Colo. in the Animas River watershed, so that these data can be used in
preparation for the upcoming hearing before the Colorado Water Quality Commission on water
quality standards in the Animas River watershed. This report will be superceded by publication
of the conference proceedings and will be withdrawn on June 1, 2000. All formal reference to
these reports should be made in the proceedings of the ICARD conference.

i1



Geologic Control on Acidic and Metal-Rich Waters in the
Southeast Red Mountains Area, Near Silverton, Colorado

Dana J. Bove,! M. Alisa Mast,! Winfield G. Wright,? Philip L, Verplanck,’ Greg P. Meeker,!
and Douglas B. Yager!

ABSTRACT

Areally extensive acid sulfate-altered and mineralized rock in the southeast Red Mountains area is noted for
its association with naturally occurring and mine-related acidic and metal-rich waters. Integrated geologic and
aqueous geochemical studies demonstrate that the degree of metal mobilization and acid production in natural
waters correlates well with the type of hydrothermally altered rock and structural features in which these water
interact. Quartz-sericite-pyrite, quartz-alunite, and argillic alteration assemblages are associated with some of
the most naturally acidic, high-metal waters in the study area; calcite-bearing propylitic rocks are related to
the most pristine waters and buffer sulfate-rich, acidic waters produced by pyrite oxidation. Trace metals in
natural waters are mostly derived from enargite, zinc-rich tetrahedrite and sphalerite. Pyrite oxidation
contributes very little with respect to base-metals in these natural waters.

INTRODUCTION

The Red Mountain Pass area, near Silverton, Colorado, has long been known for its spectacular tan and red,
bleached landscape and the production of some of the richest ores mined in Colorado. The red and bleached
bedrock, caused by-the oxidation of large quantities of finely-disseminated pyrite, together with the arsenic,
copper, and silver-rich mines, produce the acidic and metal-rich surface waters characteristic of the area. Early
geologic studies provide vivid descriptions of the corrosive nature of the natural and mine-related waters. In
a geologic report of the area, T.E Schwarz (1883) remarks that “iron springs abound, and in depth, the mine-
water becomes all that is objectionable, readily disposing of a 1/4-inch thick wrought iron column-pipe in four
weeks time; good water is not to be found.” The presence of iron-oxide cemented conglomerate above present
stream levels indicates that naturally metal-rich drainage has been active in this area for thousands if not
millions of years.

The southeast Red Mountains study area (Fig. 1), which comprises Prospect Gulch, Georgia Gulch and
the high slopes of Red Mountain #3 (Fig. 2), encompasses the margins of an extensive 23 Ma acid-sulfate
hydrothermal system with related Ag-Cu-Au breccia pipe and fault-hosted mineralization (Bove et al., 1999).
Recent studies indicate that both natural and mine-related waters within the study area are major contributors
of iron, aluminum, zinc, and other trace metals to Cement Creek, a major tributary of the upper Animas River
(Bove et al., 1998; Wirt et al., 1999).

Integrated geologic and aqueous geochemical studies in the southeast Red Mountains study area are part
of an ongoing project to provide technical suppor. towards reclaiming abandoned mine sites on Federally
owned land (Nimick and von Guerard, 1998). The objectives of the current study are to (1) characterize the
geology and mineralogy of the study area, (2) understand the relationships between specific hydrothermal
alteration assemblages, other structural and mineralogic features, and local water chemistry, (3) quantify
water-rock interactions by mass-balance modeling using detailed geologic and mineralogic data, and (4)
characterize natural and mine-related metal contributions to the local surface waters. To accomplish these
goals, we carefully mapped and studied the bedrock geology, hydrothermal alteration assemblages, and
structural features in the study area, and sampled 47 streams, springs and mine waters mostly during summer
base-flow conditions (1997-1998).

'U.S. Geological Survey, Federal Center, Denver, CO 80225-0046
2U.S. Geological Survey, Durango, CO 81302
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Figure 1 Generalized location map of the upper Animas River watershed
showing the southeast Red Mountains study area.

METHODS

Field identification of mineral phases was confirmed by whole-rock X-ray diffraction (XRD). Clay minerals
were studied by standard clay XRD techniques (Moore and Reynolds, 1989). Major and minor elemental
analyses of minerals were obtained with a JEOL 8900 electron microprobe at the U.S. Geological Survey in
Denver, Colorado; analytical precision and statistical errors are discussed in Wit et al. (1999). During the
course of this study, the locations of all adits, shafts, and significant prospects® were plotted and their
respective dumps were mapped. Based on this information and previous reports on mine workings in the area
(King and Allsman, 1950; Burbank and Luedke, 1964), stream and spring waters were classified as either
“natural” or “impacted” dependent on their geographic relationship to these workings. Water sample sites
were classified as “natural” if no roads, adits, shafts or significant prospects were located upgradient of these
sites. Conversely, stream or spring sites not meeting these criteria were termed “impacted.” Water sampled
from shafts or adits are referred to as “adit,” “shaft” or simply “mine” waters. Details on the sampling and
chemical analysis of water quality samples are described in Mast et al. (in this volume).

REGIONAL GEOLOGY

The Silverton caldera, which is nested within the larger San Juan caldera (28.2 Ma), formed in response to the
eruption of the Crystal Lake Tuff 27.6 million years ago (Lipman et al., 1976; Bove et al., 1999). The Crystal
Lake Tuff is mostly absent within the Silverton caldera undoubtedly due to erosion within this relatively
shallow subsided depression. Instead, a thick sequence of finely porphyritic dacitic-andesitic lavas comprise
the dominant rock units within the Silverton caldera (Burbank and Luedke, 1969); these lavas are referred to
as the Burns Member of the Silverton Volcanic Series (Lipman et al., 1973; Burbank and Luedke, 1969).
Rocks overlying the Burns Member vary considerably throughout the Silverton caldera and generally consist
of interbedded volcaniclastic sediments, mudflow breccias, and interbedded lavas.

The Eureka graben, which is the downdropped, northeast-trending fault zone along the crest of the
coalesced San Juan-Uncompahgre calderas, is an important host to mineralization that post-dates these
calderas by about 5-15 Ma (Lipman et al., 1976). Hydrothermal activity temporally related to these calderas
caused regional propylitization of the volcanic rocks (incipiently altered feldspars, chloritexepidotezcaicite)
with associated weakly disseminated pyrite (Slack and Lipman, 1979). Although altered and mineralized
rocks are in close spatial association with the San Juan, Uncompahgre, and Silverton calderas, alteration and

3Excavations exceeding 2—4 ft in depth or width, or any size workings within stream drainage.
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mineralization is rarely contemporaneous with caldera formation (Lipman et al., 1976; Slack and Lipman,
1979). The San Juan-Uncompahgre caldera cycle thus provided a favorable structural environment for later
mineralization. Most mineralization and associated hydrothermal alteration in this area is temporally and
genetically associated with three major episodes of high-level magmatism between about 10 to 26 Ma (Bove
et al., 1999).

GEOLOGY AND MINERALIZATION OF THE STUDY AREA

The southeast Red Mountains study area contains a massive acid-sulfate hydrothermal system that is host to
associated Ag-Cu-Au breccia pipe and fault-hosted mineralization. Geologic relations and isotopic dating
indicate that ore mineralization, hydrothermal brecciation, and pervasive hydrothermal alteration are
intimately associated with episodic intrusion of dacite porphyry magma, all of which took place at about 23
Ma (Bove et al., 1999).

Hydrothermal Alteration

The northern slopes of Prospect Gulch (Fig. 2) represent the southernmost margins of an extensive 23 Ma
acid-sulfate hydrothermal system comprised of quartz-alunite + pyrophyllite-altered rocks and related quartz-
sericite-pyrite (QSP) alteration (Bove et al., 1998). Rocks affected by this ancient hydrothermal system make
up the nearly 12 km? of brilliant bleached to orange-red peaks in the vicinity of Red Mountain Pass, north of
Silverton (Fig. 1). In contrast, rocks on the southern slopes of Prospect Gulch and in Georgia Gulch to the
south (Fig. 2), represent a much weaker regional propylitic event (~27-28 Ma) that was largely unaffected by
the later 23 Ma acid-sulfate altering fluids. Outcrops of dacite porphyry intrusion are spatially associated with
the most intensely altered rock in the study area and are conspicuously absent in areas dominated by
propylitic-altered rocks.

