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Quantification and Simulation of Metal Loading to the
Upper Animas River, Eureka to Silverton, San Juan County,
Colorado, September 1997 and August 1998

By Suzanne S. Paschke, Briant A. Kimball, and Robert L. Runkel

Abstract

Drainage from abandoned and inactive mines and from
naturally mineralized areas in the San Juan Mountains of
southern Colorado contributes metals to the upper Animas
River near Silverton, Colorado. Tracer-injection studies and
associated synoptic sampling were performed along two
reaches of the upper Animas River to develop detailed profiles
of stream discharge and to locate and quantify sources of
metal loading. One tracer-injection study was performed in
September 1997 on the Animas River reach from Howards-
ville to Silverton, and a second study was performed in August
1998 on the stream reach from Eureka to Howardsville.
Drainage in the upper Animas River study reaches contributed
aluminum, calcium, copper, iron, magnesium, manganese,
sulfate, and zinc to the surface-water system in 1997 and 1998.
Colloidal aluminum, dissolved copper, and dissolved zinc
were attenuated through a braided stream reach downstream
from Eureka. Instream dissolved copper concentrations were
lower than the State of Colorado acute and chronic toxicity
standards downstream from the braided reach to Silverton.
Dissolved iron load and concentrations increased downstream
from Howardsville and Arrastra Gulch, and colloidal iron
remained constant at low concentrations downstream from
Howardsville. Instream sulfate concentrations were lower than
the U.S. Environmental Protection Agency’s secondary
drinking-water standard of 250 milligrams per liter throughout
the two study reaches.

Elevated zinc concentrations are the primary concern for
aquatic life in the upper Animas River. In the 1998 Eureka to
Howardsville study, instream dissolved zinc load increased
downstream from the Forest Queen mine, the Kittimack
tailings, and Howardsville. In the 1997 Howardsville to
Silverton study, there were four primary areas where zinc
load increased. First, was the increase downstream from
Howardsville and abandoned mining sites downstream from
the Cunningham Gulch confluence, which also was measured
during the 1998 study. The second affected reach was down-
stream from Arrastra Gulch, where the increase in zinc load
seems related to a series of right-bank inflows with low pH

and elevated dissolved zinc concentrations. A third increase

in zinc load occurred 6,100 meters downstream from the 1997
injection site and may have been from ground-water discharge
with elevated zinc concentrations based on mass-loading
graphs and the lack of visible inflow in the reach. A fourth but
lesser dissolved zinc load increase occurred downstream from
tailings near the Lackawanna Mill.

Results of the tracer-injection studies and the effects of
potential remediation were analyzed using the one-
dimensional stream-transport computer code OTIS. Based
on simulation results, instream zinc concentrations down-
stream from the Kittimack tailings to upstream from Arrastra
Gulch would approach 0.16 milligram per liter (the upper
limit of acute toxicity for some sensitive aquatic species) if
zinc inflow concentrations were reduced by 75 percent in the
stream reaches receiving inflow from the Forest Queen mine,
the Kittimack tailings, and downstream from Howardsville.
However, simulated zinc concentrations downstream from
Arrastra Gulch were higher than approximately 0.30 milligram
per liter due to numerous visible inflows and assumed ground-
water discharge with elevated zinc concentrations in the lower
part of the study reach. Remediation of discrete visible inflows
seems a viable approach to reducing zinc inflow loads to the
upper Animas River. Remediation downstream from Arrastra
Gulch is more complicated because ground-water discharge
with elevated zinc concentrations seems to contribute to the
instream zinc load.

Introduction

The upper Animas River drains an extensively mineral-
ized area of the San Juan Mountains near Silverton, Colorado.
Gold deposits were first discovered in 1871 in Arrastra Gulch,
and mining activity continued in the watershed at various
levels of activity until the Sunnyside Mine was closed in 1991
(Church and others, 1997). The Animas River drainage basin
contains more than 300 formerly producing metal mines that
have affected water quality in the watershed (Church and oth-
ers, 1997). Acid mine drainage (AMD) from abandoned and
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inactive mines and mine-related wastes, as well as naturally
occurring acid rock drainage (ARD) from mineralized areas,
contributes acidic, metal-rich water to the upper Animas River.

Environmental characterization of the upper Animas
River basin upstream from Silverton began in 1991 under the
auspices of the Colorado Department of Public Health and
Environment (Church and others, 1997). These initial stud-
ies showed seasonal and regional variation in water quality
and noted several acidic tributaries upstream from Silverton.
Although pH was variable, aluminum and iron concentrations
in the acidic waters exceeded the solubility products of various
iron and aluminum hydroxides, and iron- and aluminum-
hydroxide-coated bed sediments were noted in many stream
reaches. Additional reconnaissance sampling of water and
bed sediments was conducted by Church and others (1997)
during 1995 and 1996 to identify the sources, movement, and
partitioning of metals in the upper Animas River. Results of
that investigation indicated that most of the aluminum, arsenic,
cadmium, copper, iron, lead, and zinc in the Animas River
originated within the upper Animas River drainage basin
upstream from Silverton (Church and others, 1997). Aquatic
habitats in the upper Animas River and its tributaries are
affected by the presence of acidic, metal-rich water and by alu-
minum and iron oxyhydroxide precipitates on bed sediments
(Besser and others, 2001).

The Bureau of Land Management (BLM) and the Animas
River Stakeholders Group (ARSG) are planning possible
remedial actions along the upper Animas River to alleviate
water-quality degradation. An evaluation of remedial actions
requires a detailed understanding of the primary metal sources
to the river and any instream geochemical processes control-
ling metal transport. River and tributary discharge measure-
ments, which allow calculation of metal loads, are available
for a few sites along the stream. However, a more detailed
profile of discharge distribution and resultant metal loading is
needed to evaluate specific locations for remedial actions.

The U.S. Geological Survey (USGS), in cooperation with
the Bureau of Land Management, conducted two tracer-
injection and synoptic-sampling studies during September
1997 and August 1998. The purpose of these studies was to
provide an evaluation of metal loading to the upper Animas
River and instream geochemical processes, which will aid in
the selection of remedial alternatives. The principal objec-
tives of the studies were to: (1) locate, identify, and quantify
increases in metal loading, by surface and subsurface flow,
to the upper Animas River between Eureka and Silverton,
Colorado, using tracer-dilution methods; and (2) identify and
describe any instream geochemical processes affecting metal
concentrations and natural attenuation of metals in
streamwater.

Purpose and Scope

The purpose of this report is to document quantification
and simulation of metal loading to the upper Animas River

that was based on two tracer-injection and synoptic-sampling
studies performed in 1997 and 1998. The methods used to cal-
culate stream discharge and chemical mass loading from the
collected data are described. Additionally, this report describes
the computer simulations using the one-dimensional computer
program OTIS (Runkel, 1998) to simulate the effects of poten-
tial remediation plans.

Study Area Description

The upper Animas River study area is in San Juan County
in southwestern Colorado near Silverton. The study area
encompasses the upper Animas River from the historical min-
ing town of Eureka to the town of Silverton (fig. 1). The river
and its major tributaries originate at an altitude of more than
3,000 meters (m). The watershed receives as much as
80-100 centimeters (cm) of annual precipitation principally
as snow in winter (Yager and Bove, 2002), and the principal
source of streamwater is snowmelt runoff, which usually
occurs from May through July. Major tributaries to this reach
of the upper Animas River include Eureka Gulch, Minnie
Gulch, Maggie Gulch, Otto Gulch, Porcupine Gulch, Cataract
Gulch, Cunningham Gulch, Hematite Gulch, Arrastra Gulch,
Boulder Gulch, Blair Gulch, and Swansea Gulch (fig. 1).

Bedrock beneath much of the study area consists of
Tertiary volcanic rocks of the Silverton caldera, underlain by
Precambrian igneous and metamorphic rocks and Paleozoic
sedimentary rocks that outcrop in the southern part of the
study area (Luedke and Burbank, 1996a; 1996b; Yager and
Bove, 2002). Tertiary volcanism in the San Juan volcanic
field began between 35 and 30 million before present (Ma),
and later caldera-related eruptions occurred between 28.2 and
27.6 Ma (Yager and Bove, 2002). Caldera-bounding ring and
tangential radial fractures associated with the Silverton caldera
provided pathways for later intrusive magmas and hydrother-
mal fluids, which contain gold and silver mineral deposits in
the area (Yager and Bove, 2002). Subsequent uplift, ero-
sion, and glaciation of the area in more recent geologic time
resulted in surficial exposure of the hydrothermally altered
rock, and continued weathering of the bedrock and derived
surficial materials released acid and metals to surface and
ground waters in the drainage basin prior to mining (Bove
and others, 2000; Church and others, 2000; Mast and others,
2000).

Placer gold deposits were discovered in 1871 on Arrastra
Creek upstream from Silverton, and hard-rock gold and silver
mining activity spread rapidly through the area following the
1873 treaty with the Ute Indians (U.S. Geological Survey,
2000). Mining continued in the Animas River watershed
at various levels of activity until 1991 when the Sunnyside
Mine was closed (U.S. Geological Survey, 2000). More than
100 years of historical mining activity created many kilome-
ters of underground workings and produced large volumes of
waste rock. The mine workings provide pathways for ground
water and surface water to react with mineralized rock
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producing low-pH, metal-rich waters that flow from mine adits
(U.S. Geological Survey, 2000). Ground-water and surface-
water flow in and over waste rock piles also can contribute
acidic metal-rich drainage to the Animas River and its tribu-
taries. Mineralization and historical mining sites are present
throughout the area, but several specific areas are possible
contributors of metals to the Animas River: Eureka Gulch, the
Forest Queen mine downstream from Eureka, the Kittimack
tailings, mill tailings near Howardsville, Arrastra Gulch, mill
tailings near the Mayflower Mill, and mill tailings near the
Lackawanna Mill (fig. 1).

Study Methods

Metal loading to the upper Animas River was quantified
by performing two tracer-injection and synoptic-sampling
studies and by simulating study results with the one-
dimensional solute-transport code OTIS (Runkel, 1998). One
tracer-injection and synoptic-sampling study was performed
on the upper Animas River reach from Howardsville to Sil-
verton in September 1997, and a second study was performed
on the stream reach from Eureka to Howardsville in August
1998 (fig. 1). This section of the report describes the meth-
ods used for tracer injection and synoptic sampling and for
sampling and analyzing surface-water samples. Methods used
for calculating discharge, traveltime, and mass loading also are
described. A general overview of the one-dimensional com-
puter code OTIS (Runkel, 1998) used for simulating solute
transport also is provided.

Tracer-Injection and Synoptic-Sampling
Methods

The methodology of tracer-injections studies was
developed as part of the USGS Toxic Substances Hydrol-
ogy Program to identify and enumerate sources of acid and
metals to streams (Bencala and McKnight, 1987; Bencala
and others, 1990; Broshears and others, 1995; Kimball and
others, 1991; 1994; Kimball, 1997; Kimball and others,
1999a, 1999b, 1999c¢; Runkel and others, 1996; Walton-Day
and others, 1999). As described in this section of the report, a
tracer-injection study includes a tracer injection to quantify
discharge (Kilpatrick and Cobb, 1985) and synoptic sampling
to provide spatial concentration profiles of pH and inorganic
constituents. Discharge and concentration data then are com-
bined to develop mass-loading profiles for the stream.

Quantification of metal loads requires accurate discharge
measurements and representative chemical concentrations.
However, quantifying discharge in mountain streams by the
traditional velocity-area method (Rantz, 1982) is complicated
by streambed roughness and variability caused by pools and
riffles (Jarrett, 1992). In addition, some percentage of dis-
charge cannot be measured by the traditional method because

of flow through the streambed (hyporheic zone) (Bencala

and Walters, 1983; Bencala and others, 1991; Harvey and
Bencala, 1993; Zellweger and others, 1988). Because veloc-
ity-area discharge measurements cannot measure flow through
the hyporheic zone, metal-loading calculations based on
traditional discharge measurements may underestimate metal
loads (Kimball, 1997; Zellweger and others, 1988). Applica-
tion of the velocity-area method for quantifying metal loads
also is limited by the time and personnel required to measure
discharge at numerous stream sampling sites in a single day.

The tracer-injection study is an alternative method of
estimating discharge in gaining mountain streams (Kilpatrick
and Cobb, 1985). A tracer injection consists of continuously
injecting an inert chemical tracer into the stream at a constant
rate and concentration and measuring the downstream dilution
of the tracer at various locations. Given sufficient time during
a tracer injection, all parts of the stream including side pools
and the hyporheic zone become saturated with tracer, and
instream tracer concentrations will reach a plateau (Kimball,
1997). Downstream decreases in tracer plateau concentration
indicate tracer dilution by surface- and ground-water inflow
to the stream, and stream discharge is calculated from the
downstream dilution. The downstream arrival, concentration
plateau, and departure (upon cessation of the injection) of the
tracer also are monitored at selected transport sites to compute
stream velocities and other streamflow properties. Discharge
computed from tracer concentrations accounts for both the
surface and the hyporheic flow because the tracer follows
the water through cobbled bed sediment. The tracer-injection
method also allows discharge estimates at numerous locations
in a short timeframe. Zellweger and others (1988) provide
additional details of tracer-injection methods.

Synoptic sampling is a one-time detailed sampling of
stream sites and all visible tributary inflows to the stream
performed during the plateau period of the tracer injection.
Synoptic sampling provides a description of the stream and
tributary inflow chemistry during the tracer injection. By
combining discharge, computed from the tracer injection,
with synoptic metal concentrations, metal-loading profiles
are developed for the stream using mass-balance calcula-
tions. Results of the tracer-injection study can identify where
changes in stream load occur. However, study results do
not identify specific pathways to the stream from particular
sites, except for visible surface inflows. The detailed loading
information provides insight to the key geochemical processes
affecting stream pH and metal concentrations, and it provides
the hydrologic framework for solute-transport simulations
(Bencala, 1983; Bencala and others, 1988; Broshears and
others, 1993; Broshears and others, 1996; Harvey and others,
1996; McKnight and Bencala, 1989; Runkel, 1998; Runkel
and others, 1996; Runkel and others, 1999; Wagner and
Harvey, 1997).

Both of the upper Animas River tracer-injection studies
were conducted during fall base-flow (low-flow) conditions.
Application of tracer-injection studies to low-flow condi-



tions is appropriate for two reasons. First, the mass-loading
profiles developed for low-flow conditions reflect base-flow
metal-loading conditions, which are present all year long.
Remediation that addresses sources identified during low flow
therefore will improve water quality during the entire year.
Second, mass-loading profiles developed for low-flow condi-
tions indicate those sources contributing to elevated instream
concentrations during the winter months when conditions
most toxic to aquatic organisms likely occur (Besser and Leib,
1999). During the low-flow winter months, dilution of metals
is minimal, and toxicity standards based on metal concentra-
tions are more likely exceeded (Besser and others, 2001).
Testing during low-flow conditions also makes it possible to
measure discharge and collect samples at many synoptic-sam-
pling sites during the tracer plateau.

Successful implementation of a tracer-injection study
requires that the injected tracer be transported through the
stream system in a conservative manner unaffected by bio-
geochemical reactions. Potential tracers include dyes and
inorganic salts. Dye tracers have the disadvantage of being
unstable at low pH, and they adsorb to solids and organic mat-
ter in the hyporheic zone (Bencala and others, 1986). Chloride
and bromide salts of sodium and lithium are suitable tracers in
environments where naturally occurring chloride or bromide
concentrations are low. Lithium works well in streams with
low pH, and chloride and bromide work well in streams with
higher pH (Bencala and others, 1990). Sodium chloride tracer
was used for both of the upper Animas River tracer injections
where stream pH was circumneutral.

Sampling and Analytical Methods

Surface-water samples were collected at downstream
transport sites and synoptic-sampling sites during the tracer
injection. Sampling sites are referenced by their distance in
meters downstream from the injection, and inflow samples
were referenced as being on the right or left streambank look-
ing downstream.

Frequent surface-water samples were collected at the
transport sites during the tracer injections to observe the
arrival, plateau, and departure of the sodium-chloride tracer.
Transport-site samples were collected as manual grab samples
and with auto samplers and were filtered upon collection
through 0.45-micrometer (Lm) in-line capsule filters into
polyethylene bottles. Transport-site samples were analyzed for
chloride concentrations using ion chromatography (table 1) at
the USGS laboratory in Salt Lake City, Utah, using analyti-
cal techniques and quality assurance procedures described by
Kimball and others (1999a).

Synoptic samples were collected from instream and
inflow sites during the tracer plateau. Instream and inflow
samples were collected into polyethylene bottles, and water
temperature was measured at each site upon sample collec-
tion. For the instream sites, samples were collected using
equal-width integration (EWI) and a DH-81 sampler (Wilde

Study Methods 5

and others, 1998). Manual grab samples were collected at
inflow sites. A temporary field laboratory was used to process
the synoptic samples, measure pH and specific conductance,
and filter the samples for the remaining analyses (table 1). To
prevent photoreduction of iron, all samples were kept out of
the light in dark plastic bags until processing at the temporary
field laboratory.

Synoptic samples were analyzed for anions and iron
speciation at the USGS laboratory in Salt Lake City, Utah.
Chloride and sulfate concentrations were determined using ion
chromatography (Kimball and others, 1999a), alkalinity was
determined using Gran titration (Stumm and Morgan, 1981),
and iron speciation was determined colorimetrically (table 1).
Precision of the ion chromatography results was less than
5 percent for chloride analyses and less than 10 percent for
sulfate analyses (Kimball and others, 1999a).

Dissolved and total-recoverable concentrations for alu-
minum, barium, calcium, cadmium, copper, iron, potassium,
magnesium, manganese, sodium, silica, strontium, and zinc
were determined by inductively coupled argon plasma atomic
emissions spectrometry (ICP-AES, tablel). The dissolved
concentrations for instream samples were obtained by filter-
ing samples through a tangential-flow filter apparatus with
a 10,000-Dalton molecular-weight nominal pore size (Ben-
oit and Rozan, 1999; Kimball and others, 1992; Moran and
Moore, 1989). For inflow samples, dissolved concentrations
were obtained from a 0.45-um filtration using the same appa-
ratus. For both instream and inflow samples, total-recoverable
concentrations were obtained from an unfiltered sample. The
colloidal concentration was calculated indirectly by subtract-
ing the dissolved concentration from the total-recoverable
concentration (Kimball and others, 1995). Synoptic samples
for ICP-AES analyses were acidified at the field laboratory
using 1 milliliter (mL) of ultrapure nitric acid. ICP-AES
analyses of synoptic samples from the September 1997 tracer-
injection study (Howardsville to Silverton study reach) were
performed at the USGS laboratories in Boulder, Colorado, and
ICP-AES analyses of synoptic samples from the August 1998
tracer-injection study (Eureka to Howardsville study reach)
were performed at the Colorado School of Mines laborato-
ries in Golden, Colorado. ICP-AES analytical techniques are
described in Taylor (1982) and Garbarino and Taylor (1984a;
1984b), and quality-assurance procedures followed the meth-
ods described by Friedman and Erdmann (1982).

Discharge and Traveltime Calculations

During a tracer injection, the tracer reaches a steady
plateau concentration in the stream, and discharge can be
calculated by the amount of tracer dilution at each succes-
sive instream site by using the conservation of mass. If stream
discharge increases downstream, the tracer will have succes-
sively lower downstream plateau concentrations. The
synoptic sampling is conducted during the plateau period
of the tracer injection, and tracer concentrations from the
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Table 1.

Analytical methods for tracer and synoptic water samples collected during the Eureka to Howardsville tracer-

injection study, August 1998, and the Howardsville to Silverton tracer-injection study, September 1997.

[um, micrometer; ICP-AES, inductively coupled plasma atomic emissions spectrometry]

Analysis

Field treatment

Analytical method

Chloride tracer concentrations and sulfate

pH, specific conductance

Filtered ferrous iron

Filtered metal concentrations

Total-recoverable metal concentrations Unfiltered, acidified

Filtered (0.45 wm), unacidified

Unfiltered, unacidified

Filtered (0.45 wm), unacidified

Filtered (10,000 Dalton), acidified
Filtered (0.45 wm), acidified

Ion chromatography (Kimball and others,
1999a)

Ion-sensitive electrode measured at field
laboratory

Bipyridine, colorimetric method for ferrous
iron

ICP-AES (Taylor, 1982; Garbarino and
Taylor, 1984a; 1984b; Friedman and
Erdmann, 1982)

ICP-AES with standard U.S. Environmental
Protection Agency digestion for total-re-
coverable concentrations (Taylor, 1982;
Garbarino and Taylor, 1984a; 1984b;
Friedman and Erdmann, 1982)

synoptic sampling are used to compute stream discharge as
discussed herein.

Conservation of mass requires the load of tracer in the
stream at B to be equal to the load at A, upstream from the
injection, plus the load added by the injection (table 2, equa-
tion 1). In addition, by flow balance, the discharge at B must
equal the discharge at A plus the discharge of the injection.
Discharge at the downstream site B then is computed from the
injection flow rate and concentration and the measured tracer
concentrations at sites A and B (table 2, equation 2). Mass and
flow balance relations also are used to develop a discharge
equation for site C and all subsequent sites downstream based
on the flow and measured tracer concentration computed for
the upstream site B and the measured tracer concentration of
any inflow between sites B and C (table 2, equation 3).

Inflow to the stream can include visible tributaries, seeps,
springs, and diffuse ground-water inflow. Inflow discharge
is computed as the difference in discharge between sites C
and B (table 2, equation 4). If a visible tributary is present in
the reach between two sites, calculated inflow discharge is
assigned to the tributary inflow. If there is no visible inflow
between two sites, calculated inflow discharge is assigned as
unsampled ground-water inflow.

During the tracer injection, the arrival, plateau, and
departure of tracer in the stream are monitored at several
downstream transport sites, and the transport graphs are used
to calculate traveltime between sites as well as stream-channel
parameters used for solute-transport simulations. The tracer
arrival time at a site (7)) is defined as the time at which the
instream tracer concentration reaches one-half of the plateau
concentration (C, ) (Zellweger and others, 1988). Traveltime

50
between two sites is the difference in arrival times.

Mass-Loading Calculations

Discharge values computed from a tracer-injection study
are combined with synoptic-sampling results to compute
mass-loading graphs for various constituents of interest. The
constituent load at the downstream end of a stream segment
includes the load from the upstream end plus the load contrib-
uted by all surface and subsurface inflows between the sites
(table 2, equation 5). The sampled instream load (M) and the
sampled inflow load (Mj) are two ways to consider the load of
a stream segment (Kimball and others, 1999a). The sampled
instream load at site C, M, is calculated as the product of the
discharge (Q) and synoptic constituent concentration (C) at
each stream sampling site (table 2, equation 5). The sampled
instream load represents the effect of constituent sources in the
watershed on the stream, and it is used to identify changes in
constituent load because it can increase, decrease, or remain
constant between stream sites. An increase generally indicates
a source of constituent loading, and the magnitude of the
increase compared to other stream segments ranks the sources
in the context of the watershed. A decrease generally indicates
a loss of metal from the water through chemical reactions such
as precipitation or adsorption. Both reactions can result in loss
to the streambed or a transformation from the dissolved phase
to a colloidal solid phase.

The net change in sampled instream load between stream
sites includes the instream load at site B plus the inflow load
contributed by all the surface and subsurface inflow between
sites B and C (table 2, equation 5). Because it is not pos-
sible to sample all the inflow affecting the stream, especially
the diffuse ground-water inflow, the inflow concentration in
equation 5 (table 2) represents an effective inflow concentra-



Table 2.

1999a) [Subscripts correspond to sites illustrated in the diagram].

Study Methods

Equations defining calculated quantities in tracer-injection studies (modified from Kimball and others,

Calculated quantity

Tracer-dilution equations

Variables

(1) Mass balance downstream from the
injection site

(2) Discharge at first site downstream from
tracer injection

(3) Discharge at subsequent downstream
sites

(4) Inflow discharge

Mp=CpOp
=Cp04 + CipjQinj
OB =04+ Qyj

QB — Qin{ (Cin{ -Cp)

(Cp-Cy)
0 .=28CB D
¢ “(Cc-Cp
0r=0c-0p

Mp, Load at site B

Cp, Concentration at site B
Op. Discharge at site B
Cy, Concentration at site A
04, Discharge at site A
Cinj»
Qinj’ Discharge of injection pump

Concentration of injectate solution

All variables defined above

Q> Discharge at downstream site C
Ces Concentration of tracer at site C
C, Sampled inflow concentration of tracer

0y, Computed inflow discharge. If vis-
ible inflow is present in the reach, Qy is
assigned inflow discharge, otherwise, Oy
is assigned to unsampled ground-water
discharge.

Solute-loading equations

(5) Sampled instream load at subsequent
stream sites
(6) Effective inflow concentration

(7) Change in sampled instream load

(8) Change in sampled inflow load

Mc=CcOc
=Cp0p+CrE©Qc-0p)

E_(CcQc-Cp0Qp)

¢
(Qc-9p)
AMg=CcQc-Cp0p
= Ec-0p

AMp- Cr(Qc-0Op)

Mc, Load at site C or subsequent sites
downstream
Cr=, Effective inflow concentration

All variables defined above

AMg, Net change in load between sites B
and C

AM7, Net change in load between sites B
and C based on sampled inflow concen-
tration

Cy, Sampled inflow concentration
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tion (CyE), which is a discharge-weighted mean concentration
of all surface and subsurface inflow contributions within the
stream segment (table 2, equation 6).

The change in instream load between two stream sites
(AMy) is defined as the downstream load minus the upstream
load (table 2, equation 7), and the cumulative instream load is
defined as the sum of the positive values of AMg. Each nega-
tive value of AMg indicates a stream segment where there is a
net reduction in constituent load, and the cumulative instream
load is held constant for a segment with a negative AMg. The
cumulative instream load represents the minimum total load
added to the stream over the study reach. Comparison of AMg
to Mg indicates the extent of instream constituent attenuation
along the study reach, because AMg is greater than Mg when
My is reduced by physical, chemical, or biological process.

The change in sampled inflow load, AM/, represents the
load contributed to the stream from visible inflows and is
calculated for each stream reach as the product of the sam-
pled inflow concentrations, Cy, and the change in discharge
between stream sites, Qy (table 2, equation 8). The change
in sampled inflow load represents the net change in stream
loading from the sampled inflow concentrations. For stream
segments with no visible inflow, AMJ is set to zero. The cumu-
lative inflow load is the sum of the values for AMy along the
study reach.

Table 3 presents probable explanations for the various
relations between AMg and AM|. If AMg and AM| are nearly
equal for a stream segment, then the sampled inflow concen-
trations, C7, approximate the effective inflow concentrations,

C/E, and the sampled inflow loads account for the change in
stream loading. If AM( is greater than AMj, then C;E is greater
than Cy, presumably because there is unsampled inflow such
as ground-water discharge to the stream with high constitu-
ent concentrations. For colloidal constituent loads, if AMg is
greater than AMj, chemical precipitation of colloidal material
is indicated. For dissolved constituent loads, if AMy is less
than AMj, then there has been a reduction in load by chemical
reaction.

Solute-Transport Simulations

To interpret mass-loading calculations and simulate the
effects of potential remediation plans in the basin, surface-
water flow and zinc solute transport were simulated for the
Eureka to Howardsville and the Howardsville to Silverton
study reaches using the one-dimensional computer program
OTIS (Runkel, 1998). A general overview of OTIS is provided
in this section of the report. Details on the site-specific appli-
cation of OTIS to the Eureka to Howardsville and Howards-
ville to Silverton study reaches are provided in subsequent
sections.

OTIS is a computer code for simulating one-
dimensional solute transport of a single solute in a stream
based on the advection-dispersion equation with additional
terms to account for transient storage, lateral inflow, first-order
decay, and adsorption (Runkel, 1998). Transient storage refers
to the temporary storage of streamwater in the stream and
adjacent streambed, and OTIS accounts for transient stor-

Table 3. Probable explanations for various cumulative stream-load relations (modified from Kimball

and others, 1999a).

[AM Y change in sampled instream load; M I3 change in sampled inflow load; <, less than; >, greater than]

Condition

Probable explanation

AMg = AM;

The sampled inflow concentrations approximate the effective inflow

concentrations, and the sampled inflow load accounts for the change
in sampled stream load.

AM5>AM1

The sampled stream load is greater than the sampled inflow load, and

the sampled inflow load does not account for the change in sampled
stream load. For dissolved constituents, ground-water discharge
with elevated constituent concentrations is indicated. For colloidal
constituents, transfer from the dissolved to the colloidal phase by
chemical precipitation is indicated.

AMs<AMI

The sampled inflow load is greater than the sampled stream load indicat-

ing a loss of stream load through physical, chemical, or biological
reaction or dilution by ground-water inflow.

AMg<0

There is a net loss of load through physical, chemical, or biological reac-

tion in the stream reach.
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age by solving separate mass-balance equations for the main
stream channel and the stream storage zone. The main channel
is defined as the stream portion where advection and disper-
sion are the dominant transport processes, and the storage zone
is defined as the stream portion where transient storage occurs.
Advection and dispersion are not included in the storage zone,
where downstream transport is negligible. Lateral inflow
represents additional water coming into the main channel as
overland flow, interflow, and ground-water discharge. Chemi-
cal reactions can be specified within the main channel, the
storage zone, or both.

OTIS can be used in conjunction with data from field-
scale tracer-injection studies to quantify the hydrologic param-
eters affecting surface-water flow (Runkel, 1998). The applica-
tion of OTIS to tracer-injection results generally involves a
trial-and-error process where estimates for the hydrologic
parameters of channel cross-sectional area, transient storage
cross-sectional area, and solute dispersion are adjusted to
obtain an acceptable match between simulated and measured
tracer concentrations for the tracer-transport sites and synoptic
sampling. OTIS-P is a modified version of OTIS that couples
OTIS with a nonlinear regression package to automate the
hydrologic parameter-estimation process.

Once the hydrologic parameters are established for the
conservative tracer, OTIS is used to simulate measured mass
loading and solute transport for constituents of interest. For
the two upper Animas River study reaches, the measured
inflow concentrations (C)) are used as lateral inflow values to
simulate conservative solute transport for zinc. The simulated
instream concentration profile is compared to the measured
synoptic instream concentration profile to identify potential
instream physical, chemical, or biological processes in the
stream reach. If the simulated instream concentrations for
a given constituent are higher than the measured synoptic
instream concentrations, then removal of the constituent by
physical, chemical, or biological processes is indicated. For
the two upper Animas River study reaches, the effects of
instream chemical reactions are simulated using first-order
decay. The resulting OTIS simulations then are used to predict
the effects of hypothetical remedial actions for the upper
Animas River.

Metal Loading to the Upper Animas
River, Eureka to Howardsville,
Colorado, Study Reach, August 1998

The Eureka to Howardsville tracer-injection study
started near the historical mining town of Eureka and ended
downstream from Howardsville at the USGS gaging station
09358750 (referenced herein using the Colorado State
gaging station number A53). This study reach encompassed a
7,250-m reach of the upper Animas River (fig. 2).

Tracer-Injection Study Objectives

There were three primary objectives for the Eureka to
Howardsville tracer-injection study. The first objective was to
identify and locate metal loading in the stream study reach.
Although a tracer-injection study can help identify where load
increases occur, it does not identify specific pathways to the
stream from particular sites, except for visible surface inflows.
Possible sources of metal loading include Eureka Gulch, the
Forest Queen mine discharge, the Kittimack mill tailings,
and tailings near Howardsville. The second objective was to
determine (for low-flow conditions) if the stream reach is a
net sink or source of metals to the downstream areas. This
objective was accomplished by identifying and describing any
instream physical, chemical, or biological processes affecting
metal concentrations and natural attenuation. A third objec-
tive for the Eureka to Howardsville study was to characterize
the effects of braided stream reaches on streamwater quality.
There is a primary braided reach just downstream from Eureka
from 786 to 2,030 m and a secondary braided reach near the
Kittimack tailings from 3,150 to 3,435 m. Channel restora-
tion is being considered for these braided reaches, and an
understanding of 1998 conditions will aid in rechannelization
planning.

Tracer-Injection Study Methods

The Eureka to Howardsville tracer-injection study was
conducted August 11 through August 14, 1998. A solution
containing 166,700 milligrams per liter (mg/L) of sodium
chloride was injected into the upper Animas River at an aver-
age flow rate of 1.784 liters per minute (L/min). The injec-
tion started at 1000 hours on August 11, 1998, but the pump
stopped at approximately 1200 hours the same day. The injec-
tion began again at 1002 hours on August 12, 1998 and ran
continuously until 1930 hours on August 14, 1998 (table 4).
For reporting results, time 0.0 is the beginning of experiment
time, which was midnight on August 11, 1998, and subsequent
times are reported as decimal hours.

The Eureka to Howardsville injection site was located
approximately 347 m upstream from Eureka Gulch so inflow
from Eureka Gulch could be quantified as tributary inflow.
The arrival of the sodium-chloride pulse and the development
of a plateau concentration were measured at four downstream
locations, transport sites T1 through T4 (fig. 2). Transport
site T1 was located upstream from Eureka Gulch at 282 m.
Transport site T2 was located at 2,240 m, downstream from
the braided reach, and site T3 was located at 5,467 m at the
same location as the tracer injection for the Howardsville to
Silverton tracer-injection study conducted in 1997. Transport
site T4 was located at 6,993 m at the Howardsville gaging
station A53.
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Figure 2. Eureka to Howardsville study reach,

Synoptic Sampling and Analyses

Synoptic samples were collected from 34 instream sites,
including the 4 transport sites and 4 sites in the breaded reach
at 1,618 m, and 17 inflows on August 14, 1998, during the
plateau period of the tracer injection. Although there was
rain before and after the synoptic sampling, there was no rain
during the sampling, so steady-state conditions were achieved
during the synoptic sampling. Instream sampling sites were
located upstream and downstream from identified inflows to
allow mass-balance calculations for each inflow, and addi-
tional sites were located in longer subreaches between inflows

upper Animas River, Colorado, August 1998.

to account for subsurface inflow. Seventeen inflow-sampling
sites were chosen to represent the range of pH and specific
conductance of water entering the stream. Although there were
several sampling sites in the braided reach, only the samples
upstream and downstream from the braided reach can account
for the metal loading or loss that could occur in the braided
reach. The instream sample at 786 m represents input to the
braided reach, and the instream sample at 2,030 m represents
output from the braided reach.

Instream and inflow water samples were analyzed in the
field and laboratory for various constituents as presented in the
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Table 4. Tracer-injection study sequence of events, upper Animas River, Eureka to Howardsville,

Colorado, August 1998.

[mL/min, milliliters per minute]

Experiment
Date Clock time time Activity
(hours)
08/09/1998— Stream reconnaissance and discharge measurements
08/10/1998
08/11/1998 0000 0.0 Start of experiment time
1000 10.0 Start of initial injection
1800 18.0 Initial injection pump stopped
08/12/1998 1002 34.03 Started injection pump
1115 35.25 Injectate sample, measured pump rate at 2,517 mL/min
1135 35.58 Adjusted pump rate to approximately 1,833 mL/min
1705 41.08 Injectate sample, measured pump rate at 1,783 mL/min
1920 43.33 Finished refilling the tank with injectate solution
1932 43.53 Injectate sample, measured pump rate at 1,817 mL/min
08/13/1998 1056 58.93 Finished refilling the tank with injectate solution
1115 59.25 Measured pump rate at 1,725 mL/min
1538 63.63 Measured pump rate at 1,800 mL/min
1600 64.00 Finished refilling the tank with injectate solution
08/14/1998 1000 -1830 82.0-90.5 Synoptic sample collection
1135 83.58 Injectate sample, measured pump rate at 1,790 mL/min
1520 87.33 Measured pump rate at 1,767 mL/min
1930 91.50 Stopped pumps

“Study Methods” section of this report. The analytical meth-
ods are listed in table 1.

Tracer-Injection Study Results

Chemical analyses results for chloride tracer concentra-
tions at the Eureka to Howardsville transport and synoptic
sites were used to compute traveltime, stream discharge, and
chemical mass loading as discussed herein. The 1998 synop-
tic-sampling site locations are listed in table 5, field measure-
ments and major ion concentrations are listed in Appendix 1,
and ICP-AES synoptic-sampling results are listed in
Appendix 2. Data are sorted in downstream order within
groups of instream and inflow sites to emphasize the down-
stream changes.