Quartz-sericite-pyrite assemblage. QSP-altered rock underlies a significant portion of the study area and
extends upwards to the tops of many high ridges (Fig. 2). This assemblage is characterized by roughly
25-50% fine-grained pervasive quartz, abundant well crystalline illite (sericite), and 10-20% finely
disseminated and fracture-filling pyrite. Mean thickness of fundamental illite particles by PVP intercalation
(Eberl et al., 1998)—used as an indicator of alteration intensity and zonation (Bove et al., unpub. data)—
ranges from 11 to 36 nanometers and averages 17 nanometers. Studies of a deep drill hole collared just north
of the study area indicates that much of this QSP-altered rock may represent a transition upward from deeper
potassium-rich alteration zones related to emplacement of high-level dacite porphyry magmas (Gilzean, 1984,
Bove et al., 1990).

Seh'cite-pyrite assemblage. QSP-altered rock grades outward into a weaker and less silicified marginal zone
of sericite-pyrite (SP) alteration (see Fig. 2). These rocks contain 5-15% quartz and pyrite exceeds 10 volume
percent of the rock. Oxidation of pyrite however, may be more prevalent in the weakly silicified, SP-altered
rocks relative to their more silicified QSP counterparts. The less silicified rocks are more easily weathered and
thus more susceptible to pyrite oxidation. In contrast to the QSP assemblage, illite within the marginal SP zone
is poorly crystalline, and has a mean fundamental particle size of 4 to 8 nanometers. Similar zoned physical
and structural changes in illites, such as those within the QSP and SP assemblages, have also been observed
in studies of deep drill core from similarly mineralized and altered rocks near Lake City, Colorado (Bove and
Eberl, unpub. data). Studies from the Lake City area show a rapid increase in fundamental illite particle size
that correlates with an increase in base metal concentration and proximity to an underlying dacite porphyry
intrusive body (Bove et al., 1990). The increase in mean illite particle size within the study area also
corresponds with increasing alteration intensity and proximity to intrusions; however, zonation in associated
metal content, although expected, is only conjectural.

Propylitic assemblage. Propylitic alteration generally reflects a regional event that preceded 23 Ma acid-
sulfate alteration in the Red Mountains area by at least 3 million years (Lipman et al., 1976; Bove et al., 1999).
Mass balance studies indicate that primary rock-forming elements were mostly conserved during propylitic
alteration (Fisher and Leedy, 1973; Bove et al., 1990); however, sulfur was added to most of these rocks in
the form of minor finely disseminated pyrite. Primary rock-forming minerals were variably replaced by fine
mixtures of epidote, chlorite, calcite, and illite. Abundances of any one of these four minerals range from 0 to
30 volume percent of the rock, whereas collective totals span from <5 to 40 volume percent. In general,
plagioclase crystals were mostly albitized and incipiently to moderately altered to mixtures of epidote, calcite,



chlorite, and illite. Most iron and magnesium-bearing minerals such as biotite, hornblende, and diopsidic
pyroxene show near complete replacement by chlorite, epidote, illite, and fine-grained iron oxides.

Although most propylitic alteration formed during a regional hydrothermal event (>26 Ma ago), some
localized propylitic alteration formed at 23 Ma peripheral to mineralized and altered faults and fractures.
Although this younger assemblage grossly resembles the regional propylitic assemblage, it is distinguished
largely by the presence of relatively coarse-grained pyrite along fractures and by quartz, chlorite and
magnetite within veinlets.

Acid-sulfate alteration. Detailed field mapping and combined X-ray diffraction studies indicate that fault and
breccia-controlled zones of acid-sulfate alteration are generally superimposed on broad intervening expanses
of QSP-altered rock and upon QSP/SP-altered fault zones in propylitically altered rock (Fig. 2). These
composite acid-sulfate alteration zones typically transition outward from quartz-alunite into pyrophyllite,
dickite, and (or) propylitic-altered rock; sericite is generally not a component of this zonation. Mineralogical
data from three exploratory drillholes collared along a broad north-south structural zone above the Lark Mine
(Fig. 2), demonstrate that acid-sulfate alteration zones have roots extending at least 1,000 ft beneath the
ground surface. Rock from these drill core average 120 ppm Cu, 334 ppm Pb, and 31 ppm Zn. Fine pyrite,
which is disseminated and present along networks of tiny fractures, ranges from 20-30 weight percent within
these samples.

A moderately dipping tabular zone of finely silicified and hydrothermally brecciated rock is present in
the vicinity of Red Mountain #3 (Fig. 2). Surficial mapping and unpublished drill log data (Amoco Minerals)
indicate that this 200-ft thick breccia mass abruptly transitions downward and outward into strongly argillized
rocks composed of dickite, minor to moderate quartz, and abundant finely disseminated pyrite. The upper
breccia mass is composed of banded and intensely brecciated jasperoidal quartz; the lower half contains
abundant vugs filled with clay, jarosite, iron-oxides, and rare native sulfur. Zones of quartz-alunite-altered
rock are spatially associated with the silicified breccia, and these in turn also grade outward into argillized
rock. Disseminated pyrite (10-25%), enargite, and lesser covellite and galena are present throughout the entire
silicified breccia. However, sulfides are mostly oxidized within the uppermost 220-280 ft of this entire
mineralized zone. Although gold and silver are anomalously concentrated within the silicified breccia
(averaging 0.03 oz/ton Au, 0.60z/ton Ag), these metals are lacking in argillized rocks beneath and bounding
the breccia mass (Matlock and Hollister, 1990).

Soils and Precipitates

Soils formed from the decomposition of fresh to propylitic altered rock contain smectite and illite, with minor
amounts of kaolinite and chlorite. Clays within soils formed from intensely altered rocks (QSP, SP) however,
consist of illite, and minor amounts of chlorite and kaolinite. The absence of kaolinite in any major alteration
assemblages suggests that this clay formed by neoformation. Whereas, the compositional similarities of illite
and chlorite within soils and hydrothermally altered protolith strongly suggest that these soil minerals were
inherited. Lack of detailed clay studies on propylitic altered rocks, however, make it difficult to assess the
origin of smectite within these associated soils.

Precipitates within mildly to moderately acidic stream channels consist mostly of X-ray amorphous iron
hydroxides with minor amounts of goethite. An iron precipitate mound at an acidic spring near the mouth of
Prospect Gulch (site P15; Fig. 2) is comprised of major amounts of X-ray amorphous iron hydroxide, goethite,
and jarosite. An X-ray amorphous aluminum hydroxide precipitate was found in the stream channel just below
site P12 (Fig. 2).

Mining and Ore-Related Minerals
Ore minerals present within the major mines in the southeast Red Mountains study area formed mostly at 23
Ma and are localized along large (>150 ft wide), mineralized fault structures and spatially associated
hydrothermal breccia masses (Fig. 2)(Bove et al., 1999). These ores are mineralogically similar to the
contemporaneous but more famous 23 Ma mineralized breccia deposits (i.e., National Belle, Yankee Boy, and
Guston mines; Ransome, 1901; Fisher and Leedy, 1973; Nash, 1975) in the adjacent Red Mountain Pass area.
Although hydrothermal breccias are common in the study area (Fisher and Leedy, 1973; Nash, 1975; Bove et
al,,1998), classic mineralized “breccia bodies,” such as those observed in the Red Mountain Pass area, do not
crop out at the surface.

Representative samples obtained from waste and ore dumps from some of the larger mines in Prospect
Gulch have been studied by petrographic microscope, X-ray diffraction, and electron microbeam studies (Wirt



et al., 1999, Table 1, p. 21). These studies show the major ore minerals to consist of pyrite, sphalerite, galena,
enargite, and arsenic- and zinc-rich tetrahedrite, in decreasing order of abundance. Gangue and related
minerals include alunite, pyrophyllite, quartz, and illite, with minor amounts of barite, diaspore, anglesite, and
zunyite. Genesis of the acid-sulfate/breccia ores in the study area and in the adjacent Red Mountain Pass area
has been clarified recently by geologic and stable isotope studies (Bove and Rye, unpub. data), and is very
similar in nature to the acid-sulfate hydrothermal systems and related ore deposits in the Summitville and Lake
City areas of Colorado (Bove et al., 1990; Gray and Coolbaugh, 1994; Bove et al., 1999).

WATER CHEMISTRY

Natural Sources of Acidity and Heavy Metals to Surface Waters

Geochemical data from a subset of stream, spring, and mine effluent waters sampled within the study area are
shown in Table 1, sample locations are shown on Figure 2. Plots depicting those waters that interacted with
near end-member alteration assemblages are shown on Figure 3. From these data it is apparent that individual
alteration assemblages produce relatively distinctive aqueous geochemical signatures. As shown on Figure 2,
the large expanse of QSP-altered rock on the north side of Prospect Gulch and argillic and quartz-alunite
altered rock south of Red Mountain #3 are associated with some of the most naturally acidic waters in the
study area (median pH 3.1 and 3.3), with mean conductivity of 654 and 820 uS/cm, and base metal sum (Zn
+Cu+Cd+Ni+Co+Pb) of 281 and 751 ug/L, respectively. In contrast, waters draining SP and mixed SP and
propylitic-altered rock on the margins of the hydrothermal system are less acidic and lower in metals with
median pH values of 3.6 and 6.1, mean specific conductance of 338 and 142 pS/cm, and mean sum of base
metals of 252 and 76, respectively. Waters influenced by propylitic-altered rocks, which are largely south of
the axis of Prospect Gulch (Fig. 2), generally have the lowest metal concentrations in the study area. These
waters have a median pH value of 5.9, mean alkalinity of 14 ug/L., and mean conductivity and base metal sum
of 58 uS/cm and 77 pg/L, respectively.