Arrival Times

Information from the arrival and departure of tracer from
the transport sites was used to calculate the traveltime between
sites. Despite the complication caused by the pumps stopping
on the first day of injection, the arrival times of the tracer at

the downstream sites during the subsequent injection were not
affected, and data from the restarted continuous injection are
reported herein.

Data for transport sites T1 and T2 are used to demon-
strate how arrival times of the chloride tracer were calculated
and to discuss traveltime through the braided reach (fig. 3). At
transport site T1, an abrupt chloride arrival is noted; indicating
that the interval of time between sample collections was too
large to discern a gradual tracer arrival. However, the tracer
arrival curve is well defined at transport site T2. After the
initial arrival of chloride tracer at sites T1 and T2, the plateau
concentration decreased between 35 and 40 hours because of a
decrease in the upstream tracer injection rate (table 4). A sec-
ond decrease in the tracer plateau is noted at both sites T1 and
T2 at approximately 75 hours because of a local rainstorm,
which diluted the instream tracer concentrations. Because of
variations in tracer plateau concentration at sites T1 and T2, an
assumed average tracer plateau concentration for each site was
used to compute the traveltime between sites. An average pla-
teau concentration of 11.0 mg/L was assumed at site T1, and
an average plateau concentration of 5.5 mg/L. was assumed at
T2, resulting in C_ values of 5.5 mg/L and 2.25 mg/L for sites

50
T1 and T2, respectively. Interpolations of C,, arrival times
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Table 5. Synoptic-sampling sites and discharge calculated from tracer-dilution, upper Animas River, Eureka to
Howardsville, Colorado, August 14, 1998.

[distance, distance downstream from injection site; L/s, liters per second; ft¥/s, cubic feet per second; --, not applicable]

Distance Inflow Discharge  Discharge
(meters) Site name Source location (L/s) (ft¥/s)
0 Upstream from injection site Stream -- 261 9.2
80 First site downstream from injection Stream -- 261 9.2
282 T1 site—Upstream from Eureka Gulch Stream -- 310 11.0
347 Eureka Gulch Inflow Right bank 162 5.7
586 Downstream from Eureka Gulch Stream -- 472 16.7
786 Near right bank talus slope Stream 473 16.7
906 Upstream from first braids Stream 477 16.8
1,061 Upper braided reach Stream 481 17.0
1,411 Left braid near Forest Queen Stream - 491 17.3
1,618 1618 Braids Stream - 496 17.5
1,918 Left braid upstream from Forest Queen Stream - 505 17.8
2,030 Upstream from Forest Queen inflow Stream - 706 25.0
2,090 Inflow from Forest Queen mine Inflow Left bank 80.2 2.8
2,240 T2 site—Downstream from end of braids Stream - 786 27.8
2,420 Upstream from Minnie Gulch Stream - 786 27.8
2,465 Minnie Gulch Inflow Left bank 90.3 3.2
2,860 Near braided area Strean - 877 31.0
3,150 Upstream from inflow near Kittimack Stream - 948 335
3,165 Upstream from Otto Gulch fan Inflow Right bank 104 3.7
3,400 Downstream from braids near Kittimack Stream -- 1,052 37.2
3,405 Drains hillslope or alluvium Inflow Left bank 168 5.9
3,435 Upstream Maggie Gulch downstream Kittimack tailings Stream -- 1,200 43.1
3,450 Maggie Gulch Inflow Right bank 80.5 2.8
3,665 Downstream from Maggie Gulch Stream -- 1,301 46.0
3,905 Upstream from braided reach Stream -- 1,328 46.9
3,954 Drains large area of willows Inflow Right bank 29.3 1.0
4,164 Near beaver ponds on left bank Stream -- 1,357 48.0
4,189 Inflow from beaver ponds Inflow Left bank 84.2 3.0
4,430 Downstream from beaver ponds on left bank Stream -- 1,441 50.9
4,670 Downstream from braids Stream -- 1,560 55.1
4,970 Along smooth reach of stream Strean - 1,570 55.5
5,190 Upstream from beaver pond inflow Strean -- 1,595 56.4
5,210 Drains beaver pond Inflow Right bank 0.8 0.03
5,407 Drains ponds Inflow Right bank 0.8 0.03
5,467 T3 site--Site of 1997 Howardsville injection Inflow Left bank 0.8 0.03
5,648 Drains upstream from tailings piles Stream -- 1,597 56.4
6,038 Along tailings piles (1997 T1) Inflow Left bank 30.2 1.1
6,438 Inflow from Howardsville Mill Stream - 1,627 57.5
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Table 5. Synoptic-sampling sites and discharge calculated from tracer-dilution, upper Animas River, Eureka to
Howardsville, Colorado, August 14, 1998.—Continued

[distance, distance downstream from injection site; L/s, liters per second; ft/s, cubic feet per second; --, not applicable]

i 5% me s |

T2 Tracer arrival time at one-half the plateau
— concentration (Cs,) = 35.54 hours

Distance Inflow Discharge Discharge
(meters) Site name Source location (L/s) (f/s)
6,528 Downstream from Howardsville Mill Inflow Left bank 15.7 0.6
6,558 Cunningham Gulch Stream - 1,662 58.7
6,618 Downstream from Cunningham Gulch Inflow Left bank 445 15.7
6,633 Hematite Gulch Stream - 2,107 74.4
6,753 Downstream from Hematite Gulch Inflow Right bank 65 2.3
6,993 T4 site—Howardsville gage Stream - 2,172 76.8
7,008 Drains left bank adit up hill Inflow Left bank 30.6 1.1
7,013 Drains old mill site Inflow Right bank 30.6 1.1
7,063 Also drains old mill site (?) Inflow Right bank 30.6 1.1
7,250 End of study reach Stream - 2,319 81.9
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(,, values) from figure 3 result in an arrival time of 34.2 hours
for T1 and an arrival time of 35.54 hours for site T2.

The difference between the T1 and T2 arrival times is
1.34 hours (80.4 minutes) and represents the average travel-
time from site T1 to site T2. Site T2 is located downstream
from the braided reach of interest, and the traveltime calcu-
lated for this stream reach indicates relatively rapid flow of
water through the braided reach. A stream velocity of
0.47 meter per second (m/s) was computed for the open stream
channel from the injection site to site T1, and a stream veloc-
ity of 0.45 m/s was computed for the braided reach from site
T1 to T2. This small difference in stream velocity between
reaches indicates that the braided reach did not substantially
reduce water flow velocity under low-flow conditions.

Discharge Profile

A detailed discharge profile for the 1998 Eureka to
Howardsville study reach was developed using the chloride
tracer concentrations that were measured in the synoptic
samples and adjusted for analytical precision. Discharge
calculations based on chloride concentrations for a given
tracer-injection study depend on two conditions. First, the
instream tracer concentration should be consistently higher
than the inflow tracer concentrations, and this condition was
generally met during the 1998 Eureka to Howardsville tracer-
injection study (fig. 4). Second, the tracer concentration in the
synoptic samples must represent the steady-state tracer-plateau
concentration at that sampling site. For the 1998 Eureka to
Howardsville study, the tracer-plateau chloride concentrations
at the transport sites do match the synoptic-sampling chloride
concentrations (fig. 4).

Concentrations of chloride, in a downstream direction,
indicate the initial addition of the tracer and then the dilution
due to surface and subsurface inflows (fig. 4). For a decrease
of chloride to be considered a measurable change and not
a product of analytical error, the decrease in concentration
between stream samples must be higher than the precision of
the chemical analyses. Error bars are indicated for chloride
concentrations to show the precision of 1.75 percent for the
1998 data set (fig. 4). If a change in instream chloride con-
centration was lower than the precision of the analysis, the
downstream chloride concentration was held constant for
discharge calculations until a change higher than the precision
of the analysis was measured.

The resulting profile of chloride concentration was used
to calculate discharge according to the equations presented in
table 2. Discharge results are presented in table 5 and in fig. 4.
The total flow increase through the study reach was 2,058 L/s
(72.7 1t3/s), with visible tributary inflow contributing
1,449 L/s (51.1 ft3/s) or about 70 percent of the total flow
increase. By difference, unsampled ground-water inflow
accounted for 609 L/s (21.6 ft3/s) or about 30 percent of the
total flow increase through the study reach. Cunningham
Gulch (distance 6,558 m) was the largest tributary inflow,

accounting for 445 L/s (15.7 ft3/s) or about 22 percent of the
total flow increase. The change in flow through the braided
reach was the difference in flow between sites at 2,030 m and
786 m and was 233 L/s (8.2 ft3/s) or about 11 percent of the
total flow increase. Eureka Gulch (586 m) contributed 162 L/s
(5.7 ft3/s) or about 8 percent of the total flow increase. Notable
flow increases also occurred downstream from the Kitty

Mack tailings at 3,405 m (168 L/s, 5.9 ft3/s, 8 percent of total
increase), Otto Gulch at 3,165 m (104 L/s, 3.7 ft3/s, 5 percent
of total increase), Minnie Gulch at 2,465 m (90 L/s, 3.2 ft3/s,

4 percent of total increase), willows and beaver ponds at

4,189 m (84 L/s, 3.0 ft3/s, 4 percent of total increase), Maggie
Gulch at 3,450 m (80 L/s, 2.8 ft3/s, 4 percent of total increase),
and Hematite Gulch at 6,633 m (65 L/s, 2.3 ft3/s, 3 percent of
total increase).

A streamflow-gage measurement at the downstream
monitoring site (gaging station A53) did not compare well
with the discharge values calculated from tracer dilution
(fig. 4). Similar to other streams, the volume of flow measured
by tracer dilution was much higher than concurrent flowmeter
measurements because of flow through streambed cobbles
(Kimball, 1997; Kimball and others, 1999a, 1999c).

Synoptic-sampling and Mass-Loading
Calculation Results

This section presents results for the 1998 Eureka to How-
ardsville synoptic-sampling results and mass-loading calcula-
tions for constituents of interest. Synoptic-sampling data are
presented in Appendixes 1 and 2, and the data are contained in
USGS digital database for the Animas River watershed Aban-
doned Mine Land Program (Sole and others, 2005). Although
concentrations of many metals were determined in the study,
constituents of interest in the Eureka to Howardsville reach
of the upper Animas River included pH, aluminum, calcium,
magnesium, copper, iron, manganese, zinc, and sulfate.

pH

Instream pH is an important chemical parameter used
to evaluate ARD effects and instream chemical reactions
because pH can control chemical reactions such as aluminum
or iron hydroxide precipitation and adsorption of metals onto
sediment. The downstream profile of instream and inflow pH
values for the Eureka to Howardsville study reach is presented
in figure 5. Instream pH values were near neutral, ranging
from about 6.6 at 1,918 m to 7.6 at 3,905 m. There was no
clear downstream trend to the instream pH values; however,
instream pH did appear to be affected by inflow pH. Instream
pH values decreased downstream from inflows with pH values
lower than the stream (3,165-m inflow, 3,954-m inflow, and
6,438-m inflow), and instream pH values increased down-
stream from inflows with high pH values (Minnie Gulch,
Maggie Gulch, beaver ponds at 5,210 m, Cunningham Gulch,
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and Hematite Gulch) (fig. 5). The inflow sample from 6,438 m
had the lowest pH of all sampled inflows (5.7), and there were
no acidic inflows (pH lower than 5.0) identified during the
synoptic sampling.

Aluminum

There was little variability in dissolved aluminum
instream and inflow concentrations (Appendix 2). Instream
aluminum concentrations ranged from 0.014 to 0.084 mg/L
with a mean of 0.049 mg/L, and inflow aluminum concen-
trations ranged from 0.014 to 0.56 mg/L with a mean of
0.067 mg/L. The maximum dissolved aluminum inflow con-
centration of 0.56 mg/L occurred at 6,438 m.

Instream colloidal aluminum concentrations decreased
downstream from Eureka to just upstream from Howardsville
at 6,038 m (fig. 6). The maximum instream colloidal alumi-
num concentration of 0.226 mg/L occurred at the upstream
end of the study reach near the injection site, indicating that
colloidal aluminum was contributed to the Eureka to
Howardsville study reach from sources upstream from Eureka.
Instream colloidal aluminum concentrations decreased through
the primary braided reach from a concentration of
0.172 mg/L at 786 m to a concentration of 0.077 mg/L at
2,030 m (fig. 6). Colloidal aluminum loss also occurred
through a secondary braided reach where the colloidal alumi-
num concentration decreased from 0.088 mg/L at 3,150 m to
0.036 mg/L at 3,435 m (fig. 6). A graph of sampled instream
load (fig. 7) also shows a loss of colloidal aluminum through
the braided reaches and supports conclusions that the braided
reaches contributed to attenuation of colloidal aluminum prob-
ably by settling and entrapment of colloidal particles through
the shallow water. Downstream from transport site T3 at 5,467
m, colloidal aluminum concentrations increased slightly in
response to inflows with elevated colloidal aluminum concen-
trations (fig. 6). The instream colloidal aluminum load also
increased downstream from the inflow at 6,438 m (fig. 7).

Calcium and Magnesium

Calcium and magnesium concentrations in the upper
Animas River for 1998 were controlled by the calcium and
magnesium concentrations of surface-water inflows. Instream
concentrations of calcium ranged from approximately 25 to
37 mg/L with a mean of 30 mg/L, and inflow calcium concen-
trations ranged from 27 to 96 mg/L with a mean of 43 mg/L.
Instream calcium concentrations increased in a downstream
direction, from approximately 26 mg/L at Eureka to approxi-
mately 37 mg/L at the downstream end of the study reach, in
response to elevated inflow calcium concentrations (fig. 8).

Magnesium concentrations in the stream ranged from
approximately 2.0 to 2.4 mg/L with a mean of 2.2 mg/L, and
inflow magnesium concentrations ranged from approximately
1.9 to 8.8 mg/L with a mean of 3.0 mg/L. Magnesium concen-
trations increased slightly in the downstream direction from

2.2 mg/L at Eureka to 2.4 mg/L at the downstream end of the
study reach. Inflow magnesium concentrations were similar
to stream concentrations with the exception of the inflow at
6,438 m (fig. 9).

Copper

Instream dissolved copper concentrations were compared
to acute and chronic toxicity standards for aquatic life. These
standards were computed for each water sample as a function
of hardness (the sum of calcium, magnesium, barium, and
strontium concentrations in milligrams per liter as calcium
carbonate) according to the following relations (Colorado
Department of Public Health and Environment, written
commun., 1997):

(8(0.9422*1 n(hardness) —0.7703))
1,000 ,and

Copper Acute Toxicity Standard = 0.5%

(e (0.8545*1n(hardness) —1 .465))

Copper Chronic Toxicity Standard = 1,000

Figure 10 presents a graph of instream and inflow dis-
solved copper concentrations for the Eureka to Howardsville
1998 synoptic sampling and the acute and chronic toxicity
standards computed for each instream sample. The highest
dissolved copper concentrations were in the upstream part of
the study reach, indicating that dissolved copper was contrib-
uted by sources upstream from Eureka. Similar to colloidal
aluminum, dissolved copper concentrations decreased through
the primary braided reach downstream from Eureka from
approximately 0.033 mg/L at 906 m to less than the method
detection limit of 0.002 mg/L at 2,030 m (fig. 10). A graph of
sampled instream copper load (fig. 11) also shows a loss of
dissolved copper at the downstream end of the primary braided
reach at 2,030 m. Adsorption of dissolved copper was the
likely mechanism of copper attenuation through the primary
braided reach.

Instream dissolved copper concentrations remained lower
than both the acute and chronic toxicity standards downstream
from the primary braided reach at 2,030 m to the end of the
study reach (fig. 10), and the mass-loading graph for copper
also indicates a relatively constant instream copper load down-
stream from the primary braided reach (fig. 11). An increase in
copper load at the downstream end of the study reach (fig. 11)
seems to be related to inflows from abandoned mines down-
stream from Hematite Gulch (6,633 m), although the instream
dissolved copper concentrations remained lower than the acute
and chronic toxicity standards downstream from Hematite
Gulch (fig. 10). Dissolved copper was not detected in the
6,438-m inflow downstream from Howardsville in 1998.



Metal Loading to the Upper Animas River, Eureka to Howardsville, Colorado, Study Reach, August 1998

040 e B B L
]
B —RX— Instream Beaver ponds )
035 ™ Inflow (5,210 meters) |
z L i
z
O 030 —
: | A
=
W5 o2 : —
Zo ' <
oW K L eg g 1
°6 L =38% =
=< o201 © Ewg ° =
2 < oo S
Zc L - 5 N
6 AN
22 o5 u : § —
<s e [ ]
3:' L . G Downstream from g
a . ' Howardsville
g 0.10 — x\i /g : (6,438 meters) |
-® :
8 [ = | N\ . A\ ]
7 XN—0X
L & R = |
0.05 | / / & n / \/ g\g
n R \
L - J
ad | ®-& -
0 1 l 1 l 1 l 1 l 1 l 1 l 1
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
DISTANCE DOWNSTREAM FROM THE INJECTION SITE, IN METERS
Figure 6. Instream and inflow colloidal aluminum concentrations with distance from the
injection site, upper Animas River, Eureka to Howardsville, Colorado, August 14, 1998.
22 T T T T T T T T T T T T T T
[ —m— Sampled instream load 7
20 [— —O— Cumulative instream load —
é L —A—  Cumulative inflow load 4
a
18— —
w
oL J
g 16 — —
<< <
o - § 4
8 1al- L n _
;_{' L | | 1S
| | 1’81 ~ 7
Z o I I 12 <>/<>_<>’<> -
s [ | 5 oo a
(@} | >0 | 131
g 0= | 53§ \ 1B d . .
L =} | O—>— 4
g : £5° | o AA-A=E
= 8 | <>.<>/ | 7& —
= : 4 : ‘A&,A—A—A—-A;ézéﬂ‘ﬁ"ﬁ
2 r I 45T n ] b
< 6 5 /A-AA-A—A NNl NS b " _
| _— |
g T ASTAY I i/.-. i ‘ 1
= | | |
9 4 I I I . n
| L 4
S Colloidal
2= aluminum -
[ loss B
0 | | | | | | | | | | | | | |
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

DISTANCE DOWNSTREAM FROM INJECTION SITE, IN METERS

Figure 7. Sampled instream load, cumulative instream load, and cumulative inflow load
of colloidal aluminum with distance from the injection site, upper Animas River, Eureka to

Howardsville, Colorado, August 14, 1998.

17



18 Quantification and Simulation of Metal Loading to the Upper Animas River, Eureka to Silverton, San Juan County, Colorado,
September 1997 and August 1998

100 ‘ ‘ T ‘ N ‘ T ‘ — x w I ;
[}
—@— Instream Left bank adit
r B Inflow (7,008 meters) 4
Z
z
(@) 80 [— |
= .
e Downstream from
> L'I_J Howardsville
5 = I (6,438 meters) Bl
O
Z W
oo
22 e |
3 < Old mill site
2 P | ] (7,063 meters)
8 2 Beaver ponds ]
S = n (5,210 meters) |
a2 Downstream from
L Eureka Gulch Kittimack tailings -
3 40— (347 meters) (3,165 meters) |
2 | " . . . s
a) —R P
[a] [} ] g/g \ﬁ - g/ =
r BRy BB 2. B-x /Z—®/ u i
/ -5~ %&®~g/§\g/ ~x Nx
~X
20% L | L | L | L | L | L | . | )
0

1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
DISTANCE DOWNSTREAM FROM INJECTION SITE, IN METERS

Figure 8. Instream and inflow dissolved calcium concentrations with distance from the
injection site, upper Animas River, Eureka to Howardsville, Colorado, August 14, 1998.

9 T T T T T T T T
I I I I I I . I
[ —X— Instream Downstream from 7
B Inflow Howardsville
8 — (6,438 meters) —
= L ]
z
S of -
<
o - 4
S
wkE 61— -
O3 Left bank adit
8 oL (7,008 meters)
oo
=2 5 -
55 °%
oI
L % r Downstream from b
Z 5 Kittimack tailings
g 0 4 (3,165 meters) —
== [
) L 4
w
> L i
o Eureka Gulch u [ ]
% (347 meters) - P - n |
a " ema—EF_ " _m—a-B—g Ry -R-K
- —N-BRX ~x Re@-Re % & ]
S B R-R.p-E- = . " g |
1 1 l 1 l 1 l 1 l 1 l 1 l 1 l 1
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

DISTANCE DOWNSTREAM FROM INJECTION SITE, IN METERS

Figure 9. Instream and inflow dissolved magnesium concentrations with distance from
the injection site, upper Animas River, Eureka to Howardsville, Colorado, August 14, 1998.



Metal Loading to the Upper Animas River, Eureka to Howardsville, Colorado, Study Reach, August 1998

8,000

014 T { T { T { T { T { T { T { T
[ —X— Instream 4

| Inflow

0121+ o Copper acute toxicity standard —

N X Copper chronic toxicity standard
Z L -
Q
'<T: oc 0.10 — —
ocow
E =
E 4 | L i
oL 8 v
zd Co
o oosH L5 —
o 5 LS
> 3 L
< H 2 - i
E o o CS
g0 Z E
8 3 oot g LS Hgmlatrite —
.o ulcl
8 = % - (6,633 meters) 4
== = L8
o L® : 1B °
8 0.04 i ‘ : Lo o ] —
a R X . Lo
L] | 5 ° x, %

0.021— P o [¢) n
D%)/@O (e} OCDO(;<OO 6 0(9(900 OX®»O o @308<
«xg >0§><><><><>< X X X X X XX¥XX X %?&/w\x ]

~| B2 —| R—X—
. o l gx& Eig - 1g\8ﬂ’fj\ﬂ & \g
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000
DISTANCE DOWNSTREAM FROM INJECTION SITE, IN METERS
Figure 10. Instream and inflow dissolved copper concentrations, copper acute toxicity stan-

dard, and copper chronic toxicity standard with distance from the injection site, upper Animas
River, Eureka to Howardsville, Colorado, August 14, 1998.

4 T { T { T { T { T { T { T { T
—MB— Sampled instream load
- —O— Cumulative instream load | -
z —A— Cumulative inflow load |
(=] I
o |
E 31— ! /<> —
n I
s 1=
: d
oc
Q I
S I I (O—O= > <> <y )
< | | / O |
=z I I
= I /g 531
[a) <>_<>/<>—r<> | 3L
g o o El A 7
a | | BY!
o 155! £ Q|
w 158! ey
o Bol AA
3 32! NN S — |
a I\w EZ\A/A_A VAN :
w
3 —‘A’A |
o ! ! ! -
2] | | |
2] I I \
a P gu-u-"
I | /1
I I ./.—.—l—l———l—_. I i
I ,,l—l"-’ I
—m— I
— I |
| | |
I i | | | | | Lt | |
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000

DISTANCE DOWNSTREAM FROM INJECTION SITE, IN METERS

8,000

Figure 11. Sampled instream load, cumulative instream load, and cumulative inflow load

of dissolved copper with distance from the injection site, upper Animas River, Eureka to
Howardsville, Colorado, August 14, 1998.
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Iron

Instream dissolved and colloidal iron concentrations dur-
ing the 1998 Eureka to Howardsville study generally were low
or not detected upstream from Howardsville, where dissolved
iron concentrations were less than 0.014 mg/L, and colloidal
iron concentrations were less than 0.088 mg/L. There was
essentially no change in the instream load, the cumulative
instream load, or the cumulative inflow load for dissolved or
colloidal iron upstream from Howardsville (figs. 12 and 13).

Downstream from Howardsville, the sampled instream
load for dissolved iron increased because of the elevated iron
concentration from the inflow at 6,438 m (11.7 mg/L) and
then decreased downstream probably because iron colloids
precipitated in the near-neutral pH streamwater (fig. 12). A
second but smaller increase in the dissolved iron instream load
occurred at 7,008 m where an adit inflow contributed addi-
tional dissolved (1.03 mg/L) and colloidal (1.13 mg/L) iron
to the stream. Downstream from Howardsville, the dissolved
iron cumulative inflow load was higher than the cumulative
instream and sampled instream loads indicating chemical
removal probably as precipitation of iron colloids (fig. 12).

The sampled instream load for colloidal iron increased
downstream from Howardsville because of the elevated colloi-
dal iron concentration from the inflow at 6,438 m (3.87 mg/L)
and likely from precipitation of iron colloids from the dis-
solved iron. For colloidal iron, the cumulative instream load
was higher than the cumulative inflow load (fig. 13), indicat-
ing that the source of iron colloids was instream chemical
precipitation rather than inflow contributions. The decrease
in the colloidal iron instream load between Howardsville and
the adit drainage at 7,008 m likely reflects the settling of iron
colloids onto the streambed.

Based on synoptic-sampling concentration data and mass-
loading calculations, the inflow at 6,438 m was a substantial
source of dissolved and colloidal iron to the upper Animas
River from Eureka to Howardsville in 1998. This inflow drains
the area of tailings near Howardsville and the Pride of the
West Mill. Some of these tailings were relocated during 1997
and 1998, and the effects of tailings removal on stream inflow
quality are undocumented. Inflow from a draining adit at
7,008 m was a secondary source of dissolved and colloidal
iron to the study reach. The instream dissolved iron load
downstream from each of these inflows first increased in
response to the inflow and then decreased in response to pre-
cipitation of iron colloids in the near-neutral pH stream. The
colloidal iron load increased downstream from each of these
inflows in response to the elevated inflow concentrations of
colloidal iron and the chemical precipitation of iron colloids.

Manganese

Instream dissolved manganese concentrations in the
Eureka to Howardsville study reach ranged from 0.14 to
0.78 mg/L in 1998. The highest instream manganese con-

centration (fig. 14) was upstream from the injection site at
0 m (0.78 mg/L) indicating that dissolved manganese was
contributed by sources upstream from Eureka. Downstream
from Eureka to upstream from Howardsville, instream man-
ganese concentrations decreased (fig. 14), and the cumula-
tive instream manganese load remained relatively constant
(fig. 15). Inflows dissolved manganese concentrations
upstream from Howardsville ranged from less than the method
detection limit of 0.01 to 0.26 mg/L and generally were lower
than the instream manganese concentrations from Eureka to
Howardsville. The highest manganese inflow concentration in
the Eureka to Howardsville study reach in 1998 was from the
inflow at 6,438 m (18.5 mg/L), and the second highest manga-
nese inflow concentration was downstream from Howardsville
at 7,008 m where visible drainage from an adit contributed
1.0 mg/L dissolved manganese to the upper Animas River.
The mass-loading graphs for dissolved manganese
showed little increase in sampled instream load, cumulative
instream load, or cumulative inflow load upstream from
Howardsville (fig. 15). All three loads increased downstream
from Howardsville in response to the elevated manganese
concentrations from the inflows at 6,438 m and 7,008 m. The
manganese cumulative inflow loads were higher than the
cumulative instream loads downstream from Howardsville,
indicating chemical removal of manganese possibly by pre-
cipitation of manganese oxyhydroxides.

Zinc

Instream dissolved zinc concentrations were compared
to acute and chronic toxicity standards for aquatic life. These
standards were computed for each water sample as a func-
tion of hardness (in milligrams per liter as calcium carbonate)
according to the following relations (Colorado Department of
Public Health and Environment, written commun., 1997):

(e(0.8473*1 n(hardness) +0.8604))

Zinc Acute Toxicity Standard =

1,000 ,and

(e(0.8473*1n(hardness) +0.7614))

Zinc Chronic Toxicity Standard = 1,000
Instream dissolved zinc concentrations ranged from 0.27
to 0.54 mg/L and exceeded the acute and chronic aquatic-life
standards along the entire study reach (fig. 16). The highest
dissolved zinc concentrations were upstream from the primary
braided reach, indicating that dissolved zinc was contributed
by sources upstream from Eureka. Dissolved zinc concentra-
tions decreased through the primary braided reach similar
to colloidal aluminum and dissolved copper concentrations
(fig. 16), and the graph of sampled instream zinc load (fig. 17)
also shows slight dissolved zinc loss through the primary
braided reach. Adsorption of dissolved zinc likely contributed
to its attenuation through the braided reach.
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The zinc concentration of inflow samples varied more
than instream zinc concentrations. Inflow zinc concentrations
ranged from a minimum value of 0.008 mg/L to a maximum
value of 7.3 mg/L for the inflow downstream from
Howardsville at 6,438 m (fig. 16). Increases in the dissolved
zinc sampled instream load, cumulative instream load, and
cumulative inflow load are noted at approximately 2,000 m,
3,500 m, and 6,500 m downstream from the 1998 injection site
(fig. 17). Corresponding increases in instream dissolved zinc
concentrations also occurred in these reaches (fig. 16).

The dissolved zinc load increase at approximately
2,000 m apparently was the result of elevated dissolved zinc
concentrations in unsampled inflow at the downstream end
of the primary braided reach and the Forest Queen inflow at
2,090 m (0.48 mg/L). Zinc loading from unsampled inflow
could be from ground-water and/or surface-water interaction
with historical tailings dispersed from Eureka, which now are
located in and downstream from the braided reach (Vincent
and others, 1999). A smaller load increase at 2,090 m was
attributed to visible inflow from the Forest Queen mine
(fig. 2). However, in the fall of 1998, a wetland was con-
structed at the mouth of the Forest Queen mine, and dissolved
zinc concentrations in the Forest Queen discharge to the
Animas River had decreased to near detection limits
(0.003 mg/L) in 2000 as a result of this remedial action
(M.A. Mast, U.S. Geological Survey, oral commun., 2000).

Downstream from the Kittimack tailings, from approxi-
mately 3,000 to 3,500 m, the dissolved zinc loads again
increased (figs. 16 and 17). This area included the secondary
braided reach and is identified as a contributor of dissolved
zinc to the Eureka to Howardsville study reach. The effects of
remediating this area are addressed through solute-transport
simulations later in the “Zinc Solute-Transport Simulations”
section.

The large increases in dissolved zinc load and instream
dissolved zinc concentration at approximately 6,500 m likely
were the result of inflow downstream from Howardsville at
6,438 m, where the maximum dissolved zinc inflow concen-
tration of 7.3 mg/L was measured. Some of the tailings near
Howardsville were relocated during 1997 and 1998, and the
effects of tailings removal on instream zinc concentrations are
undocumented. Inflows downstream from Howardsville and
Cunningham Gulch drain abandoned adits and other historical
mining sites and contribute dissolved zinc to the upper Animas
River including the inflow at 7,063 m (1.4 mg/L dissolved
zinc). Summing all the positive changes in zinc load between
stream sites provides a minimum estimate of the total mass of
zinc entering the study reach, which was approximately
76 kilograms per day (kg/d) for low-flow conditions in 1998.
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Howardsville, Colorado, August 14, 1998.

Sulfate

Instream sulfate concentrations ranged from 55 to
74 mg/L and were lower than the U.S. Environmental Protec-
tion Agency’s (USEPA) secondary drinking-water standard
of 250 mg/L (U.S. Environmental Protection Agency, 1992).
A slight increase of instream sulfate concentration occurred
downstream from the Eureka Gulch inflow, and concentrations
remained nearly constant downstream from Eureka Gulch
(fig. 18). Inflow sulfate concentrations in the study reach were
more variable, ranging from 44 to 307 mg/L. The highest
inflow sulfate concentrations were from Eureka Gulch at
347 m (90.7 mg/L), inflow downstream from the Kittimack
tailings at 3,165 m (128 mg/L), inflow downstream from
Howardsville at 6,438 m (307 mg/L), adit inflow at 7,008 m
(266 mg/L), and inflow downstream from an old mill site at
7,063 m (108 mg/L) (fig. 18).

The mass-loading graphs for sulfate show increases in the
sampled instream load, cumulative instream load, and cumu-
lative inflow load from Eureka to Howardsville, indicating a
general increase in instream and inflow sulfate load through
the study reach. The sampled instream load and the cumulative
instream load were approximately equal throughout the entire
study reach, indicating no loss of sulfate because of chemical
reaction (fig. 19).

Discussion of Sources and Loadings, Eureka to
Howardsville Study Reach

Surface-water drainage in the Eureka to Howardsville
study reach contributed aluminum, calcium, copper, iron, mag-
nesium, sulfate, and zinc to the upper Animas River in 1998.
Based on the 1998 synoptic-sampling results and mass-loading
graphs, sources upstream from Eureka contributed aluminum,
copper, manganese, and zinc to the Eureka to Howardsville
study reach.

Colloidal aluminum, dissolved copper, and dissolved zinc
were attenuated through the primary reach downstream from
Eureka indicating that the braided reach is a sink for these
metals. Colloidal aluminum attenuation through the primary
braided reach likely was the result of physical processes such
as particle settling and entrapment. Attenuation of dissolved
copper and zinc through the primary braided reach likely was
the result of adsorption of the dissolved constituents onto
colloidal iron particles or streambed coatings. Instream col-
loidal aluminum concentrations were low downstream from
the braided reaches to upstream from Howardsville (less than
approximately 0.05 mg/L). The instream dissolved copper
concentrations were lower than both the acute and chronic
toxicity standards downstream from the primary braided reach
to the end of the study reach.

Instream loads for colloidal aluminum, dissolved iron,
colloidal iron, dissolved manganese, dissolved zinc, and dis-
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solved sulfate all increased substantially downstream from
the inflow at 6,438 m. The inflow at 6,438 m drains the area
of tailings near Howardsville and the Pride of the West Mill.
Some of these tailings were relocated during 1997 and 1998,
and the effects of tailings removal on streamwater quality are
uncertain. Upstream from Howardsville, dissolved manga-
nese was diluted by inflow, and dissolved and colloidal iron
concentrations generally were low or not detected. Although
instream sulfate loads increased in a downstream direction,
instream sulfate concentrations were lower than the USEPA’s
secondary drinking-water standard of 250 mg/L.

Based on synoptic-sampling results, dissolved zinc was
the primary constituent of concern in the Eureka to Howards-
ville study reach of the upper Animas River, and a cumulative
instream zinc load of 76 kg/d was calculated for low-flow
conditions in 1998. Increases in zinc load were measured
downstream from Howardsville at 6,438 m (19 percent of the
total load), downstream from the braided reach near the Forest
Queen mine at 2,090 m (13 percent of the total load), near the
Kittimack tailings at 3,165 m (12 percent of the total load),
downstream from site T4 at 6,993 m (10 percent of the total
load), and downstream from Eureka Gulch at 347 m
(6 percent of the total load). Zinc loading from the upper
Animas drainage upstream from the study area also was sub-
stantial (14 percent of the total load). A constructed wetland
installed at the mouth of the Forest Queen mine in 1998 was
successfully reducing zinc concentrations in the Forest Queen
discharge to near detection limits (0.003 mg/L) in 2000.

Zinc Solute-Transport Simulations

To interpret mass-loading calculations and to evaluate
the effects of potential remediation, one-dimensional sur-
face-water transport of dissolved zinc was simulated for the
Eureka to Howardsville study reach using OTIS. This section
of the report describes the conservative and first-order decay
simulations and the remediation simulations for the Eureka to
Howardsville reach.

Conservative and First-Order Decay Simulations

The Eureka to Howardsville study reach was divided into
14 model reaches based on discharge calculations and mass-
loading graphs. Main channel cross-sectional area, storage
zone cross-sectional area, and storage-zone exchange coeffi-
cients were determined using OTIS-P simulations of the trans-
port site data, and a uniform dispersion coefficient of 1.0 m
was used for all model reaches. For each model reach, a lateral
inflow discharge was computed based on the stream discharge
profile, and lateral inflow concentrations were assigned to
each model reach based on measured inflow concentrations for
1998 (table 6 and fig. 20).

Using lateral inflow concentrations representative

of measured inflow concentrations (table 6), the conservative

(no decay) OTIS simulation computed instream zinc concen-
trations higher than the measured instream concentrations
downstream from reach 2 (Eureka Gulch) (fig. 21). Consistent
with the mass-loading graphs, this simulation result indicates
removal of dissolved zinc from the stream. The loss of dis-
solved zinc likely was caused by zinc adsorption onto col-
loidal particles or streambed sediment and was represented

as a first-order decay process using OTIS. First-order decay
rates determined from best-fit trial and error simulations were
assigned to model reaches 3, 5, 8, and 13 (table 6) to repre-
sent the decrease of sampled instream zinc load through these
reaches (fig. 17). The OTIS result for instream zinc concentra-
tions using measured lateral inflow concentrations and first-
order decay is shown in figure 21 and is a reasonable match to
the measured instream zinc concentrations.