In addition to mineralogical differences in bedrock geology, structural components such as fractures,
bedding planes, and surficial deposits such as landslides and talus slopes, also may play a key role in the
generation and occurrence of low pH and metal-rich surface waters. For example, spring P15, which
discharges at the base of a NNW-trending fracture zone (Fig. 2, Table 1), has the lowest pH and highest metal
concentrations of all unimpacted surface waters collected in the study area. Although the fracture zone is
hosted in propylitic-altered rocks, the spring water appears to reflect the influence of QSP and acid-sulfate

Table 1 Water quality data from a subset! of springs, streams, and mines in the study area.

[Site locations (No.) are shown on Figure 2. Alt.= dominant alteration type. S, P, or A, preceding No. is stream, spring,
or adit or shaft. SC= specific conductance. Metals is sum of Cu, Co, Cd, Ni, Zn, Pb.]

No. Alt. pH SC Mg Ca Na Si SO Al Fe Mn Zn Cu Metals
(uS/cm) mg/L. pg/L
PI QSP 325 654 101 351 032 156 238 14,190 5212 1473 156 45 253
S2 Sp 298 608 26 169 0.13 77 145 1,710 8,189 1,105 92 34 177
P3 QSp 275 940 63 43 022 283 327 8,835 41924 582 132 188 394
S4 SP/PROP 6.16 103 20 136 076 3.6 33 122 421 66 <3 5 <80
S5 PROP 6.05 57 12 74 037 19 16 <1 30 <1 <3 4 <80
A6 MINE 279 1087 1.9 20 029 622 367 12,610 60,300 244 11,960 638 13,610
S7 PROP/SP 660 228 5.1 330 1.77 45 61 <1 67 81 <3 6 <80
S8 Sp 415 118 1.5 1LI 049 63 45 1,580 30 245 <3 10 82
A9 MINE 330 775 67 779 081 114 338 3,114 6,599 10,800 3,951 619 4,780
S10 MIX 2 586 205 39 270 095 76 95 43 55 323 424 10 489
Sil PROP3 654 316 83 442 106 57 143 133 30 559 178 4 234
PI2 PROP? 640 685 84 1108 187 57 320 <1 48 <1 <3 4 76

Al3 MINE 235 1780 038 31 035 153 691 5870 117,645 205 52,370 3,924 56,680
S14 MIX 2 341 234 1S5 70 040 95 51 1,764 5,585 155 1,052 136 1,376
P15 MIX 2 313 860 86 321 1.12 582 351 20695 55,146 758 1,072 4 L1137

1Some water analyses cited in this report are yet unpublished and do not appear in this table.
2Mixed influence from several alteration assemblages.
3Mixed SP and PROP with important structural component.
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rocks along the upper slopes of Prospect Gulch indicating that the fracture system may act as a conduit
between these two areas. The tritium concentration in a sample from site P15 indicates the spring is fed by a
mixture of recently recharged water and water that may be more than 50 years old. This older water
component supports the idea that the fracture may control the flow of water over the relatively long distance
between the headwater area and the discharge point of the spring. As shown on Figure 4, the chemistry of this
spring water is strikingly similar to QSP-related waters. However, some of the minor differences in trace
metals probably relate to interaction with Cu-deficient mineralized vein material along the fracture conduit.
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Figure 3 Constituents of natural waters related to various alteration
assemblages. Individual plots average of several representative samples.
H* ion multiplied by 1,000.
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Figure 4 Constituents of average QSP water, average Prospect Gulch Mine water,
and spring site P15. H* ion multiplied by 1,000.



Another example of the importance of structural control on water-rock interaction processes is
illustrated on the southwestern slopes of Prospect Gulch. In this case, spring-fed waters discharging on both
sides of a small landslide (Fig. 2) had pH values of about 6.5 with specific conductance values > 800 uS/cm.
Geochemical data from the western-most spring (P12) shows high concentrations of dissolved SO, and Ca in
conjunction with high alkalinity (Table 1). In contrast, stream water just upstream from site P12 had a pH of
6.5 and a specific conductance of 90 uS/cm. The neutral and relatively dilute stream water undoubtedly
reflects minimal water-rock interaction time as the water travels along the margins of the slide. In comparison,
the highly concentrated spring waters likely indicate increased water-rock interaction time related to a
bounding NE fracture zone (SP-altered rock) and water migration along the base of the landslide mass
(propylitic/SP-altered rock).

Mine Waters and Sources of Dissolved Metals

Average mine waters from the Prospect Gulch area are enriched in Pb, Zn, Cu, and Cd and depleted in Ca and
Sr relative to the most “naturally” acidic/high-metal waters of this subbasin (Fig. 4). These differences can be
explained by the concentration of the ore minerals pyrite, sphalerite, galena, enargite, and arsenic and zinc-
rich tetrahedrite and the absence of calcite in the associated mines. Relative to other mine waters in the upper
Animas River watershed (Nash, 1999, Mast et al., in this volume), mine discharge in Prospect Gulch is
compositionally unique and relatively enriched in Cu, Pb, Cd, Cr, and As—a signature of the 23 Ma Cu and
As-rich, acid-sulfate-related mineralization (Burbank et al., 1972). Mine waters associated with pervasive
acid-sulfate altered rock also are notably depleted in Sr, Ca, and Mn relative to other mine waters outside the
study area. In some instances, these apparent depletions may be directly correlated to the absence of gangue-
related minerals such as rhodonite (MnSi0;), rhodochrosite (MnCO,3) and calcite; however they are also
related to the scarcity of calcite and plagioclase (Ca, Sr), and chlorite and pyroxene (Mn) that are associated
with propylitic-dominant host rocks. This is illustrated by comparing mine drainage in propylitic-dominant
host rock in adjacent Georgia Gulch to mine waters associated with acid-sulfate-altered host rock in northern
Prospect Gulch. As shown in Table 1, effluent from the Kansas City mine in Georgia Gulch (S9) has more
than ten times the dissolved constituents of Mn, Ca, and Sr as do mine waters from northern Prospect Gulch.

Weathering Reactions from Inverse Geochemical Modeling

Inverse geochemical modeling using the program NETPATH (Plummer et al., 1994) was performed on four
diverse natural waters to identify geochemical water-rock reactions associated with some of the major mapped
alteration assemblages; modeled waters represent springs or stream headwaters. Inverse modeling uses field
data to interpret water analyses in terms of water-rock interactions along a known flow path. Modeling input
includes water from two points along a flow path (initial and final product) and stoichiometric formulas of all
minerals possibly interacting with the water along the path. Results of the modeling yield possible sets of
water-rock interactions to explain the computed differences in concentration of various dissolved constituents
in these two waters. Model results were evaluated on the basis of known mineralogical constraints (see
sections on hydrothermal alteration, mineral precipitates, and soil mineralogy), NETPATH speciation
calculations, and by a general knowledge of kinetic rates of mineral dissolution and precipitation. The
compositions of most mineral phases likely to be dissolving and precipitating in these waters are given in
Table 2. Starting water compositions were obtained from mean annual volume-weighted precipitation
concentrations measured at a nearby monitoring station at Molas Pass (Mast et al., this volume). Results from
the mass-balance analyses, which are shown in Table 3, varied considerably for each of the four waters, mostly
reflecting differences in alteration intensity of the associated bedrock.

Propylitic alteration assemblage. Results from stream sample S5 represent water interaction with weakly
fractured rock of typical propylitic composition. The model indicates that calcite comprises the largest
dissolved mineral constituent and a very minor amount of pyrite were oxidized. Minor amounts of chlorite,
albite, and illite were dissolved to account for other major cations. Epidote, although present within most
propylitic-altered rocks was excluded as a potential reactant due to slow kinetics of dissolution in natural
waters above pH 3.0 (G. Desborough, 1999, U.S. Geological Survey, unpub. data). The major secondary
products indicated by the mass-balance solution are iron hydroxide and minor amounts of kaolinite and silica.