Remediation Simulations

Two remediation alternatives were evaluated for the
Eureka to Howardsville study reach using the first-order
decay zinc solute-transport simulation described in the previ-
ous section. The first set of remediation simulations evalu-
ated the effects of remediating inflow zinc concentrations in
model reaches representing the Forest Queen mine inflow
and unsampled inflow downstream from the braided reach
in model reach 4 and inflow downstream from the Kittimack
tailings in model reach 6. The second set of remediation
simulations evaluates the effects of remediating inflow zinc
concentrations in model reaches 4 and 6 in addition to inflow
downstream from Howardsville in model reach 10.

To simulate remediation of stream reaches, the zinc
lateral inflow concentrations were reduced from the measured
inflow concentrations to hypothetical concentrations represen-
tative of inflow after remediation. Because these post-
remediation concentrations are uncertain, remediation simula-
tions of the Eureka to Howardsville study reach used a
50-percent reduction and then a 75-percent reduction in zinc
concentrations for the lateral inflow concentrations of remedi-
ated reaches. A list of remediation simulations, zinc lateral
inflow concentrations, and simulation results are presented in
table 7.

The first set of remediation simulations address remedia-
tion of zinc concentrations in the model reaches representing
the Forest Queen mine inflow and inflow below the
Kittimack tailings (table 7, simulations 3 and 4). Model reach
4 represents the zinc inflow from the Forest Queen mine
and unsampled inflow downstream from the braided reach,
and model reach 6 represents the Kittimack tailings inflow.
The zinc lateral inflow concentrations for these reaches were
reduced by 50 percent and by 75 percent, and the simulations
were run with first-order decay. Simulation results are shown
in figure 22 and indicate that instream zinc concentrations
downstream from the Kittimack tailings and upstream from
Howardsville (end of model reach 7) would approach con-
centrations near 0.16 mg/L (fig. 22 and table 7) if zinc inflow
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Table 6. OTIS setup and input parameters for zinc solute-transport model, upper Animas River, Eureka to Howardsville, Colorado.

[m, meters; m? square meters; m*/s-m, cubic meters per second per meter; mg/L, milligrams per liter; /s, per second; --, not applicable]

Distance Main
from Reach channel Lateral Lateral First-order
Model injection length Ccross-sec- inflow rate inflow decay rate Description (see figure 2)
reach site (m) tional area (m?/s-m) concentration (/s)
(m) (m?) (mg/L)

1 282 282 0.65 1.767 x 10* 0.008 -- T1

2 586 304 1.20 5.329 x 10* 0.299 Downstream from Eureka
Gulch

3 1,918 1,332 1.20 2.445 x 109 0.008 4.0x 107 Downstream from braided
reach

4 2,240 322 1.20 8.751 x 10* 0.483 T2 and downstream from
Forest Queen mine

5 3,150 910 1.50 1.777 x 10* 0.008 2.5x 107 Upstream from Kittimack
tailings

6 3,400 250 1.50 4.169 x 10+ 0.879 Downstream from Kittimack
tailings

7 3,435 35 1.50 4.806 x 107 0.325 Downstream from flow
increase at 3,405 m

8 4,670 1,235 1.50 2.754 x 10* 0.229 1.0x 10* Increase in flow from willows
and beaver ponds

9 5,467 797 1.50 4.584 x 10° 0.115 T3 and upstream from
Howardsville

10 6,528 1,061 3.00 6.112x 103 2.62 Downstream from
Howardsville and upstream
from Cunningham Gulch

11 6,618 90 3.00 4.947 x 103 0.020 Downstream from
Cunningham Gulch

12 6,993 375 3.00 3217 x 10* 0.400 T4

13 7,250 257 3.00 3.570 x 10+ 1.37 5.0x 10* End of study reach

14 7,350 100 3.00 - -- - Downstream boundary

concentrations were reduced by 75 percent in model reaches
4 and 6. An instream zinc concentration of 0.16 mg/L is the
upper limit of acute toxicity for some sensitive aquatic species
(Besser and others, 2001).

For the second set of remediation simulations, the effects
of remediating model reaches representing the Forest Queen
mine (model reach 4), inflow downstream from the Kittimack
tailings (model reach 6), and inflow downstream from
Howardsville (model reach 10) were evaluated (table 7,

simulations 5 and 6). The zinc lateral inflow concentrations for
these reaches were reduced by 50 percent and by 75 percent,
and the simulations were run with first-order decay. Simula-
tion results are shown in figure 23 and indicate that instream
zinc concentrations downstream from the Kittimack tailings
and downstream from Howardsville would approach concen-
trations near 0.16 mg/L (fig. 23 and table 7) if zinc inflow
concentrations were reduced by 75 percent in model reaches 4,
6, and 10.
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Figure 21.  OTIS results for conservative and first-order decay simulations, upper Animas River,
Eureka to Howardsville, Colorado.
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Table 7. OTIS results for zinc solute-transport and remediation simulations, upper Animas River, Eureka to
Howardsville, Colorado.

[CLATIN, OTIS input parameter for lateral inflow concentration; m, meters; mg/L, milligrams per liter; %, percent]

OTIS result — computed

Simulation OTIS input lateral inflow instream Description
number concentration (CLATIN) zinc concentration
(mg/L) (mg/L)

Reach 4 Reach6 Reach 10 End of End of study

reach7 reach
(3,435 m) (7,250 m)
1 0.483 0.879 2.615 0.372 0.383 Zinc CLATIN represents measured inflows with
no decay.

2 0.483 0.879 2.615 0.346 0.295 Zinc CLATIN represents measured inflows
with first-order decay in reaches 3, 4, 8, and
13.

3 0.242 0.440 2.615 0.255 0.259 Forest Queen and Kittimack remediation.
50% reduction in zinc CLATIN in reaches 4 and
6 with first-order decay in reaches 3, 5, 8, and
13.

4 0.121 0.220 2.615 0.165 0.238 Forest Queen and Kittimack remediation.
75% reduction in zinc CLATIN in reaches 4 and
6 with first-order decay in reaches 3, 5, 8 and 13.

5 0.242 0.440 1.308 0.255 0.229 Forest Queen, Kittimack, and Howardsville
remediation. 50% reduction in zinc CLATIN in
reaches 4, 6, and 10 with first-order decay in
reaches 3, 5, 8, and 13.

6 0.121 0.220 0.654 0.165 0.191 Forest Queen, Kittimack, and Howardsville

remediation. 75% reduction in zinc CLATIN in

reaches 4, 6, and 10 with first-order decay in
reaches 3, 5, 8 and 13.
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Figure 22. OTIS results for remediation simulations 3 and 4, upper Animas River, Eureka to
Howardsville, Colorado.
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Figure 23.  OTIS results for remediation simulations 5 and 6, upper Animas River, Eureka to
Howardsville, Colorado.
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Metal Loading to the Upper Animas
River, Howardsville to Silverton,
Colorado, Study Reach, September
1997

The Howardsville to Silverton tracer-injection study
started near the historical mining town of Howardsville and
ended just upstream from Silverton at the USGS gaging sta-
tion 09358000 (referenced herein using the Colorado State
gaging station number A68). The study reach encompassed a
7,858-m reach of the upper Animas River (fig. 24).

Tracer-Injection Study Objectives

There were two primary objectives for the Howardsville
to Silverton tracer-injection study. The first objective was to
identify and locate where metal loading occurred in the study
reach. Although a tracer-injection study can help identify
where load increases occur, it does not identify specific
pathways to the stream from particular sites, except for visible
surface inflows. Potential sources of metal loading included
the tailings near Howardsville, Arrastra Gulch, tailings near
the Mayflower Mill, and tailings near the Lackawanna Mill.
The second objective was to determine (for low-flow condi-
tions) if the stream reach is a net sink or source of metals to
the downstream areas. Identifying and describing any instream
geochemical processes that affect metal concentrations and
natural attenuation accomplished this objective.

Tracer-Injection Study Methods

The Howardsville to Silverton tracer-injection study
began at 1206 on September 13, 1997, and ran continuously
until 0900 on September 15, 1997 (table 8). A solution con-
taining 128,200 mg/L of sodium chloride (or 77,760 mg/L of
chloride) was injected into the upper Animas River at an aver-
age rate of 1.098 L/min. A leak in the injectate pool prior to
the injection start likely resulted in elevated preinjection chlo-
ride concentrations at the transport sites. For reporting results,
time 0.0 is the beginning of the experiment time, which was
midnight on September 13, 1997, and subsequent times are
reported as decimal hours.

The Howardsville to Silverton injection site was located
approximately 180 m upstream from a ditch near Howards-
ville so that inflow near Howardsville and Cunningham Gulch
could be quantified as tributary inflow to the stream. The
arrival of the sodium-chloride pulse and the development of a
plateau concentration were measured at six downstream loca-
tions, transport sites T1 through T6 (fig. 24). Transport site
T1 was located upstream from a channelized stream reach at
595 m, and transport site T2 was located at 1,059 m, which is
downstream from Howardsville and upstream from Cunning-

ham Gulch, to differentiate between these inflows. Transport
site T3 was located upstream from a canyon in the river at
2,800 m, and transport site T4 was located upstream from
Arrastra Gulch at 4,166 m. Transport site T5 was located at
6,038 m, and transport site T6 was located at 7,858 m at
gaging station A68.

Synoptic Sampling and Analyses

Synoptic samples were collected from 41 instream sites,
including the 6 transport sites, and 46 inflows on
September 14, 1997, during the plateau period of the tracer
injection. Instream sampling sites were located upstream and
downstream from identified inflows to allow mass-balance
calculations for each inflow, and additional sites were located
in longer subreaches between inflows to account for subsur-
face inflow. Forty-six inflow sites were chosen to represent
the range of pH and specific conductance of water entering the
stream. Instream and inflow water samples were analyzed in
the field and laboratory for various constituents as presented
in the “Study Methods” section of this report. The analytical
methods are listed in table 1.

Tracer-Injection Study Results

Chemical analyses results for chloride tracer concentra-
tions at the Howardsville to Silverton transport and synoptic
sites were used to compute traveltime, stream discharge, and
chemical mass loading as discussed herein. The 1997
synoptic-sampling site locations are listed in table 9, field
measurements and major ion concentrations are listed in
Appendix 3, and the ICP-AES synoptic-sampling results are
listed in Appendix 4. Data are sorted in downstream order
within groups of stream and inflow sites to emphasize the
downstream changes.

Arrival Times

Tracer arrival data and traveltime calculations for the six
transport sites from Howardsville to Silverton are listed in
table 10. The tracer sampling frequency provided well-defined
tracer arrival graphs at sites T1, T2, T4, T5, and T6
(figs. 25a and 25b). A complete arrival curve was not obtained
for site T3. However, a complete departure curve for site T3
was obtained, and the departure curve was used to compute
traveltime between sites T2 and T3. Instream chloride con-
centrations increased to a maximum of 5.22 mg/L at sites T4,
T5, and T6 from approximately 18 to 28 hours because of a
rainstorm and the possible associated runoff of magnesium
chloride road salts from the adjacent roadway.

The tracer moved quickly from the injection site
upstream from Howardsville to the downstream transport site
T6 (gaging station A68) at Silverton (table 10). The injection
began at 12.1 hours, and the tracer arrival time at site T1 was
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Figure 24. Howardsville to Silverton study reach, upper Animas River, Colorado, September 1997.

Table 8. Tracer-injection study sequence of events, upper Animas River, Howardsville to Silverton,
Colorado, September 1997.

[mL/min, milliliters per minute]

Experimental
Date Clock time Activity

time (hours)

09/12/1997 Stream reconnaissance and discharge

measurements

09/13/1997 0000 0.0 Start of experimental time
0900 9.0 Scheduled injection start, but injectate pool leaked
1206 12.10 Started injection; measured pump rate of 1,075 mL/min
1400 14.00 Measured pump rate at 1,100 mL/min
1630 16.50 Measured pump rate at 1,100 mL/min
1810 18.17 Measured pump rate at 1,100 mL/min

09/14/1997 Synoptic sampling
0905 33.08 Measured pump rate at 1,080 mL/min; mixed more salt into pool
1330 37.50 Measured pump rate at 1,070 mL/min

09/15/1997 0900 57.00 Stopped injection

1100 59.00 Slug injection of remaining solution
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Table 9. Synoptic-sampling sites and discharge calculated from tracer-dilution, upper Animas River, Howardsuville to

Silverton, Colorado, September 14, 1997.

[distance, distance downstream from injection sites; L/s, Liters per second; ft¥/s, cubic feet per second; RB, right bank; LB, left bank; --, not

applicable]
Distance Inflow Discharge Discharge
(meters) Site name Source location (L/s) (f3/s)
0 Upstream from injection site Stream -- 1,107 39.1
160 Downstream from injection site Stream - 1,107 39.1
181 Dredged ditch from Howardsville Ponds Inflow Left bank 1.6 0.05
213 Stream from beaver ponds Inflow Right bank 1.6 0.05
310 Downstream from RB ponds Stream -- 1,110 39.2
315 RB seep from talus Inflow Right bank 0 0
595 T1—near construction Stream -- 1,110 39.2
745 Drains beaver pond Inflow Right bank 35 1.2
905 Upstream from RB inflow Stream - 1,145 40.4
910 From cobble road bank RB Inflow Right bank 10.5 0.37
955 Upstream from Howardsville Mill Stream -- 1,156 40.8
965 Mill discharge Inflow Left bank 14.4 0.51
1,059 T2—Downstream from Howardsville Mill Stream -- 1,170 41.3
1,075 Cunningham Gulch Inflow Left bank 386 13.6
1,135 Downstream from Cunningham Gulch Stream - 1,556 54.9
1,150 Hematite Gulch Inflow Right bank 56.6 2.0
1,270 Downstream from bridge Stream - 1,612 56.9
1,510 At State gage (A53) Stream - 1,615 57.0
1,605 Draining LB adit—Ilarge inflow Inflow Left bank 6.4 0.23
1,648 RB road bank seep (old mill site) Inflow Right bank 6.4 0.23
1,665 RB seep beneath old road bank Inflow Right bank 6.4 0.23
1,725 Downstream from clean and dirty inflows Stream -- 1,634 57.7
1,745 Water across road RB Inflow Right bank 88.6 3.1
1,925 At upper “campground” A Stream -- 1,723 60.8
1,925 At upper “campground” B Stream -- 1,723 60.8
2,050 LB spring inflow Inflow Left bank 3.6 0.13
2,110 Downstream from campground Stream -- 1,726 61.0
2,125 Drains LB ponds with iron precipitate Inflow Left bank 3.7 0.13
2,360 LB inflow Inflow Left bank 3.7 0.13
2,361 LB rapid inflow from marsh Inflow Left bank 3.7 0.13
2,425 Swift inflow from marshy area Inflow Left bank 3.7 0.13
2,515 Upstream from draining adit Stream -- 1,737 61.4
2,522 Drains old mining Inflow Left bank 16.9 0.60
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Table 9. Synoptic-sampling sites and discharge calculated from tracer-dilution, upper Animas River, Howardsville

to Silverton, Colorado, September 14, 1997.—Continued

[distance, distance downstream from injection sites; L/s, Liters per second; ft¥/s, cubic feet per second; RB, right bank; LB, left bank; --, not

applicable]

Distance Inflow Discharge  Discharge

(meters) Site name Source location (L/s) (ft3/s)
2,572 Downstream from adit Stream -- 1,754 61.9
2,605 RB inflow from willows Inflow Right bank 0.3 0.01
2,709  RB inflow Inflow Right bank 0.3 0.01
2,800 T3—Truck park Stream - 1,754 61.9
3,040 Narrow chute within canyon Stream -- 1,788 63.1
3,235  RB cascade across road Inflow Right bank 0.0 0.00
3,295 Downstream from first cableway Stream -- 1,788 63.1
3,555 Mid canyon Stream -- 1,788 63.1
3,682  RB drainage off grassy hillside Inflow Right bank 21.2 0.75
3,820  RB cascade from rocky bank Inflow Right bank 21.2 0.75
4,023 Between RB inflows in canyon Stream -- 1,830 64.6
4,033  RB cascade from rocky bank Inflow Right bank 2.8 0.10
4,166 T4—upstream from Arrastra Gulch Stream -- 1,833 64.7
4,186 Arrastra Gulch Inflow Left bank 218 7.7
4,190  Inflow from pipe RB Inflow Right bank 2.8 0.10
4,310 Downstream from Arrastra Gulch Stream - 2,053 72.5
4,334 From “pipe bridge” Inflow Right bank 32 0.11
4,353 Stream level spring RB Inflow Right bank 3.2 0.11
4,473  Downstream from river level spring Stream -- 2,060 72.7
4,533  Marsh area RB Inflow Right bank 27.1 0.96
4,581 Downstream from LB abandoned mill Stream -- 2,087 73.7
4,586  Ponded water RB Inflow Right bank 12.0 0.42
4,656  Upstream from Pinnacle Gap Stream -- 2,099 74.1
4,816  Upstream from acid inflows Stream -- 2,099 74.1
4,886  Seep w/acid algae Inflow Right bank 2.8 0.10
4,916  Downstream from acid inflows Stream -- 2,102 74.2
4,951 Boulder Gulch Inflow Right bank 39.0 1.4
4,970  RB inflow—substantial Inflow Right bank 39.0 1.4
5,131 Downstream from Boulder Gulch Stream -- 2,180 77.0
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Table 9. Synoptic-sampling sites and discharge calculated from tracer-dilution, upper Animas River, Howardsville to
Silverton, Colorado, September 14, 1997.—Continued

[distance, distance downstream from injection sites; L/s, Liters per second; ft¥/s, cubic feet per second; RB, right bank; LB, left bank; --, not

applicable]

Distance Inflow Discharge Discharge

(meters) Site name Source location (L/s) (ft3/s)
5,161 Pond to stream LB with fish Inflow Left bank 14.2 0.50
5,221 Blair Gulch Inflow Left bank 14.2 0.50
5,306 Downstream from Blair Gulch Stream - 2,208 78.0
5,355 LB inflow from willow bog Inflow Left bank 0.3 0.01
5,356 Small ponds RB in cobbles Inflow Right bank 0.3 0.01
5,446 LB inflow near wells Inflow Left bank 0.3 0.01
5,536 Downstream from first of capped tailings Stream -- 2,208 78.0
5,756 Upstream from drain from tails Stream - 2,233 78.3
5,766 Drains tailings RB in “ditch” Inflow Right bank 0.3 0.01
5,858 Seep along 60 m of grass Inflow Right bank 0.3 0.01
6,038 T5—Downstream from capped tailings Stream -- 2,233 78.8
6,105 LB inflow from willows Inflow Left bank 24.2 0.86
6,288 Downstream from toe of Mayflower Stream - 2,257 79.7
6,528 Upstream from Lackawanna Bridge Stream - 2,257 79.7
6,768 Downstream from Lackawanna Bridge Stream -- 2,257 79.7
7,008 Upstream from Lackawanna Mill Stream - 2,257 79.7
7,103 Discharge from Lackawanna Mill Inflow Left bank 0.00 0.00
7,163 LB inflow Inflow Left bank 0.30 0.01
7,283 Downstream from Lackawanna Mill Stream - 2,257 79.7
7,483 LB inflow Inflow Left bank 2.8 0.10
7,523 Among braids near town Stream -- 2,257 79.7
7,688 RB drainage from Mayflower Inflow Right bank 7.1 0.25
7,858 T6—At bridge/gage A68 - end of study reach Stream -- 2,264 79.9
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Table 10. Tracer arrival data and traveltime calculations for transport sites downstream from the tracer-injection
site, upper Animas River, Howardsville to Silverton, Colorado, September 1997.