Modeling of spring sample P12 indicates the dissolution of very large amounts of both calcite and pyrite
and relatively minor diopside, chlorite, and albite. As shown in Table 2, the preferred modeling results include
secondary aluminum hydroxide (a precipitate found at the sample site) and silica, both of which were
saturated in the NETPATH speciation calculations. This model demonstrates the important role of calcite-



Table 2 Chemical data of select mineral phases (in weight percent)
for mass balance study.

Element plag chlorite' diopside' illite® epidoté pyrite'

NaO, 11.20 0.01 0.37 0.10 0.01 0.00
MgO 0.00 18.46 15.26 1.38 0.00 0.00
ALO, 19.87 19.76 0.81 33.00 24.13 0.00
Si0, 67.37 28.09 53.36 48.90 37.47 0.00
TiO, 0.01 0.13 0.19 0.33 0.08 0.00
FeO 0.11 21.03 8.37 <0.08 10.61 46.40
MnO 0.00 0.73 0.54 0.00 0.75 0.00
K0 0.19 0.09 0.00 9.32 0.00 0.00
CaO 0.81 0.08 21.87 <0.03 21.97 0.00
BaO 0.01 0.00 0.02 0.00 0.00 0.00
S 0.00 0.00 0.00 0.00 0.00 53.51
Cu 0.00 0.00 0.00 0.00 0.00 0.02
Zn 0.00 0.00 0.00 0.00 0.00 0.04
As 0.00 0.00 0.00 0.00 0.00 0.01
Co 0.00 0.00 0.00 0.00 0.00 0.06

! Electron microprobe, this study.
2 (Eber] and others, 1987.)

Table 3 Results of mass balance modeling of natural waters draining
the major alteration assemblages in study area. Positive values indicate
dissolution and negative values indicate precipitaton in units of mmoles
per liter of water. nm represents minerals not included in model.

Mineral Phases ss! p12? sg? p3*
dissolved/precipitated PROP PROP-SP  SP-PROP QSsp
Calcite 0.178 2.600 0.229 0.096
Pyrite 0.080 1.664 0.231 1.700
Chlorite 0.030 0.121 0.013 0.159
lite 0.004 0.000 0.011 0.015
Albite 0.004 0.020 0.005 0.001
Diopside 0.000 0.134 0.034 0.000
SiO, 0.003 -0.697 -0.099 -0.206
Goethite -0.111 -1.833 -0.257 -1.113
Kaolinite 0.030 0.000 0.000 nm
Al(OH);3 nm -0.170 nm nm
CO, gas -0.131 -0.052 -0.581 -0.415
Pyrophyllite nm nm nm -0.087

!Propylitic alteration.

2propylitic and sericite-pyrite alteration controlled by structural features.
3Sericite-pyrite and minor propylitic alteration.

4Quartz-sericite-pyrite and minor propylitic alteration.

bearing propylitic rocks in the buffering of acidity produced by pyrite. As discussed in a previous section,
these neutral pH and high alkalinity waters (Table 1) probably derived their high sulfate concentrations from
the faulted and SP-altered rock in which they originated (Fig. 2). Subsequently, the acidic starting waters then
probably reacted with calcite-bearing propylitic rocks as they slowly migrated through a small landslide mass
(Fig. 2).

Sericite-Pyrite alteration assemblage. Stream water interacting with SP-altered rock at site S8 is controlled
by calcite and pyrite dissolution in roughly equal proportions. Although the amount of calcite dissolution only
slightly increases relative to propylitic water sample S5, pyrite oxidation increases markedly, resulting in
relatively lower pH and higher SO, concentration in this water. Silicate mineral dissolution includes relatively
small amounts of diopside and chlorite, followed by even less illite. Precipitation of iron-hydroxide and minor
amounts of a silica phase were required to remove Fe and Si from solution.
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Quartz-Sericite-Pyrite assemblage. Modeling of spring water sample P3 indicates that large amounts of pyrite
dissolution within QSP-altered rock (>5 times that of SP model) was required to produce the associated highly
acidic and iron-rich water. This model requires some pyrophyllite dissolution (from a nearby acid-sulfate
alteration zone; Fig 2), which is reasonable in this low pH range. The dissolution of relatively minor amounts
of calcite is probably related to the presence of small “islands” of propylitized rock that were left relatively
unaffected by 23 Ma QSP-altering fluids. Calcite and other Ca-rich minerals, although scarce, are still present
within these islands. This model requires dissolution of pyrophyllite, chlorite, and very small amounts of illite
to account for the Al and base cations within this water; albite dissolution is negligible. Iron hydroxide and
silica were the only secondary mineral-forming phases.

Based on this model and the average Zn concentration within pyrite (Table 2), 0.00068 mmoles/L of Zn
will be liberated during pyrite dissolution (1.7 mmoles/L). This accounts for only 44 pg/L of Zn within the
resultant water, which is three times lower than the actual Zn concentration in sample P3 (132 pg/L; Table 1).
Based on this calculation, it is reasonable to assume that only a minor portion of Zn and probably Cu within
this sample is attributed to pyrite oxidation. Most likely, the concentration of combined Zn and Cu (320 pg/L)
within sample P3 is primarily related to the dissolution of sphalerite, enargite, and Zn-rich tetrahedrite, which
are common within rocks along this flow path. Although the results shown in Table 3 may not be the only
defensible models to account for the measured water chemistry, they are consistent with the mineralogic and
structural characteristics of drainage areas influencing these sites.

CONCLUSIONS

The sources of the dissolved constituents in natural water of the southeast Red Mountain Pass area can be
described by geochemical weathering processes within a series of variably altered and mineralized rock. Most
dissolved water constituents increase incrementally in conjunction with increasing alteration intensity of the
associated host rock (Fig. 3). As demonstrated in mass-balance modeling results, this progression is dependent
upon the abundance of pyrite and other base-metal sulfides and the availability of acid-buffering minerals,
especially calcite. Oxidation of pyrite, and presumably other sulfide minerals, causes naturally occurring acid
water. Aluminum is dissolved as a product of the acid weathering of aluminosilicate minerals while most
dissolved iron enters the water through the oxidation of pyrite. Dissolved copper and zinc in natural waters
originate mostly from the oxidation of vein and disseminated base-metal sulfides such as enargite, zinc-rich
tetrahedrite and sphalerite; whereas, pyrite oxidation contributes very little in terms base-metal content.
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Pre-Mining Bed Sediment Geochemical Baseline in the Animas
River Watershed, Southwestern Colorado

Stanley E. Church', David L. Fey', and Robert Blair'

ABSTRACT
Determination of the pre-mining geochemical baseline in bed sediments in watersheds impacted by historical
mining activity is important in establishing watershed restoration goals. We have developed methods to solve
this problem in the Animas River watershed, southwestern Colorado, using geomorphologic mapping to
identify terraces that contain pre-mining sediments. Following a systematic evaluation of possible sites, we
collected samples of pre-mining sediments in gravel deposits from 21 sites throughout the watershed.
Geochemical analysis of individual layers has produced a chemical stratigraphy that can be tied to the
historical record through geochronological and dendochronological studies.

Analysis of geochemical data, when coupled with the historical record, clearly shows that there has been
a major impact on the geochemistry in bed sediments in the active stream channel by past mining activities.
Historical mining has resulted in a substantial increase in metals in the very fine sand to clay-sized
component of the bed sediment of the upper Animas River, and Cement and Mineral Creeks, which are the
major tributaries of the Animas River. Enrichment factors for metals in modern bed sediments, relative to the
pre-mining sediments, range from 1 to 6 for arsenic, 1 to more than 10 for cadmium, 1 to about 15 for copper,
1 to more than 25 for lead, 1 to more than 10 for silver, and 1.6 to more than 12 for zinc. The pre-mining bed
sediment geochemical baseline is high relative to average crustal abundance values of many metals. The
Animas River watershed above Silverton, Colorado would be readily identified as a highly mineralized area
suitable for mineral exploration if it were not disturbed by mining.

INTRODUCTION

Determination of pre-mining metal concentrations in bed sediments inr watersheds affected by historical,
inactive mines is necessary to help define achievable remediation and restoration goals of the Federal land-
management agencies (FLMA). We estimate that more than forty percent of the headwaters in watersheds in
or west of the Rocky Mountains have been impacted to some degree by past mining activities (Church et al.
1998b). The determination of water quality, stream habitat and aquatic community structure that existed prior
to mining are needed to define pre-mining conditions and guide watershed restoration. Furthermore, the
suspended- and bed-sediment geochemistry degrade aquatic habitat and impact the food chain (Milhous,
1999; Besser et al. 1998). Because there are no direct measures of water quality prior to historical mining
activities, an alternative approach must be found to evaluate pre-mining stream and aquatic conditions.

A new approach has been developed to determine the pre-mining geochemical baseline conditions in
the Animas River watershed. Trace-metal concentrations in the iron oxyhydroxide and oxyhydroxysulfate
minerals that precipitated out of stream waters as colloidal fractions and were preserved in the fluvial
sedimentological record (Church et al. 1997) provide an indirect measure of pre-mining water quality. We
have applied geomorphologic mapping methods to determine the relative ages of various gravel deposits
preserved within the stream reaches. Dendrochronology, historical records, and limitéd radiometric dating
have also been used to provide minimum ages of the terrace deposits. The river-terrace deposits are generally
erosional remnants of fluvial gravel deposits. We sampled gravels in terraces preserved above the maximum
flood-stage level, as determined by overbank deposits left by the 1911 Gladstone flood, which is the
historical flood of record. We have determined trace-element concentrations in these bed sediments using the
same sampling, processing, and analytical methods that were used to determine trace-element concentrations
in modern bed sediments (Church et al. 1997). Pre-mining terrace-sediments have proven relatively easy to
identify in the watershed, although they are not readily available everywhere within the watershed.

1 U.S. Geological Survey, Mineral Resources, Denver, Colorado
2 Fort Lewis College, Dept. of Geology, Durango, Colorado
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Geology of the Study Area
The Animas River drainage basin has its headwaters in the mountainous terrain above Silverton, Colorado

(fig. 1) and drains south into the San Juan River in northern New Mexico. Elevations range from more than
4,000 m (13,000 ft) at the headwaters to less than 1,800 m (6,000 ft) at the confluence with the San Juan
River south of Aztec, New Mexico. The major population center in the watershed is the city of Durango,

Colorado (fig. 2).

R.8W. R.7W. R.6W.
] I . T
43
N.
/\ *13,323
1
X
x 13,183
T.
:'2
- .
Kb []
37 52'30" | 14 Ou 1 ZEumk -
b 37
= 13 5 e S X I
x 13,657 l 8 12674 g s 13,488 13,370 .\4%
gy‘;ddle Forg (& S &
12* I ) 0‘5 > Howardsville
g A
S AR 4
O~ ¥13,152 al 6
R 11 8 T
5 AV p
37 48'45" wF9 10 f —a
Sou W&/ Silverton ’
7
13.370 x x x
13,068 O 13,474
| |
107 45' 107 37'30"
Base from U.S. Geological Survey 0 1 2 3 MILES
Silverton, Colo. 1:100,000, 1982.
Altitude shown in feet. 0 1 2 3KILOMETERS

s 0
l COLORADO : =" Sample Localities
J\/A';} i A Streamflow gaging station

-
DENVER i
Grand \/
ﬂ;on X

Uppet Animas \\TA 1

f/ RR'er Watershed /

..... =
LOCATION MAP

Figure 1 Map of the upper Animas River watershed (defined as the area of the watershed above the
confluence of the Animas River with Mineral Creek) showing localities of samples used to
determinine pre-mining geochemical conditions. The map area shows the upper Animas River
watershed, which is the primary focus of the current study. Additional samples are discussed in
the text from localities as far downstream as Durango (S-21), about 75 river km south of

Silverton, Colorado on the Animas River (fig. 2).
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Figure 2 Map of the Animas River watershed showing localities of samples used to determinine pre-
mining geochemical conditions. The map area shows the Animas River watershed from its
headwaters to the Colorado state line. Samples are shown in the Animas River below the area of
fig. 1. Localities are as far downstream as Durango (8-21), about 75 river km south of Silverton,
Colorado on the Animas River. Bakers Bridge (S-19) is located at the base of the Animas Canyon
section about 50 river km south of Silverton, Colorado.



The headwaters of the Animas River watershed are underlain by Tertiary igneous intrusive and volcanic
rocks that formed as a result of a late Tertiary age episode of andesitic to dacitic volcanism, followed by a
later episode of ash-flows, lava flows and intrusions of dacitic to rhyolitic composition (Lipman et al. 1976)
forming the Silverton caldera. Pervasive and intense hydrothermal alteration and mineralization events
postdate the formation of the Silverton caldera by several million years (Casadevall and Ohmoto, 1977). This
area of the Animas River watershed above Silverton has been extensively fractured, altered, and mineralized
by Miocene hydrothermal activity. Precambrian rocks crop out in the eastern part of the Animas River
drainage basin in the Animas Canyon reach south of Silverton forming the high rugged mountains in the
Weminuche Wilderess. Successive sections of Paleozoic, Mesozoic, and Tertiary sedimentary rocks crop
out in the southern part of the drainage basin, near Durango, Colorado (Tweto, 1979).

Placer gold was discovered in 1860 on Arrastra Creek above Silverton by soldiers exploring the Bakers
Park area, which later became the site of the town of Silverton, Colo. Following the signing of a treaty with
the Ute Indians in 1873, between 1,000 and 1,500 mining claims were staked in the Animas River watershed
upstream from Silverton. Mining activity spread rapidly throughout the area (Bird, 1999). The railroad was

- brought up from Durango in 1882 providing cheap transportation for ore concentrates from the many mills in
and above Silverton to the smelters in Durango (Sloan-and Skowronski, 1975). Mining continued in the
Animas River watershed until 1991 when the Sunnyside Mine closed. The Sunnyside Gold Corp. initiated
widespread remediation activities throughout the watershed in 1994.

Mineral deposits in the area include the chimney deposits associated with intrusives at Red Mountain
located in the headwaters of Mineral Creek, which are arsenic rich and contain arsenopyrite and tetrahedrite.
The major mineral production was from the base- and precious-metal polymetallic vein deposits in the
Eureka graben located between the upper Animas River and Cement Creek (fig. 1). Additional precious-
metal production occurred in the South Silverton mining district located south of the upper Animas River
southeast of Silverton (Burbank and Luedke, 1968; Leedy, 1971; Casadevall and Ohmoto, 1977). All of the
mineral deposits contain pyrite, chalcopyrite, sphalerite, and galena. Low-grade porphyry molybdenum
deposits have been identified by drilling in the Mineral Creek area (Tom Casadevall, oral commun., 1996).

Geomorphology of Fluvial Deposits

Sediment samples collected for the determination of the pre-mining geochemical baseline are from fluvial
sand and gravel deposits preserved in stream terraces. Fluvial- deposits consist of gravels that were
transported as bed load and deposited in stream beds and on bars, and finer sediments that were transported in
suspension and often deposited in overbank settings. These sediments are found in the active stream channels
and floodplains, but are also found in stream terraces. Stream terraces are former floodplains no longer
constructed and maintained by the stream. They were abandoned because the stream became incised, because
of climate change or some other reason, and thus were left elevated above the active channel and floodplain.
An understanding of the geomorphic evolution of the stream valleys and these terraces is necessary to
interpret the geochemical data. Surficial deposits of the Animas River watershed were mapped using color
aerial photographs (Blair, 1998). A surficial geologic strip map of the major tributaries, representing an area
about one kilometer in width and extending about 125 m up the sides of the drainages above the active
floodplain, has been completed for the Animas River and Cement and Mineral Creeks.

The upper Animas River and Mineral Creek (fig. 1) follow the Silverton caldera ring fracture system. The
volcanic rocks were rapidly weathered and eroded as a result of the intense fracturing and hydrothermal
alteration. Today, surficial deposits in the stream valleys are dominantly glacial, fluvial, and colluvial.
Although there have been multiple glacial episodes over the past two million years (Atwood and Mather,
1932; Gillam, 1998), only vestiges of the most recent glaciation (maximum extent about 18,000 years BP) are
present today. For example, Mineral Creek and the upper Animas River have classic U-shaped valleys and
both contain morainal deposits (Blair, 1998).

In the study area there have been two simultaneous modes of operation of the fluvial system during the
Holocene. In most stream reaches, there has been episodic stream incision followed by stability and
floodplain formation, and in some of those reaches terrace gravel deposits are preserved. Other stream
reaches have been dominated by slow aggradation of channels and floodplains, and terrace gravel deposits
are absent. In a detailed trench study of the Animas River floodplain below Eureka (fig. 1, site 3), Vincent et
al. (1999) demonstrated that for at least the past 2,000 years the valley floor has aggraded at a rate of about 1
m per 1,000 years. Between the period from 1900-1930, an additional meter of aggradation occurred in the
Animas River. More than 2 million tons of tailings were added to the Animas River from the initial stamp
and subsequent flotation mills at Eureka. Only a fraction of these tailings are now stored in the reach below
Eureka. The rest of the mill tailings have been flushed downstream and, along with tailings produced by the
numerous other mills in the stream reach, form a large sink of metal-laden sediment that raised the
concentrations of metals in historical stream deposits. The objective of this study is to identify pre-mining
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sediment deposited prior to mining and milling, and isolated from the stream and thus not contaminated by
tailings.