[m, meters; m/s, meters per second; mg/L, milligrams per liter; NM, not measured (arrival time computed from departure curve for

transport site T3)]

Distance Average
downstream Distance Arrival Traveltime  Traveltime velocity
Transport from between time from between between Comments
site injection transport (t,) injection transport transport
site sites (hours) site sites sites
(m) (m) (hours) (hours) (m/s)
T1 595 595 12.38 0.28 0.28 0.59 Injection start time =
12.1 hours
T2 1,059 464 12.60 0.50 0.22 0.59
T3 2,800 1741 NM(13.4) 1.30 0.80 0.60 T3 traveltime comput-
ed from departure
curve instead of
arrival curve
T4 4,166 1,366 14.07 1.97 0.67 0.57
T5 6,038 1,872 14.90 2.80 0.83 0.63
T6 7,858 1,820 15.68 3.58 0.78 0.65
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12.38 hours, indicating a traveltime of 0.28 hour (16 minutes)
and an average flow velocity of 0.59 m/s between the injection
site and site T1. A similar traveltime (0.22 hour) and velocity
(0.59 m/s) were measured for a similar distance between sites
T1 and T2. The tracer arrival time at site T3, computed from
the T3 departure curve, was 13.4 hours, indicating a traveltime
of 1.3 hours from the injection site. The total traveltime from
the injection site to site T6 was 3.58 hours. The average flow
velocity generally increased downstream to a maximum value
of 0.65 m/s between sites T5 and T6.

Discharge Profile

A detailed discharge profile for the Howardsville to
Silverton study reach was developed using the chloride tracer
concentrations measured in the synoptic samples. For the
Howardsville to Silverton study reach, synoptic instream
chloride concentrations generally were higher than the inflow
chloride concentrations, and chloride concentrations decreased
downstream due to dilution (fig. 26a). However, several inflow
chloride concentrations were higher than instream chloride
concentrations, and downstream increases of instream chloride
concentrations were measured in the synoptic chloride profile.
The inflows with higher chloride concentrations were located
primarily on the right streambank, and some possibly were the
result of runoff containing magnesium chloride road salts from
the roadway, which also is located on the right streambank.
For stream reaches where chloride was not an appropriate
indicator of dilution because of higher inflow concentrations,
the conservative ions strontium, manganese, and sulfate were
used to calculate discharge.

For a decrease in chloride concentration to be considered
a measurable change and not a product of analytical error, the
decrease in concentration between instream samples must be
higher than the precision of the chemical analyses. Error bars
are indicated for chloride concentrations to show the precision
of 1.83 percent for the 1997 data set (fig. 26a). If a change in
instream chloride concentration was lower than the precision
of the analysis, the downstream chloride concentration was
held constant for discharge calculations until a change higher
than the precision of the analysis was measured.

The synoptic-sampling profile of chloride concentration
(fig. 26a), supplemented by strontium, manganese, and sulfate
concentrations, was used to calculate discharge according
to the relations presented in table 2. Discharge results are
presented in table 9 and in figure 26b. The resulting discharge
profile for the Howardsville to Silverton study reach indicates
stream discharge ranged from 1,107 L/s (39.1 {t3/s) at the
injection site to 2,264 L/s (79.9 ft3/s) at gaging station A68
(fig. 26b), and the total increase of discharge through the study
reach was 1,157 L/s (40.8 ft3/s). The largest inflow was Cun-
ningham Gulch (1,075 m) with a computed inflow discharge
of 386 L/s (13.6 ft3/s) or 33 percent of the total flow increase.
Arrastra Gulch (4,186 m) contributed 218 L/s (7.7 ft3/s) or
19 percent of the total flow increase. The contributions from

Hematite Gulch (1,150 m) and Boulder Gulch (4,951 m) were
5 percent and 3 percent, respectively, of the total increase in
stream discharge. Small surface inflows and ground-water
seeps caused the remaining streamflow increase along the
study reach. Discharge values computed from the synoptic-
sampling results compare well with discharge measured at the
six transport sites (fig. 26b).

The Howardsville to Silverton discharge values computed
from the September 1997 tracer-injection study were higher
than the discharge values computed from the August 1998
Eureka to Howardsville tracer-injection study. At the instream
site immediately downstream from Cunningham Gulch, the
1997 computed discharge at site 1,135 m was 1,556 L/s
(54.9 ft3/s), whereas the 1998 computed discharge at this
same site (6,618 m in 1998 study) was 2,107 L/s (74.4 ft3/s)
(table 5). The difference in discharge from 1997 to 1998 is
attributed to seasonal variation.

Synoptic-Sampling and Mass-Loading
Calculation Results

This section presents results for the 1997 Howardsville to
Silverton synoptic-sampling results and mass-loading calcula-
tions for constituents of interest. Synoptic-sampling data are
presented in Appendixes 3 and 4, and the data are contained
in the USGS digital database for the Animas River watershed
Abandoned Mine Land Program (Sole and others, 2005)

pH

The downstream profile of instream and inflow pH values
for the 1997 Howardsville to Eureka study reach is presented
in figure 27. Instream pH values were near neutral and ranged
from a minimum of 7.4 at 4,581 m to a maximum of 7.8 at
3,295 m. Although there was no clear downstream trend for
the instream pH values, instream pH did appear to vary with
inflow pH. Instream pH values increased downstream from
inflows with high pH values, such as those from Cunningham
and Hematite Gulches, and instream pH values decreased
downstream from inflows with pH values lower than the
stream.

Based on the pH downstream profile, the study reach
can be subdivided into sections with similar characteristics.
First is the upper part of the stream from the injection site to
Cunningham Gulch where the inflows at 181 m and 965 m
had pH values of 6.9. These inflows lowered the instream
pH to 7.4 upstream from Cunningham Gulch. The 1997 pH
from the inflow downstream from Howardsville (965 m) was
higher than the pH for this same inflow in the 1998 Eureka to
Howardsville synoptic sampling (pH of 5.7 for the 6,438-m
inflow). Instream pH increased to 7.7 downstream from
Cunningham Gulch because of the high-pH inflow from
Cunningham (8.0) and Hematite (8.1) Gulches.
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downstream from the injection site, upper Animas River, Howardsville to Silverton, Colorado,
September 14, 1997.
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The second area affected by low-pH inflows was from
1,605 to 2,572 m, where inflows with pH values lower than
instream values lowered instream pH (fig. 27). The low-
est inflow pH in this reach (4.8) was from ponds on the left
bank at 2,125 m. Between the site at 2,572 m and site T4 at
4,166 m, the upper Animas River flows through a steep-walled
canyon. The visible inflows in this reach are primarily from
the right bank, with inflow pH values ranging from a mini-
mum of 7.9 to a maximum of 8.2, and instream pH ranging
from 7.7 to 7.8 (fig. 27).

A third area affected by AMD and ARD was downstream
from 4,353 m, where a series of low-pH right bank inflows
lowered the instream pH. The lowest inflow pH in the entire
study reach emanated from a right bank spring at 4,353 m

(pH of 4.2), and additional right bank low-pH inflows were at
4,533 m (pH of 4.9) and 4,586 m (pH of 4.9) (fig. 27).

Aluminum

Instream dissolved aluminum concentrations were low
and had little variability, although concentrations increased
slightly downstream due to inflows with elevated dissolved
aluminum concentrations. Instream dissolved aluminum con-
centrations ranged from less than the method detection limit of
0.01 to 0.98 mg/L. Inflow dissolved aluminum concentrations
were more variable than instream concentrations and ranged
from less than the method detection limit of 0.01 to
23.5 mg/L. The inflows with elevated dissolved aluminum
concentrations included the right bank inflows downstream
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from Arrastra Gulch. Dissolved aluminum was not elevated in
the ditch upstream from Howardsville (0.060 mg/L at 181 m)
or the inflow downstream from Howardsville (0.012 mg/L

at 965 m). Instream colloidal aluminum concentrations also
appeared to increase slightly in a downstream direction
because of the inflow of elevated dissolved aluminum concen-
trations and the subsequent precipitation of aluminum
oxyhydroxide.

Calcium and Magnesium

Calcium and magnesium concentrations in the upper
Animas River for 1997 are controlled by the calcium and
magnesium concentrations of surface-water inflows. Instream
concentrations of calcium ranged from approximately 35 to
40 mg/L with a mean of 37 mg/L, and inflow calcium con-
centrations ranged from 12 to 344 mg/L with a mean of 81
mg/L. Instream calcium concentrations increased slightly in a
downstream direction from about 36 mg/L at Howardsville to
about 39 mg/L at gaging station A68 in response to elevated
inflow calcium concentrations (fig. 28).

Instream magnesium concentrations had little variability
and ranged from about 2.4 to 2.7 mg/L, generally increasing
in a downstream direction. Inflow magnesium concentrations
varied more than instream concentrations ranging from 0.8
to 35.3 mg/L (fig. 29). The inflows with elevated magnesium
concentrations included the ditch upstream from Howardsville
(10.6 mg/L), inflow downstream from Howardsville
(7.55 mg/L), and a right bank ditch at 7,688 m (14.2 mg/L),
as well as four right bank inflows downstream from Arrastra
Gulch with magnesium concentrations ranging from 14.4 to
35.3 mg/L.

Copper

Instream dissolved copper concentrations were compared
to acute and chronic toxicity standards for aquatic life.
Figure 30 presents a graph of instream dissolved copper con-
centrations for the Howardsville to Silverton study reach 1997
synoptic sampling and the acute and chronic toxicity standards
computed for each instream sample. Instream copper concen-
trations were near or estimated less than the method detection
limit of 0.002 mg/L and were lower than the acute and chronic
toxicity standards throughout the study reach (fig. 30). The
maximum inflow copper concentrations were from the right
bank inflows downstream from Arrastra Gulch (5.2 mg/L at
4,353 m; 0.36 mg/L at 4,533 m; 0.20 at 4,586 m; and 2.4 mg/L
at 5,356 m).

Iron

Instream dissolved iron concentrations in the
Howardsville to Silverton study reach generally were low or
not detected except immediately downstream from Howards-
ville in 1997 (fig. 31). Instream colloidal iron also was not
detected upstream from Howardsville (fig. 31). The dissolved
iron concentration of inflow downstream from Howardsville
(965 m) was 1.2 mg/L in 1997, which was an order of mag-
nitude lower than the inflow dissolved iron concentration in
1998 (11.7 mg/L at 6,438 m in 1998 study). The maximum
instream dissolved iron concentrations occurred immediately
downstream from Howardsville at 1,059 m (0.13 mg/L) and
downstream from Arrastra Gulch at 4,310 m (0.16 mg/L).
Instream dissolved iron concentrations decreased and instream
colloidal iron concentrations increased downstream from both
the Howardsville and Arrastra Gulch inflows probably in
response to iron oxyhydroxide precipitation.

The sampled instream, cumulative instream, and cumula-
tive inflow loads for colloidal iron all increased downstream
from Howardsville (fig. 32). The colloidal iron loads increased
in response to the elevated inflow colloidal iron concentra-
tions downstream from Howardsville (12.4 mg/L at 965 m)
and the precipitation of iron oxyhydroxides from the elevated
inflow dissolved iron concentrations. Downstream from
Howardsville, the cumulative instream colloidal iron load was
higher than the cumulative inflow load (fig. 32) indicating that
mineral precipitation was a source of instream iron colloids.
Downstream from Arrastra Gulch, from approximately 4,166
to 6,000 m, there was an increase of sampled instream colloi-
dal iron load but no increase of cumulative inflow load, which
indicates ground-water discharge of dissolved iron, possible
precipitation of iron colloids, or both (fig. 32).

Based on synoptic-sampling concentration data and
mass-loading calculations, inflow downstream from Howards-
ville at 965 m was a source of dissolved and colloidal iron to
the upper Animas River reach from Eureka to Howardsville in
1998 and from Howardsville to Silverton in 1997. Inflow from
a draining adit at 7,008 m in the Eureka to Howardsville study
reach (1,605 m in the Howardsville to Silverton study reach)
was a secondary source of dissolved and colloidal iron in both
studies. The stream reach downstream from Arrastra Gulch
and the right bank ditch inflow at 7,688 m were secondary
sources of iron (fig. 31). The sampled instream dissolved iron
load downstream from each of these inflows first increased in
response to the inflow and then decreased as iron oxyhydrox-
ides precipitated in the near-neutral pH stream.

Manganese

Instream manganese concentrations upstream from
Howardsville decreased downstream due to dilution in 1998
(fig. 14). In contrast, instream dissolved manganese concentra-
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tions from the 1997 Howardsville to Silverton study ranged
from 0.12 to 1.1 mg/L and generally increased in the down-
stream direction because of elevated inflow manganese con-
centrations (fig. 33). Inflow dissolved manganese concentra-
tions ranged from less than the method detection limit of 0.001
to 284 mg/L (right bank marsh at 4,533 m). The dissolved
manganese concentration from inflow downstream from
Howardsville at 965 m was 15.9 mg/L during 1997, slightly
lower than the manganese concentration measured for the
inflow in 1998 (18.6 mg/L). Several right bank inflows
downstream from Arrastra Gulch also had elevated manganese
concentrations (55.5 mg/L at 4,353 m; 4.7 mg/L at 4,586 m;
75.6 mg/L at 4,886 m; 3.1 mg/L at 4,970 m; 34.4 mg/L at
5,858 m; and 39.7 mg/L at 7,688 m).

The mass-loading graphs for dissolved manganese reflect
the downstream increase in manganese load caused by inflows
with elevated manganese concentrations. Consistent with the
Eureka to Howardsville study results for manganese, sampled
instream, cumulative instream, and cumulative inflow loads
generally did not increase upstream from Howardsville
(figs. 15 and 34). All three manganese-loading graphs in

figure 34 showed increases downstream from Howardsville.
Immediately downstream from Howardsville, the sampled
instream and cumulative instream manganese loads increased,

and this increase was greater than the cumulative inflow load
increase for the same reach, indicating that ground-water
inflow possibly contributed to the sampled instream manga-
nese load. The sampled instream and cumulative instream
manganese loads remained relatively constant downstream
from Howardsville to Arrastra Gulch. A second increase in
sampled instream and cumulative instream dissolved manga-
nese loads occurred downstream from Arrastra Gulch where
several right bank inflows had elevated manganese concen-
trations. However, the increases of sampled instream and
cumulative instream manganese loads were greater than the
increase of cumulative inflow load from approximately 5,000
to 6,500 m, again indicating that ground-water inflow possi-
bly was contributing to the sampled instream manganese load
downstream from Boulder Gulch.

Zinc

Instream dissolved zinc concentrations for 1997 were
compared to acute and chronic toxicity standards for aquatic
life. Instream dissolved zinc concentrations ranged from 0.24
to 0.45 mg/L, and exceeded the acute and chronic aquatic-life
standards along the entire study reach (fig. 35). With a spatial
distribution similar to manganese, dissolved zinc concentra-
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tions generally increased in a downstream direction because of
inflows with elevated zinc concentrations (fig. 36). The high-
est instream dissolved zinc concentrations were downstream
from Howardsville and downstream from Arrastra Gulch.

The variability of zinc concentrations for inflow samples
was much higher than for instream samples and ranged from
0.004 to 130 mg/L (right bank inflow at 4,353 m)

(fig. 36). The highest inflow dissolved zinc concentrations
were from right bank inflows downstream from Arrastra Gulch
(130 mg/L at 4,353 m; 53.2 mg/L at 4,533; 9.3 mg/L at

4,586 m; 19.4 mg/L at 4,886 m; 3.8 mg/L at 4,970 m;

39.8 mg/L 5,356 m; and 12.7 mg/L at 5,858 m). The dissolved
zinc concentration from inflow downstream from Howards-
ville (965 m) was 2.5 mg/L during 1997, which was consider-
ably lower than the zinc concentration measured for the inflow
in 1998 (7.3 mg/L).

Increases in the dissolved zinc loads corresponded to
increases of instream dissolved zinc concentrations. Zinc load
increases occurred downstream from Howardsville, through
the reach with right bank inflows downstream from Arrastra
Gulch, and downstream from Boulder Gulch (4,951 m)

(fig. 37). Sampled instream load and cumulative instream load
for dissolved zinc were higher than the cumulative inflow load

immediately downstream from Howardsville, indicating that
ground-water discharge possibly contributed dissolved zinc to
the river in this area (table 11). From downstream of Howards-
ville to the reach immediately upstream from Arrastra Gulch
at 4,166 m, the instream zinc load increased 7.6 kg/d from sur-
face inflows and ground-water discharge (table 11 and fig. 37).
The largest instream zinc load increase was observed down-
stream from Arrastra Gulch (4,186 m) from surface inflows
and apparent ground-water discharge (table 11). For reaches
where the sampled instream load and cumulative instream
load increased but cumulative inflow load remained constant,
unsampled inflow, possibly from ground-water discharge,

is indicated. Possible ground-water discharge is evident for
several reaches downstream from 5,131 to 7,523 m (table 11
and fig. 37). The instream zinc load increase of 15.3 kg/d
from 6,038 to 6,288 m probably is caused by ground-water
discharge with elevated zinc concentrations, because no visible
inflows occurred in this reach (table 11 and fig 36). The load-
ing graphs (fig. 37) also indicate locations downstream from
Boulder Gulch where the dissolved zinc sampled instream
load decreases possibly in response to zinc adsorption onto
iron colloids or stream sediment. The total sampled instream
load for dissolved zinc was approximately 83 kg/d, and the
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Figure 36. Instream and inflow dissolved zinc concentrations with distance from the

injection site, upper Animas River, Howardsville to Silverton, Colorado,

September 14, 1997.
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Figure 37.
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Table 11.  Zinc loads calculated from tracer-dilution results, upper Animas River, Howardsville to Silverton, Colorado, September 14, 1997.