Field investigations indicate that fluvial gravel deposits preserved in terraces at greater than two meters
above the active stream level are probably older than 1860. The fluvial sediments in these terraces were laid
down prior to mining activity and preserve the pre-mining geochemical baseline for the representative
drainage, assuming no post-depositional human impact has occurred. These older terraces are relatively rare
in narrow canyons less than 100 m wide, such as the area south of Howardsville above Silverton, and north of
Eureka (fig. 1). The narrow canyons act as high-energy funnels during major stream flow events that flush
out and redistribute previously deposited sediment. Where valleys widen to several hundred meters, older
gravel terraces are usually preserved; for example, at Bakers Park where the town of Silverton is located,
along upper Mineral Creek (sites 13-14, fig. 1), and in selected reaches of the Animas Canyon between
Silverton and Durango. Historical evidence of the age of these elevated remnant terrace deposits can be
deduced from a study of the overbank deposits resulting from the Gladstone storm of October 5, 1911, the
largest historic flood on record in the upper Animas River watershed. The Gladstone storm reworked existing
alluvial channel sediment and deposited overbank sediments on midstream bars and new floodplain deposits
at elevations less than two meters above the active floodplain in several localities in the upper Animas River
watershed (Pruess, 1996). Thus, terraces elevated more than two meters above the active floodplain are both
prehistorical in age and would not be contaminated by flood transported tailings and mine wastes.

Human impact on the floodplain in the Animas River watershed has been significant, particularly on the
active floodplain. It is estimated from the geomorphic mapping studies that eighty to ninety percent of the
entire channel length of the Animas River has been altered in some way by human activity (Blair, 1998). The
floodplain between Howardsville and Eureka has been impacted directly as shown by the dramatic change in
aggradation at the trench site (fig. 1, site 3) below Eureka (Vincent et al. 1999). A great -deal of sediment
movement over the past 130 years occurred as a result of milling at Eureka between 1900 and 1930.
Aggradation in the braided section of the Animas River has raised the base of the streambed by about one
meter, obliterating the pre-mining stream morphology, destroying the willow carrs that provide bank stability
and riparian habitat (Vincent et al. 1999) and destroying the winter aquatic habitat (Milhous, 1999).

Another example of human impact on the active floodplain occurred due to aggressive stoping at the
Sunnyside Mine beneath an alpine lake in 1978. This activity resulted in collapse of the mine roof and lake
floor into the mine, draining the water from Lake Emma into the Sunnyside Mine (Bird, 1999). The flush of
sediment-laden waters from the Gladstone portal down Cement Creek coated the entire active floodplain with
sediment. Deposits from this event can be found on gravel terraces that are generally one to two feet above
the active flood plain of Cement Creek.

METHODS

Field Sampling Methods

Using the geomorphological maps to guide our field sampling, we walked the segments of the river channels
where pre-mining sediments might be preserved in old terrace deposits and sampled them at a number of sites
in the watershed. Sample localities above the confluence of the Animas River with Mineral Creek are shown
schematically on fig. 1 and below Silverton on fig. 2. Terrace deposits were also sampled at several sites in
the Animas Canyon, usually at sites in abandoned channels between Silverton and Bakers Bridge, about 25
km upstream from Durango Colorado. Whenever possible, terrace deposits were sampled beneath old large
trees (generally Engelmann Spruce). The trees were cored if live, or sampled if dead, for dendrochronological
determination of the minimum age of the terrace deposits. Historical photographs, records, or other
documents were also used to determine the minimum age of the terrace deposits (table 1).

The terrace deposits are generally composed of poorly sorted fluvial gravels containing lithic clasts
ranging in size up to 30 cm in diameter. Because no discernable stratigraphy was preserved, sections were
sampled in 15 to 30 cm intervals throughout the exposed section. We dug back into the terrace deposit at least
20 cm, carefully removing any materials that might have been deposited on the surface of the bank by
historical flood deposits that might result in sample contamination of the pre-mining gravel deposits even
though we were confident that we were sampling above the stage of all historical floods. At some sites, it was
necessary to sample terrace gravels at lower elevations. Here, the material on the tops of the banks was also
removed unless covered by a well-developed soil horizon to prevent contamination by recently deposited
gravels and silts on top of the gravel banks. Metal contamination from historical mining activities was readily
shown at many of these sites in the lower terraces and these data were not used to determine the pre-mining
baseline. A minimum of three samples at each site was usually taken to provide some statistical measure of
precision. Where the analytical results were not consistent between samples collected at the same site, the
results were not used to determine the pre-mining geochemical baseline. The gravel samples were sieved in
the field to pass a 2-mm stainless steel screen, and sent to the laboratory for further processing. In the
laboratory the samples were air died and sieved to pass 100 mesh (<150 micrometers), and split in the same
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manner as the stream sediments studied by Church et al. (1997). The sample material analyzed constitutes the
very fine sand, silt, and clay-fractions of the pre-mining fluvial sediments.

Below Bakers Bridge, the Animas River is a meandering river with numerous oxbow lakes. We sampled
the fluvial deposits in these oxbow lakes, one of which was active circa 1896 just north .of the town of
Durango in what was known at the tumn of the century as the town of Animas City (S-21, shown in the
historical photographs by Whitman Cross, in Atwood and Mather, 1932, plate 25; U.S. Geological Survey,
1898). Five-cm diameter cores of fluvial sediments up to depths of three meters were taken from these oxbow
lakes. The cores were subdivided into subsamples along stratigraphic boundaries for analysis. Sandy layers
were sieved as described above prior to chemical analysis.

Analytical Methods

Samples from the cores and stratigraphic intervals sampled in the gravels were analyzed using two different
digestion procedures: a mixed-acid total digestion and a weak partial-dissolution extraction. Both were
analyzed by inductively-coupled plasma atomic emission spectroscopy (ICP-AES; D.L. Fey, unpub. data,
1997-1999).

The total digestion procedure utilizes a combination of HCl, HNO,, HCIO,, and HF acids applied to 0.2 g
of sample (Briggs, 1996). The method is very effective in dissolving sulfide, oxide, and most silicate
minerals. The resulting solution was analyzed for 40 elements using ICP-AES. Laboratory duplicates were
analyzed to assess precision, and three standard reference materials (SRM’s) were analyzed with each set of
samples to assess accuracy. The reference materials were NIST-2704, NIST-2709 and NIST-2711, available
from the National Institute of Standards and Technology (NIST, 1993a, 1993b, and 1993c).

Geochemical data from partial digestions can be quite informative in the study of the release metals
bound within different mineral phases (Chao, 1984). Bed sediments can be enriched with metals- released
during weathering, or the grain surfaces may be coated by iron- and manganese-oxides associated with acidic
drainage. We used a warm-acid leach-(2M HCI-1%H,0, at 50°C) to dissolve hydrous amorphous iron- and
‘manganese-oxides or sediment-coatings containing sorbed metals (see appendix II and III in Church et al.
1993). In this procedure, a 2-g sample is gently agitated and leached with 15 ml of the solution for three
hours, centrifuged, and analyzed for 35 elements by ICP-AES. Replicates and the same reference materials
were also analyzed with each sample set to assess analytical quality and reproducibility. Results from the
leach digestion indicate the portion of the metals that are associated with the colloidal phase of the sediments.

RESULTS

Geochemical data from total digestions of 128 samples from the 21 pre-mining geochemical baseline sites are
summarized in table 1. Comparisons can be made with trace-element values determined from modern bed
sediments and the 21 pre-mining geochemical baseline sites from the same localities. Enrichment factors
were calculated by dividing the concentraton measured for the trace-element in modern sediments by the
concentration measured for the trace-element in the pre-mining sediment at that site from the total digestion
data (table 1). Enrichment factors for arsenic range from about 1 to 6.3 and average 1.5, enrichment factors
for copper range from about 1 to 15 and average 4.5, enrichment factors for lead range from about 1 to 26
and average 6.8, and enrichment factors for zinc range from 1.6 to 16 and average 7. Cadmium and silver are
also enriched (table 1), but average values cannot be determined because the concentrations for these two
metals in the pre-mining bed sediments often were below the limit of detection. Geochemical data for the
Animas River are shown in figure 3 for copper, figure 4 for lead, and figure 5 for zinc. Zero on the x-axis
scale for figs. 3-5 is not defined; the confluence of Mineral Creek and the Animas River was assigned an
arbitrary value of 25 km. Diagrams for arsenic show similar behavior as lead in the Mineral Creek drainage.
Abundances of metals determined in modern bed sediments from tributary streams are also plotted in the
figures for comparison with the pre-mining geochemical baseline. Some terrace gravels plot below the pre-
mining geochemical baseline; these sites appear to be dominated by alluvium from a particular tributary
rather than from the Animas River and are not included in table 1. Many of the tributary streams in the
mining district have prospect pits or historical mines in the watersheds, but some do not. Trace-element
concentrations in bed sediments from tributaries in the upper Animas River watershed having little or no
historical mining activity are very comparable to the pre-mining geochemical baseline concentrations
determined from the pre-mining sand and gravel deposits preserved in the terraces and confirm the pre-
mining baseline determined from the pre-mining terrace gravels above Silverton. South of site S-7, historical
mining activity has had a minimal impact on metal concentrations in the tributary stream drainages as only a
few small prospects occur outside the Silverton caldera.