[Distance, distance downstream from injection site; kg/d, kilograms per day; RB, right bank; LB, left bank]

Cumulative Change Change
Distance Instream  instream  Cumulative in in Possible
(meters) Stream reach name zinc zinc inflow zinc  instream inflow explanation
load load load zinc load  zinc load
(kg/d) (kg/d) (kg/d) (kg/d) (kg/d)
160 Downstream from injection site—B 26.7 26.7 26.7 26.7 0.0
310 Downstream from RB ponds 26.7 26.7 26.8 0.1 0.1
595 T1—near construction 26.7 26.7 26.8 0.0 0.0
905 Upstream from RB inflow 27.6 27.6 26.8 0.8 0.0
955 Upstream from Howardsville Mill 27.8 27.8 26.8 0.3 0.0
1,059 T2—Downstream from Howardsville Mill 37.3 37.3 30.0 9.4 3.2 Ground-water discharge
1,135 Downstream from Cunningham Gulch 352 37.3 30.9 -2.1 0.9  Zinc loss—adsorption
1,270 Downstream from bridge 36.5 38.6 30.9 1.3 0.1
1,510 At State gage (A53) 36.5 38.6 30.9 0.1 0.0
1,725 Downstream from clean/ dirty inflows 37.0 39.0 32.6 0.4 1.7 Surface inflow
1,925 At upper “campground” 39.0 41.1 32.6 2.0 0.0  Unsampled inflow
2,110 Downstream from campground 39.1 41.1 32.6 0.1 0.0
2,515 Upstream from draining adit 39.3 414 32.7 0.2 0.0
2,572 Downstream from adit 39.7 41.8 32.7 0.4 0.1
2,800 T3—Truck park 39.7 41.8 327 0.0 0.0
3,040 Narrow chute within canyon 40.4 42.5 32.7 0.8 0.0
3,295 Downstream from first cableway 41.8 43.9 32.7 1.4 0.0
3,555 Mid canyon 41.8 439 327 0.0 0.0
4,023 Between RB inflows in canyon 42.8 44.9 33.0 1.0 0.2
4,166 T4—Upstream from Arrastra Gulch 46.9 49.0 33.0 4.1 0.0
4,310 Downstream from Arrastra Gulch 49.3 51.4 35.6 2.4 2.6  Surface inflow
4,473 Downstream from river level spring 49.9 52.0 35.7 0.7 0.1
4,581 Downstream from LB abandoned mill 56.1 58.2 35.7 6.2 0.0  Ground-water discharge
4,656 Upstream from Pinnacle Gap 58.0 60.1 453 1.9 9.6  Surface inflow
4,816 Upstream from acid inflows 58.0 60.1 453 0.0 0.0
4916 Downstream from acid inflows 63.8 65.9 50.1 5.8 4.7  Surface inflow
5,131 Downstream from Boulder Gulch 64.1 66.2 50.5 0.3 0.4  Surface inflow
5,306 Downstream from Blair Gulch 73.6 75.7 51.9 9.5 1.5 Ground-water discharge
5,536 Downstream from first of capped tailings 77.0 79.1 53.1 34 1.2 Ground-water discharge
5,756 Upstream from drain from tailings 72.1 79.1 53.1 -4.9 0.0  Zinc loss—adsorption
6,038 T5—Downstream from capped tailings 72.1 79.1 53.1 0.0 0.0
6,288 Downstream from toe of Mayflower 87.4 94.4 53.1 15.3 0.0  Ground-water discharge
6,528 Upstream from Lackawanna Bridge 83.4 94.4 53.1 -4.0 0.0  Zinc loss—adsorption
6,768 Downstream from Lackawanna Bridge 83.4 94.4 53.1 0.0 0.0
7,008 Upstream from Lackawanna Mill 834 94.4 53.1 0.0 0.0
7,283 Downstream from Lackawanna Mill 75.2 94.4 53.1 -8.2 0.0  Zinc loss—adsorption
7,523 Among braids near town 81.7 100.9 53.1 6.5 0.0  Ground-water discharge

7,858 T6—At bridge/gage A68 83.3 102.4 54.4 1.5 1.3 Surface inflow
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total cumulative load for zinc was approximately 102 kg/d at
gaging station A68 (table 11).

Sulfate

Dissolved sulfate concentrations in the upper Animas
River for 1997 were controlled by the sulfate concentrations of
surface-water inflows. Instream sulfate concentrations ranged
from 63.5 to 85.3 mg/L and were lower than the USEPA’s
secondary drinking-water standard of 250 mg/L. Instream
sulfate concentrations increased downstream from Howards-
ville, and concentrations remained relatively constant down-
stream from Cunningham Gulch (fig. 38).

Inflow sulfate concentrations in the study reach were
more variable than instream concentrations and ranged from
12.8 to approximately 1,400 mg/L. Inflows with elevated
sulfate concentrations in the upper part of the study reach
included the ditch upstream from Howardsville at 181 m
(212 mg/L), right bank drainage at 910 m (243 mg/L), inflow
downstream from Howardsville at 965 m (549 mg/L), adit
inflow at 1,605 m (256 mg/L) (7,008 m in the Eureka to
Howardsville study reach), inflow from an old mill site at
1,648 m (116 mg/L) (7,063 m in the Eureka to Howardsville
study reach), and abandoned mining sites at 2,125 m
(222 mg/L) and 2,522 (224 mg/L) (fig. 38). In the lower part

of the study reach, the right bank inflows downstream from
Arrastra Gulch contributed elevated sulfate concentrations to
the stream. Inflows with the highest sulfate concentrations in
this area were the right bank inflows at 4,353 m (1,053 mg/L);
4,533 m (1,353 mg/1); 4,886 m (1,408 mg/L); 5,356 m

(1,378 mg/L); 5,858 m (861 mg/L); and the ditch at 7,688 m
(1,103 mg/L).

The mass-loading graphs for sulfate show the sampled
instream load, the cumulative instream load, and the cumula-
tive inflow load as approximately equal, indicating little to
no sulfate loss or gain due to chemical reaction. The sulfate
cumulative instream load was approximately equal to the
cumulative inflow load upstream from Blair Gulch (5,221 m)
indicating that instream concentrations were a result of the
measured inflow concentrations (fig. 39). However, down-
stream from approximately 5,500 m, the sulfate cumulative
instream load curve is slightly greater than the cumulative
inflow load curve (fig. 39), indicating that the measured inflow
load did not account for the entire instream load with the
remainder probably resulting from ground-water discharge
with elevated sulfate concentrations.
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Figure 38.

Dissolved sulfate concentrations with distance from the injection site, upper

Animas River, Howardsville to Silverton, Colorado, September 14, 1997.
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Silverton, Colorado, September 14, 1997.

Discussion of Sources and Loadings
Howardsville to Silverton Study Reach

Surface-water drainage in the Howardsville to Silverton
study reach contributed aluminum, copper, iron, manganese,
zinc, and sulfate to the upper Animas River surface-water
system in 1997. Instream dissolved and colloidal aluminum
concentrations generally were low and near detection limits.
Dissolved iron concentrations and loads increased downstream
from Howardsville and Arrastra Gulch, and colloidal iron
remained constant at low concentrations downstream from
Howardsville. The concentrations and mass loads of instream
dissolved manganese and zinc increased substantially down-
stream from Arrastra Gulch to the end of the study reach
from surface and subsurface inflows, and instream dissolved
zinc concentrations exceeded acute and chronic aquatic-life
standards along the entire reach. Instream dissolved copper
concentrations were lower than the acute and chronic toxic-
ity standards throughout the study reach, and instream sulfate
concentrations were lower than the USEPA’s secondary drink-
ing water standard of 250 mg/L throughout the study reach.

Based on the 1997 synoptic-sampling results and mass-
loading graphs, there were four primary areas where metal
concentrations and loads increased within the Howardsville to

Silverton study reach. The first increase was the reach down-
stream from Howardsville to downstream from Cunningham
Gulch where the sampled instream loads of dissolved and
colloidal iron, dissolved manganese, dissolved zinc, and dis-
solved sulfate all increased in a downstream direction during
1997 and 1998. The second increase was downstream from
Arrastra Gulch, from approximately 4,186 to 5,900 m, where
sampled instream loads of colloidal iron, dissolved manga-
nese, dissolved zinc, and dissolved sulfate increased. The load
increases in this reach appear to result from a series of right
bank inflows downstream from the Mayflower Mill tailings
with low pH and elevated constituent concentrations. A third
increase of sampled instream loads occurred at approximately
6,100 m where load increases were measured for colloidal
iron, dissolved manganese, dissolved zinc, and dissolved sul-
fate. The source of these load increases may have been from
discharge of ground water with elevated constituent concentra-
tions, based on mass-loading graphs and the lack of visible
inflow in the reach. A fourth but lesser load increase for
dissolved zinc and dissolved sulfate occurred at the end of the
study reach, near the Lackawanna Mill, from approximately
7,283 to 7,850 m.

Based on the 1997 synoptic-sampling results, dissolved
zinc is the primary constituent of concern in the Howardsville
to Silverton study reach of the upper Animas River, and the
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total cumulative load for zinc was approximately 102 kg/d at
gaging station A68. Listed below are locations where instream
dissolved zinc load increased and the percentage of the total
load attributed to the reach:

* Downstream from tailings near the Mayflower Mill
(15 percent),

* Downstream from Blair Gulch (9 percent),

* Downstream from Howardsville (9 percent),

* Downstream from tailings near the Lackawanna Mill
(6 percent),

¢ Downstream from abandoned mill at 4,581 m
(6 percent),

e Downstream from acidic inflows at 4,916 m
(6 percent), and

* Downstream from Arrastra Gulch (4 percent).

A substantial dissolved zinc load also was contributed
from the upper Animas drainage upstream from the study area
(26 percent of the total load).

The 1997 Howardsville to Silverton study reach overlaps
with the 1998 Eureka to Silverton study reach from a point
upstream from Howardsville to a point downstream from
Cunningham Gulch. Although seasonal variability was not
specifically addressed by the studies, a general relation
between constituent concentrations and stream discharge is
noted in the overlapping part of the two data sets. Stream
discharge near Howardsville was lower in 1998 than in 1997,
the pH values were higher in 1997 than in 1998, and dissolved
iron, manganese, zinc, and sulfate concentrations were lower
in 1997 than in 1998. These observations indicate chemical
constituents were diluted in 1997 relative to 1998, and that the
effects of metal-rich inflow on water quality were greater at
low flow.

Zinc Solute-Transport Simulations

To interpret mass-loading calculations and to evaluate
the effects of potential remediation, one-dimensional surface-
water transport of dissolved zinc was simulated for the How-
ardsville to Silverton study reach using OTIS. This section
of the report describes the conservative and first-order decay
simulations and the remediation simulations for the
Howardsville to Silverton reach.

Conservative and First-Order Decay Simulation
Results

The Howardsville to Silverton study reach was divided
into 15 model reaches based on discharge calculations and
mass-loading graphs. Main-channel cross-sectional area,
storage-zone cross-sectional area, and storage-zone exchange
coefficients were determined using OTIS-P simulations of the
transport site data. A uniform dispersion coefficient of 1.0 m

was used for all model reaches. For each model reach, a lateral
inflow discharge was computed based on the stream dis-
charge profile. Upstream from Arrastra Gulch, lateral inflow
concentrations were assigned to model reaches 1 through 7
based on measured inflow concentrations for 1997 (table 12
and fig. 40). Downstream from Arrastra Gulch, lateral inflow
concentrations and first-order decay rates were adjusted as dis-
cussed herein to obtain a reasonable match between simulated
and measured instream zinc concentrations.

Numerous low-pH inflows with elevated zinc concentra-
tions occurred in model reach 8 downstream from Arrastra
Gulch (fig. 40), and a flow-weighted average dissolved zinc
inflow concentration of 42 mg/L. was computed for reach 8.
Using a lateral inflow concentration of 42 mg/L also required
using a first-order decay constant in reach 8 to achieve a match
between simulated and measured instream dissolved zinc
concentrations. However, no dissolved zinc loss was indicated
for reach 8 based on the sampled instream load graph (fig. 37).
Therefore, the lateral inflow concentration for dissolved zinc
in reach 8 was adjusted by trial-and-error to a value of
4.5 mg/L, and first-order decay was not simulated for this
reach, to achieve a match between simulated and measured
instream dissolved zinc concentrations (figs. 40 and 41).

Model reach 9 represents Boulder Gulch inflow. Using
the lateral inflow rate and lateral inflow concentration rep-
resentative of Boulder Gulch (0.06 mg/L), simulated zinc
concentrations for reach 9 matched the measured instream zinc
concentrations, so first-order decay was not simulated for this
reach (table 12, fig. 41).

Instream concentrations and sampled instream load for
dissolved zinc increased through model reaches 10, 12, and
14; however, there was little to no increase in the cumulative
inflow load through these reaches (fig. 37). Unsampled inflow
is indicated in these reaches, and the increase in instream
zinc concentrations in this stream reach may be attributed to
ground-water discharge with elevated zinc concentrations.
Lateral inflow concentrations for model reaches 10, 12, and 14
therefore were increased by trial-and error to obtain a match
between simulated and measured instream zinc concentrations.
For model reach 10, a flow-weighted average inflow zinc con-
centration of 1.04 mg/L was computed for the visible inflows
in the reach. However, using a lateral inflow concentration of
1.04 mg/L in reach 10 resulted in simulated zinc concentra-
tions for the reach that were lower than the measured instream
zinc concentrations. Consistent with the mass-loading graphs,
this result indicates that effective lateral inflow zinc con-
centrations in reach 10 were higher than measured inflow
concentrations. A lateral inflow concentration of 5.0 mg/L was
used for model reach 10 to obtain a match between simulated
and measured instream zinc concentrations (table 12 and
fig. 40). The only visible inflow in model reach 12 had a
low zinc concentration of 0.024 mg/L. However, measured
instream zinc concentrations increased through reach 12.
Ground-water discharge with elevated zinc concentrations
again is indicated, and a lateral inflow concentration of
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Table 12. OTIS setup and input parameters for zinc solute-transport model, upper Animas River, Howardsville to
Silverton, Colorado.

[m, meters; m? square meters; m?/s-m, cubic meters per second per meter; mg/L, milligrams per liter; /s, per second; --, not applicable]

Main
Distance channel Lateral Lateral First-
from Reach cross- inflow inflow order
Model injection length sectional rate concentration decay Description
reach site (m) area ( m3/s-m) simulation rate
(m) (m?) (mg/L) (/s)
1 595 595 1.713 524x 1070 0.94 - T1
2 955 360 1.730 125x 1074 0.02 - Upstream from
Howardsville
3 1,059 104 1.730 1.39 x 104 5.00 - T2 — Downstream
from Howardsville
4 1,135 76 2.816 5.08x 1073 0.03 - Downstream from
Cunningham Gulch
2,800 1,665 2.816 1.19x 1074 0.48 -- T3
6 4,166 1,366 2.740 5.76 x 107 0.01 - T4 — Upstream from
Arrastra Gulch
7 4,310 144 2.851 1.53 x 1073 0.20 - Downstream from
Arrastra Gulch
8 4916 606 2.851 7.99 x 10'5 4.50 - Downstream from right
bank acid inflows
and Boulder Gulch
9 5,131 215 2.851 3.68 x 10'4 0.06 - Downstream from
Boulder Gulch
10 5,536 405 2.851 6.99 x 10'5 5.00 - Downstream from Blair
Gulch
11 6,038 502 2.851 4.74x 1073 6.38 40x 104 Ts
12 6,288 250 3.188 9.74 x 10'5 7.20 - Downstream from
zinc concentration
increase
13 7.283 995 3.188 8.54x 108 0.20 1.0x 104  Downstream from zinc
loss
14 7,858 575 3.188 1.23x 1070 10.0 - T6 — End of study
reach
15 7,958 100 3.188 - - - Downstream boundary
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7.2 mg/L was used for model reach 12 to obtain a match
between simulated and measured instream zinc concentrations
(table 12 and fig. 40). In model reach 14, a lateral inflow con-
centration of 10.0 mg/L was used to obtain a match between
simulated and measured instream zinc concentrations (table 12
and fig. 40).

Using the lateral inflow concentrations listed in table 12,
the conservative OTIS simulation computed instream zinc
concentrations higher than the measured instream concentra-
tions downstream from Blair Gulch (model reach 10) (fig. 41).
Consistent with the mass-loading graphs, this simulation result
indicates that chemical removal of dissolved zinc from some
stream reaches likely is caused by zinc adsorption onto iron
colloids or streambed sediment. Loss of a dissolved constitu-
ent is represented as a first-order process in OTIS, and first-
order decay rates were assigned to model reaches 11 and 13 to
represent the decrease of sampled instream zinc load through
these reaches (table 12). The flow-weighted average zinc
concentration of the two visible inflows in model reach 11 was
6.38 mg/L (table 12 and fig. 40). A first-order decay rate of
4.0 x 10°4/s was assigned to model reach 11 to obtain a match
between simulated and measured instream zinc concentrations
(table 12 and fig. 41). In model reach 13, the flow-weighted
average zinc concentration for the two inflows was 0.20 mg/L,
and a first-order decay rate of 1.0 x 1074/s was assigned to
obtain a match between simulated and measured instream zinc
concentrations (table 12 and fig. 41).

Remediation Simulations

Two remediation alternatives were evaluated for the
Howardsville to Silverton study reach using the first-order
decay zinc transport simulation described in the previous
section. To simulate remediation of stream reaches, the zinc
lateral inflow concentrations were reduced from the model
inflow concentrations to hypothetical concentrations repre-
sentative of inflow after remediation. Because these post-
remediation concentrations are uncertain, remediation for the
Howardsville to Silverton study reach was simulated using a
50-percent reduction and then a 75-percent reduction in zinc
lateral inflow concentrations of remediated reaches. A list of
remediation simulations, zinc lateral inflow concentrations,
and simulation results are presented in table 13.