The pH of stream waters greatly affects the capacity of a stream to carry metals in the dissolved phase.
Sorbtion of trace elements onto iron colliods and transport as suspended sediments which eventually
precipitate out to become part of the bed sediment load (Smith et al. 1992) occurs when the pH of the stream
is abave about 4, whereas aluminum colloids will form above a pH of about 5. This transport phenomenon
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greatly impacts the transport of metals in acidic stream waters affected by mining (Church et al. 1997). The
relative contributions of metals in bed sediments from each of the three stream reaches in the Animas River
watershed above Silverton (fig. 1) can be estimated by comparing the data in table 1. There is a substantial
increase in the concentrations of copper, lead, and zinc in modern bed sediments that is directly attributable
to historical mining activity in the watershed of the upper Animas River. On the basis of the five samples
from the sites on the upper Animas River (S-1 to S-3, S-5 and S-6; fig. 1), the concentrations of lead in bed-
sediments today has been increased at least by a factor of five over that in the pre-mining bed sediments, the
concentrations of zinc in bed sediments today has increased by a factor of six, and the concentrations of
copper in bed sediments today has increased by a factor of four. The pH of water in much of the upper
Animas River was probably higher than the 6.6 measured at low flow (Church et al. 1997).

In contrast, the pH of water in Cement Creek today during low flow was 3.8 at site S-8 (fig. 1) at the
confluence with the upper Animas River and a substantial component of the total metal load is carried in the
dissolved phase or in the colloidal phase (Kimball et al. 1999; Schemel et al. 1999; Church et al. 1997). The
large amount of metals in the bed sediments contributed by Cement Creek is largely due to the deposition of
colloids formed in the mixing zone below the confluence of Cement Creek with the Animas River. Site S-9
(fig. 1) is a terrace deposit formed after the breakout of an old lake formed by damming of Cement Creek.
Radiocarbon dates of the peats formed in this lake range from 700 to 2,500 years B.P. Copper, lead, and
especially zinc concentrations are substantially enriched in bed sediments today at the same location relative
to pre-mining geochemical baseline values obtained from the gravels in this terrace deposit.

The pH of water in Mineral Creek today at the confluence with the Animas River was 6.4 during low
flow at S-11 (Church et al. 1997). Copper, lead, zinc, and especially arsenic are enriched in modem bed
sediments at the headwaters of Mineral Creek (fig. 1; S-13 and S-14). The source of the high arsenic is
tetrahedrite and arsenopyrite in chimney deposits in the headwaters of Mineral Creek (Burbank et al. 1972;
table 1, S-13 and S-14). The concentrations of metals in the bed-sediment are substantially diluted by the
time they reach the confluence with the South Fork of Mineral Creek (fig. 1, S-11) with enrichment factors of
1.5 to 2 for copper, lead, and zinc, and a factor of about 5 for arsenic (table 1).

The Animas Canyon reach (about 50 km in length) is a steep-walled canyon cut in unmineralized pre-
Cambrian rock. We were able to find isolated gravel terraces in abandoned river channels in several places
where the Animas Canyon widens. In some places, the abandoned streambed is more than one meter above
the low-flow water level of the Animas River in the Animas Canyon. Pre-mining terrace gravel deposits are
often more than two meters above the low-flow water level. The pH of the water in the Animas River today
at low flow varied from 6.6 at S-7, 7.9 at Bakers Bridge (S-19), and 7.5 at Durango (S-21, fig. 2). Copper and
zinc are sorbed to the colloidal phase during transport in the Animas Canyon reach and are transferred to the
bed-sediment load, settling out from the suspended colloidal load in slow moving stream reaches (Church et
al. 1997). Enrichment of copper ranges from 6 to 9, lead from 7 to 10, and zinc from 4 to 16 relative to bed-
sediment loads prior to historical mining activity. Modern bed sediments from tributary streams in this reach
largely drain the pre-Cambrian rocks and metal concentrations in bed sediments from these tributaries are
near average crustal abundance levels (Church et al. 1997). There is little dilution of the metal concentrations
in the bed sediments of the Animas River by sediments locally derived in the Animas Canyon reach.

In the reach below Bakers Bridge to Durango, the Animas River is a meandering river with a well-
developed floodplain containing many old oxbow lakes (USGS, 1898). The gradient of the Animas River in
this reach is much lower than in the Animas Canyon (Church et al. 1997), and metal enrichment factors in
bed sediments today range from 2.5 to 4.5 for copper, 5 to 16 for lead, and 8 to 10.7 for zinc. Tributary
streams drain areas underlain by Paleozoic and Mesozoic sedimentary rocks. Four oxbow lakes of at least
three different ages were sampled at one site immediately above Durango, Colorado (S-21, fig. 2). The
stratigraphic section from the youngest oxbow lake contains fluvial sediments that have elevated
concentrations of Ag, As, Cd, Cu, Pb, and Zn resulting from the transport and deposition of fluvial tailings in
the Animas River, whereas the stratigraphic sections sampled in the older oxbow lakes at this site contain
metal concentrations at or near crustal-abundance levels. South of Durango, at about 135 river km (figs. 3-5),
the Florida River enters the Animas River bringing a large sediment load that reduces the metal
concentrations in the bed sediments of the Animas River by a factor of two (Church et al. 1997). The Florida
River largely drains a large geographic area underlain by unmineralized Tertiary sedimentary rocks that are
readily eroded (Tweto, 1979).

Pre-Mining Geochemical Baseline

The pre-mining geochemical baseline in bed sediments in the area of the Animas River watershed north of
Silverton is significantly elevated above normal crustal abundance values. Average crustal abundance values
for the metals discussed here are: Cu,, 68 ppm, Pb,, 13 ppm, Zn_, 76 ppm, As_, 1.8 ppm, Ag., 0.08 ppm, and
Cd_, 0.16 ppm (Fortescue, 1992). We infer from pre-mining geochemical baseline data summarized here that
the mineral deposits were exposed or near the surface prior to exploitation by early miners. This is confirmed
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Figure 3 Copper (Cu) distribution profile for the Animas River as a function of distance in river km.
Upper diagram shows the copper concentrations in modern sediments in the river above the
Animas Canyon reach and in some tributary streams as well as the geochemical baseline from
pre-mining terrace gravels. The lower diagram shows the impact of copper in bed sediments of
the Animas River in the Animas Canyon (25-72 km) and the mature floodplain reach below
Bakers Bridge (72-170 km). Both diagrams show the copper concentration data at the confluence
of the Animas River and Mineral Creek (S-7 at 25 river km).
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by the descriptions of the Sunnyside vein exposures (Bird, 1999). The Animas River watershed would readily
be identified today as a highly mineralized area suitable for mineral exploration had mineral development
notalready occurred. Pre-mining water quality would have been affected by weathering of these near-surface
mineral deposits, but further work is needed to quantify pre-mining water quality. Paleontological studies
have shown no evidence of a pre-mining aquatic community. However, the energy of the stream environment
represented by the pre-mining terrace gravels would not be conducive to preservation of delicate invertebrate
remains and fish scales (Church et al. 1998a).

Estimates of the uncertainity on the pre-mining baseline concentrations are diffficult to quantify. There
are three major sources of error: analytical error which can be readily determined from the analysis of the
standard reference materials, sampling error which can be measured by the least-squares fit of the data in
figures 3-5, and annual variation of the sediment distribution in the watershed which is a factor dependent
upon the climatic conditions which affect stream flow. Of these, we can make reasonable estimates of the
first two, but can only approximate the third, the climatic variability. Analytical error has been determined by
replicate analyses of three reference standards from NIST (1993a, 1993b, 1993c) over the four-year life of the
project. About fifty replicate analyses of each of the standards give relative standard deviations for copper of
5.4 t0 6.9 percent, for lead of 5.9 to 7.6 percent for concentrations in excess of 40 ppm, and of zinc from 3.0
to 4.2 percent. Analytical error for individual determinations is about the size of the symbols used in figs. 3-5
We estimate that the sampling error, based on the annual variation from replicate samples taken over the four
years of the study is about 30 percent, or five times the size of the symbols used in the figs 3-5. Pearson
regression analysis of the log of the concentration of the metals copper, lead, and zinc versus distance gives R
values of -0.68, -0.90, and -.083 respectively. These correlations are relatively good for the lead and zinc
data. The poorer correlation for copper is to be expected because these are not copper-rich deposits. Copper
concentations in pre-mining sediments above 30 km (fig. 3) are nearly flat at about 125 ppm. The linear
regression curves pass through most of the data points if one uses the estimates of sampling error, but the
analytical errors are too small to significantly affect the regression analysis. In addition, one has no apriori
reason to assume that the dispersion of metals downstream should follow a log-normal distribution,
particularily given the very different hydrologic regimes represented by the Animas River below Silverton. In
fact, the empirical evidence from the data suggest that the dispersion pattern is not log-normal because the
pre-mining bed-sediment data from the Animas Canyon plot below the regression line. For this reason, we
show the dispersion pattern above and below Silverton in two separate diagrams (figs. 3-5) and have plotted a
best-fit line through the data rather than the linear regression through the entire data set.

SUMMARY

Geomorphologic mapping of the fluvial deposits in the study area has identified numerous sites where pre-
mining bed sediments have been preserved in terrace gravel deposits. We have examined many sites for
depositional and stratigraphic relationships that typify terrace deposits that probably represent pre-mining
conditions in the watershed. We have collected and analyzed fluvial sediments from more than 50 sites plus
the trench site (site 3, fig. 1). Fluvial materials from these sites represent both pre-mining and historical bed
sediments, overbank flood deposits (both pre-mining and historical), fluvial tailings deposits from different
milling processes, pre-mining riparian habitat, and historical and currently active beaver ponds. More than
500 samples have been analyzed for total metal concentrations (D.L. Fey, unpub. data, 1998-99). We have
determined the pre-mining geochemical baseline values at 21 sites within reasonable limits of reproducibility.
Analysis of the geochemical data, when coupled with both the historical and geochronological record, clearly
shows that there has been a major impact by historical mining activities on the geochemistry of the fluvial
bed sediments. The impact of historical mining activity is recorded in the sedimentological record as shown
by the study of sediments from the trench section (fig. 1, S-3; Vincent et al. 1999). Historical mining activity
has resulted in a substantial increase in the concentrations of trace-elements associated with the mineral
deposits produced in the very fine sand to clay-sized component of the bed sediments of the upper Animas
River, and Cement and Mineral Creeks. Enrichment factors for metals in modern bed sediments, relative to
pre-mining bed sediments, range from 1 to 6.3 for arsenic, 1 to more than 10 for cadmium, 1 to about 15 for
copper, 1 to more than 25 for lead, 1 to more than 10 for silver, and 1.6 to more than 12 for zinc.

Restoration goals and objectives for the upper Animas River watershed must take into account the
evidence from the pre-mining fluvial record, which indicates that bed-sediment trace-element concentrations
were substantially lower than they are today. Furthermore, the profound changes in the ground-water
hydrology and the substantial dispersed metal source in the fluvial sediments, caused by the industry practice
of discharging mill tailings into mountain streams throughout the West prior to 1935, are environmental
impacts that have prolonged influence on the overall restoration plan for the upper Animas River watershed.
Monitoring studies that focus on the impact of removing known point sources within the upper Animas River
watershed would be required before it is feasible to determine the extent to which watershed restoration can
approach the original pre-mining bed sediment geochemical baseline.
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Distribution of Acid-Generating and Acid-Buffering Minerals in
the Animas River Watershed as Determined by AVIRIS
Spectroscopy

J. Brad Dalton, Trude V.V. King, Dana J. Bove, Raymond F. Kokaly, Roger N. Clark, J. Sam Vance
and Gregg A. Swayze '

ABSTRACT

Visible-wavelength and near-infrared multispectral image cubes for the Animas River Watershed from
Hermosa, Colorado to the headwaters at Animas Forks, Colorado were acquired on June 18, 1996 using the
Jet Propulsion Laboratory’s AVIRIS (Airborne Visible and InfraRed Imaging Spectrometer) instrument (Green .
et al., 1998). These image cubes have been analyzed using the USGS Tetracorder V3.4 implementation (Clark
et al., 1995), an expert system which utilizes a database of more than 300 laboratory spectra of endmember
minerals and mineral mixtures to generate maps of mineralogy, vegetation coverage, and other material ..
distributions. Major iron-bearing, clay, carbonate; and other minerals were identified along with several
minerals associated with acid-generating hydrothermal systems including pyrite, jarosite, alunite and goethite.
Additionally, distributions of alkaline minerals such as calcite and chlorite indicate a relation between acid-
buffering assemblages and stream geochemistry within the watershed.

INTRODUCTION

The Animas River Watershed is the site of a coordinated effort by several federal, state and local agencies
to characterize the extent and severity of environmental effects from acid mine water drainage. This water
originates both from numerous abandoned mine sites that date back up to a century or more, and from
extensive areas of natural altered and mineralized outcrops. The headwaters of the Animas River are within
the San Juan and Silverton volcanic calderas, which were responsible for creating large fractures and faults
suitable for later mineralization. As part of the Abandoned Mine Lands (AML) Project of the United States
Geological Survey (USGS), AVIRIS data were obtained over the San-Juan Mountains and Animas-Watershed
and are being used in conjunction with field geologic mapping, geochemistry and geophysics to. determine
the relative extent of natural and anthropogenic sources of acid water runoff, and their effect en water quality.

THE AVIRIS DATASET

The Animas Basin AVIRIS data set is comprised of 14 AVIRIS scenes, approximately 10.5 km x 8 km
apiece, extending from Hermosa, Colorado to the headwaters of the Animas River north of Silverton, near
the ghost town of Animas Forks. The 224 spectral channels cover a range from .37 to 2.51 pm, encompassing
visible and near-infrared wavelengths suitable for- mapping a wide variety of vegetation and minerals,
including but not limited to the hydrothermally altered rocks of relevance to the San Juan Mountains. The 14
scenes are arranged in two overlapping lines parallel to and bounding the Animas river as it flows from its
headwaters toward Durango, Colorado. This includes most of the Silverton caldera which is situated within
the watershed. The data were acquired under cloud-free late morning conditions on June 18, 1996 in a 17-
minute data collection pass. While yearly precipitation is normally quite high in the San Juan Mountains, the
resulting thick vegetation still leaves significant outcrops of exposed rock available for analysis; in addition,
at the time of acquisition of this dataset, the snowpack was greatly reduced due to melting.
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REGIONAL GEOLOGY AND MINING ACTIVITY

The Animas watershed is located in the western part of the mid-late Tertiary age San Juan volcanic field
(Lipman et al., 1976; Bove et al., in press). The local geology is largely comprised of lavas and related
volcanic rocks associated with the San Juan caldera and the younger Silverton caldera (Steven and Lipman,
1976). Collapse of these calderas created ring fractures which provided conduits for later episodes of intense
hydrothermal alteration and mineralization associated with dacitic to rhyolitic intrusion (Casadevall and
Ohmoto, 1977; Lipman et al., 1976). More recent geologic activity has been dominated by uplifts during the
Neogene (Steven et al., 1995), followed by down-cutting and the formation of the Animas River and its
tributaries, with brief episodes of sediment deposition. Gold was discovered in the San Juan Mountains in
1871 and upwards of a thousand mining claims were staked in the upper Animas River above Silverton within
the next two decades. The Denver and Rio Grande railroad was extended from Durango to Silverton in 1882
and ore production continued at various levels until 1991 when the Sunnyside Mine directly upstream from
Silverton was closed (Church et al., 1997). Remediation of private holdings in the region continues today, and
the AML project is partly concemned with evaluating remediation needs of the area, including the thousands
of abandoned prospects and mines on both federal and private properties.

MINERAL MAPPING PROCEDURES

The AVIRIS data for the Animas Watershed were converted to apparent surface reflectance using the radiative
transfer methods of ATREM (Gao et al,, 1993; Gao et al., 1997) followed by calibration to ground reflectance
using a path radiance correction (Clark et al., 1993a). The reflectance data were then analyzed using
Tetracorder (Clark et al., 1990, 1991, 19935, 1995), testing for the presence of over 300 minerals, mineral
mixtures, water, vegetation, and other materials of interest. The-most significant materials detected-were then
assembled into color-coded mineral maps. For this investigation attention focused on the pyrite weathering
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Figure 1 Infrared spectra of primary pyrite weathering products jarosite, goethite, and hematite. Each
has a strong Fe absorption centered near .8 pm (arrows.) Due to changes in crystal structure, each
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