The first set of remediation simulations addresses reduc-
ing zinc inflow concentrations in the model reach representing
the inflow downstream from Howardsville (model reach 3).
The zinc lateral inflow concentration for reach 3 (5.0 mg/L)
was reduced by 50 percent and by 75 percent, and the simula-
tions were run with first-order decay (table 13, simulations 3
and 4). A third simulation evaluated reducing the dissolved
zinc upstream boundary condition from 0.28 to 0.19 mg/L
to represent a 75-percent reduction in zinc concentrations
from the Forest Queen mine and Kittimack tailings inflows
(table 13, simulation 5). This simulation is similar to those
presented for the Eureka to Howardsville 1998 study (table 7,

simulations 5 and 6) and is repeated here for the 1997 data

set to examine the effects of remediation on stream reaches
downstream from Howardsville. Results from simulations 3, 4,
and 5 indicate that instream zinc concentrations downstream
from Howardsville to upstream from Arrastra Gulch would
approach concentrations near 0.16 mg/L if zinc inflow con-
centrations were reduced by 75 percent in the stream reaches
receiving inflow from the Forest Queen mine, the Kittimack
tailings, and downstream from Howardsville (fig. 42).

For the second set of remediation simulations, the antici-
pated effects of reducing zinc inflow concentrations in model
reach 12 in addition to the upstream model reaches were
evaluated (table 13, simulations 6 and 7). Remediation of the
upstream inflows was represented using an upstream boundary
condition of 0.19 mg/L zinc, a 75-percent reduction in zinc
lateral inflow concentration for model reach 3, and then a
50- and a 75-percent reduction in zinc lateral inflow concen-
tration for model reach 12. These simulations represent the
effects of remediating reaches receiving inflow from the Forest
Queen mine, Kittimack tailings, inflow downstream from
Howardsville, presumed ground-water discharge in model
reach 12, and include first-order decay in model reaches 11
and 13. Results of simulations 6 and 7 indicate that instream
zinc concentrations would be higher than approximately
0.20 mg/L downstream from Arrastra Gulch because of visible
inflows and ground-water discharge with elevated zinc con-
centrations in the lower part of the study reach (fig. 43).

SUMMARY

Drainage from abandoned and inactive mines and natu-
rally mineralized areas in the San Juan Mountains of south-
ern Colorado contributes metals to the upper Animas River
near Silverton, Colorado. The Bureau of Land Management
(BLM) and the Animas River Stakeholders Group (ARSG) are
planning possible remedial actions along the upper Animas
River to alleviate water-quality degradation, and tracer-injec-
tion studies and associated synoptic sampling were performed
along two reaches of the upper Animas River to locate and
quantify the sources of metal loading. One tracer-injection
study was performed in September 1997 on the Animas River
reach from Howardsville to Silverton, and a second study was
performed in August 1998 on the stream reach from Eureka
to Howardsville. Detailed profiles of stream discharge and
chemical mass loading were obtained from the tracer-injection
and synoptic-sampling studies. The one-dimensional stream
transport computer code OTIS was used to evaluate results of
the tracer-injection studies and to evaluate potential effects of
remediation.

Tributary drainage in the upper Animas River study
reaches contributed aluminum, calcium, copper, iron, magne-
sium, manganese, sulfate, and zinc to the surface-water system
in 1997 and 1998. Based on the 1998 synoptic-sampling
results and mass-loading graphs, sources upstream from
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Table 13.  OTIS results for zinc solute-transport and remediation simulations, upper Animas River, Howardsville to Silverton, Colorado.

[CLATIN, OTIS input parameter for lateral inflow concentrations; m, meters; mg/L, milligrams per liter; %, percent]

OTIS result —computed

OTIS CLATIN instream zinc
Simulation (mg/L) concentration (mg/L)
number Reach Reach End of End of study Description
3 12 reach 6 reach 6
(4,166 m) (4,166 m)

1 5.0 7.2 0.269 0.574 Zinc CLATIN represents measured inflows with
adjusted values in reaches 10, 11, 12 and 14 for
ground-water discharge and no decay.

2 5.0 7.2 0.269 0.417 Zinc CLATIN represents measured inflows with
adjusted values in reaches 10, 11, 12 and 14 for
ground-water inflow and first-order decay in reaches
11 and 13.

3 2.5 7.2 0.249 0.406 Howardsville remediation.

50% reduction in zinc CLATIN in reach 3
and first-order decay in reaches 11 and 13.

4 1.25 7.2 0.239 0.401 Howardsville remediation.

75% reduction in zinc CLATIN in reach 3
and first-order decay reaches 11 and 13.

5 1.25 72 0.184 0.371 Howardsville remediation.

75% reduction in zinc CLATIN in reach 3 with
first-order decay in reaches 11 and 13 and upstream
boundary = 0.19 mg/L.

6 2.5 3.6 0.194 0.343 Reach 12 remediation.

50% reduction in zinc CLATIN in reaches 3 and
12 with first-order decay in reaches 11 and 13 and
upstream boundary = 0.19 mg/L.

7 1.25 1.8 0.184 0.321 Reach 12 remediation.

75% reduction in zinc CLATIN in reaches 3 and
12 with first-order decay in reaches 11 and 13 and
upstream boundary = 0.19 mg/L.
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simulation 5)

O Zinc acute toxicity standard

X Zinc chronic toxicity standard

OTIS results for remediation simulations, 3, 4, and 5, upper Animas River, Howardsville to Silverton,
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—— OTIS result based on 50 percent reduction in zinc inflow in reaches 3 and 12, first-order decay in
reaches 11 and 13, and upstream boundary = 0.19 milligram per liter (table 13, simulation 6)

— — OTIS result based on 75 percent reduction in zinc inflow in reaches 3 and 12, first-order decay in
reaches 11 and 13, and upstream boundary = 0.19 milligram per liter (table 13, simulation 7)

O  Zinc acute toxicity standard

X Zinc chronic toxicity standard

Figure 43.
Silverton, Colorado.

Eureka contributed aluminum, copper, manganese, and zinc
to the upstream end of the study reaches. Colloidal aluminum,
dissolved copper, and dissolved zinc were attenuated through a
braided reach downstream from Eureka. Instream copper con-
centrations were lower than the State of Colorado acute and
chronic toxicity standards downstream from the braided reach
to Silverton. Dissolved iron load and concentrations increased
downstream from Howardsville and Arrastra Gulch, and col-
loidal iron remained constant at low concentrations down-
stream from Howardsville. Dissolved manganese was diluted
by inflows downstream from Eureka, but the sampled instream
manganese load increased downstream from Howardsville
and downstream from Arrastra Gulch to Silverton. Instream
sulfate concentrations were lower than the U.S. Environmental
Protection Agency’s secondary drinking-water standard of
250 milligrams per liter (mg/L) throughout the study reaches.
Elevated zinc concentrations are the primary concern
for aquatic life in the upper Animas River. In the Eureka to

OTIS results for remediation simulations 6 and 7, upper Animas River, Howardsville to

Howardsville 1998 study, the sampled instream dissolved zinc
load increased downstream from the Forest Queen mine, the
Kittimack tailings, and Howardsville. In the Howardsville to
Silverton 1997 study, there were four primary areas where
zinc load increased. First was the increase downstream from
Howardsville and abandoned mining sites downstream from
Cunningham Gulch, which also was measured during the 1998
study. The second increase was downstream from Arrastra
Gulch, from approximately 4,186 meters (m) to downstream
from the 1997 injection site at 5,900 m where the sampled
instream zinc load increased because of a series of right bank
inflows with pH values lower and dissolved zinc concentra-
tions higher than those of the stream. A third increase of sam-
pled instream dissolved zinc load occurred at approximately
6,100 m and may have been from ground-water discharge with
elevated zinc concentrations, based on mass-loading graphs
and the lack of visible inflow in the reach. A fourth but lower
zinc load increase occurred near the end of the study reach
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and downstream from tailings near the Lackawanna Mill, from
approximately 7,283 to 7,850 m.

The 1997 Howardsville to Silverton study reach overlaps
with the 1998 Eureka to Silverton study reach from a point
upstream from Howardsville to a point downstream from
Cunningham Gulch. Although seasonal variability was not
specifically addressed by these studies, a general relation
between constituent concentrations and stream discharge
was noted in the overlapping part of the two data sets. River
discharge near Howardsville was lower in 1998 than in 1997,
instream pH values were higher in 1997 than in 1998, and
instream dissolved iron, manganese, sulfate, and zinc concen-
trations were lower in 1997 than in 1998. These observations
indicate that instream chemical constituents were diluted in
1997 relative to 1998, and that the effects of metal-rich inflow
on water quality were greater at low flow.

Zinc solute transport in the river was simulated for both
study reaches to interpret mass-loading calculations and to
evaluate potential effects of remediation. Using lateral inflow
concentrations representative of measured inflow concentra-
tions, the conservative simulations computed instream zinc
concentrations higher than the measured instream concentra-
tions downstream from Eureka Gulch and downstream from
Arrastra Gulch. Consistent with the mass-loading graphs,
these simulation results indicate chemical removal of dis-
solved zinc from some stream reaches. The loss of dissolved
zinc likely was caused by zinc adsorption onto iron oxyhy-
droxide colloids or streambed sediment and was represented
as a first-order decay process using OTIS. First-order decay
rates were assigned to selected reaches in both simulations to
represent zinc adsorption, and lateral inflow zinc concentra-
tions were adjusted to represent ground-water discharge of
elevated zinc concentrations downstream from Arrastra Gulch
in the Howardsville to Silverton simulations. The simulated
results for instream zinc concentrations provided reasonable
matches to the measured instream zinc concentrations for both
study reaches.

Two remediation alternatives were evaluated for each
study reach using the first-order decay zinc transport simula-
tions. For the Eureka to Howardsville study reach, one set of
simulations evaluated remediation of model reaches represent-
ing the Forest Queen mine inflow and inflow downstream
from the Kittimack tailings, and the second set of simulations
evaluated remediation of the model reach representing inflow
downstream from Howardsville in addition to the Forest
Queen mine inflow and inflow downstream from the Kitti-
mack tailings. For the Howardsville to Silverton study reach,
one set of simulations evaluated remediation of the model
reach representing the inflow downstream from Howardsville,
and the second set of simulations evaluated remediation of
ground-water inflow in model reach 12. Based on simulation
results, instream zinc concentrations downstream from the
Kittimack tailings to upstream from Arrastra Gulch might
approach 0.16 mg/L (the upper limit of acute toxicity for some
sensitive aquatic species) if zinc inflow concentrations were

reduced by 75 percent in the stream reaches receiving inflow
from the Forest Queen mine, the Kittimack tailings, and down-
stream from Howardsville. However, simulated zinc concen-
trations downstream from Arrastra Gulch were higher than
approximately 0.20 mg/L because of numerous visible inflows
and assumed ground-water discharge with elevated zinc con-
centrations in the lower part of the study reach. Removal of
zinc from discrete visible inflows such as the Forest Queen
mine discharge seems a viable approach to reducing zinc
inflow loads to the upper Animas River. Remediation down-
stream from Arrastra Gulch is more complicated because
ground-water discharge with elevated zinc concentrations
seems to contribute to the instream zinc load.
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Appendix 1.

Howardsville, Colorado, August 14, 1998.

Appendixes

Field measurements and major ion concentrations for synoptic water samples, upper Animas River, Eureka to
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[Source, O=stream, 1=inflow; Distance, distance downstream from injection site; Temp, water temperature in degrees Celsius; pH, in standard units; SC, specific

conductance, in microsiemens per centimeter at 25 degrees Celsius; Alkalinity, in milligrams per liter calcium carbonate; all major ion concentrations in mil-
ligrams per liter; method detection limits in milligrams per liter listed in parentheses below constituent names; 1,618A, 1,618B, 1,618C, and 1,618D, instream

samples collected from individual braids listed from left bank to right bank of main channel looking downstream; --, not measured]

Distance . Calcium Magnesium  Sodium Chloride Sulfate ..
Source | ioters) Me  Temp  pH  SC - 7i400) (0.001) (0.20) (0.30) (009)  Alkalinity
0 0 - 120 7.35 165 26.4 2.18 0.92 0.20 54.7 21.7
0 80 1855 125 7.34 210 25.8 2.14 8.72 13.35 55.2 34.4
0 282 1845 13.1 741 210 25.2 2.16 7.35 11.24 55.2 22.5
0 586 1830 119 7.21 220 30.9 2.23 5.44 7.43 66.4 20.5
0 786 1825 11.9 7.28 205 30.7 2.23 5.46 7.41 66.5 20.0
0 906 1820 12.1 744 225 28.8 2.23 5.49 7.44 66.0 21.3
0 1,061 1815 159 17.36 215 28.2 2.23 5.42 7.41 65.5 21.6

0 1,411 1800 149 727 185 29.8 2.32 5.60 7.34 66.5 -

0 1,618A 1740 130 698 210 30.0 2.20 5.30 7.35 66.1 36.8
0 1,618B 1750 129 7.45 225 29.1 2.25 5.92 9.02 66.1 20.2
0 1,618C 1750 128 7.27 210 30.4 2.31 5.74 7.40 66.1 35.7
0 1,618D 1755 144 7.17 210 28.5 2.21 5.25 7.27 66.1 23.0
0 1,918 1720 140 6.59 220 29.1 2.15 4.98 6.96 65.9 37.0
0 2,030 1700 11.7 7.13 185 27.6 2.04 4.03 5.00 61.3 -

0 2,240 1640 119 6.78 145 27.9 2.03 3.35 4.45 62.2 332
0 2,420 1630 122  6.65 145 26.9 1.95 4.14 4.51 61.8 30.8
0 2,620 1605 13.0 7.03 145 29.0 2.04 3.44 3.93 61.9 20.7
0 2,620 1610 127 7.16 150 29.6 2.07 3.55 3.93 61.9 20.9
0 2,860 1555 134 7.34 185 28.0 2.05 4.56 4.00 62.2 24.5
0 3,150 1540 13.8  7.30 190 29.3 2.13 4.67 3.72 61.7 20.0
0 3,400 1513 135 7.05 195 27.8 2.08 2.78 3.33 64.0 36.6
0 3,435 1505 134 6.88 195 29.7 2.14 3.90 2.94 63.5 35.0
0 3,665 1450 125 722 195 29.8 2.17 3.96 2.77 62.6 23.8
0 3,905 1435 120 7.64 190 27.8 2.07 2.53 3.11 62.2 22.5
0 4,164 1415 119 6.89 150 30.6 2.20 2.46 2.64 63.4 22.1
0 4,430 1400 11.6  7.05 200 30.4 2.21 3.12 2.51 65.3 23.8
0 4,670 1345 12.1  6.79 155 322 2.26 2.31 2.33 67.9 22.6
0 4970 1333 125 7.04 210 334 2.28 2.71 2.33 69.3 23.4
0 5,190 1320 124 7.00 215 343 2.31 2.77 2.30 68.9 23.0
0 5,467 1240 1.1 7.37 210 31.6 2.24 2.85 2.30 70.6 24.6
0 6,038 1215 114 7.14 215 31.6 222 2.41 2.26 70.7 24.3
0 6,528 1145 10.7 7.33 220 353 2.34 2.73 2.26 74.0 239
0 6,618 1135 109 698 220 35.0 2.37 2.29 2.08 70.7 24.3
0 6,753 1115 105 7.09 145 333 2.28 2.40 1.80 70.4 29.2
0 6,993 1105 10.5 6.86 220 353 2.35 2.14 1.76 70.4 27.7
0 7,250 1024 94 7.13 235 37.0 2.35 2.77 1.84 71.0 31.1
1 347 1845 123 7.38 230 38.0 2.34 1.23 0.27 90.7 37.6
1 2,090 1705 10,5 722 175 26.9 2.32 1.47 1.35 63.6 32.7
1 2,465 1625 11.2 793 225 36.5 2.91 2.40 0.21 61.0 47.6
1 3,165 1540 124 6.32 240 49.5 3.72 2.24 0.24 128 24.3
1 3,405 1525 8.0 7.11 175 30.7 1.99 1.60 0.65 58.9 20.6
1 3,450 1500 135 795 195 334 2.84 2.60 0.19 43.8 52.8
1 3,954 1426 10.8 6.51 245 38.9 2.54 1.76 0.27 94.9 34.6
1 4,189 1415 120 6.99 165 335 2.14 1.45 0.36 77.1 11.7
1 5,210 1317 154 7.74 315 54.8 2.45 3.33 0.28 85.8 65.7
1 5,407 1307 179 6.83 210 32.5 1.93 2.07 1.58 58.9 28.8
1 5,648 1235 13.7 7.30 210 324 2.55 2.79 2.52 73.8 20.9
1 6,438 1151 155 568 610 71.5 8.78 2.77 5.17 307 -

1 6,558 1140 105 7.60 210 36.2 2.16 1.79 0.28 54.1 46.4
1 6,633 1128 93 7.81 245 43.6 2.02 2.44 0.25 69.3 50.7
1 7,008 1052 79 7.09 540 95.7 6.14 5.21 0.30 266 23.1
1 7,013 1045 10.1  7.25 185 30.9 1.96 2.48 3.79 46.6 27.1
1 7,063 1038 9.6 6.90 300 52.7 2.61 3.43 4.79 108 30.3
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Appendix 2. Inductively coupled plasma-atomic emissions spectrometry (ICP-AES) results for synoptic water samples,
upper Animas River, Eureka to Howardsville, Colorado, August 14, 1998.

[Source, O=stream, 1=inflow; Distance, distance downstream from injection site; Silica as SiO2; all concentrations in milligrams per liter;
method detection limits in milligrams per liter listed in parentheses below constituent names; 1,618A, 1,618B, 1,618C, and 1,618D, instream
samples collected from individual braids listed from left bank to right bank of main channel looking downstream; < constituent not detected;
E, estimated concentration less than method detection limit]

Distance Aluminum,  Aluminum, Barium, Cadmium, Copper, Copper, Iron, Iron,
Source (meters) dissolved colloidal dissolved dissolved dissolved colloidal dissolved colloidal
(0.01) (0.01) (0.002) (0.001) (0.002) (0.002) (0.003) (0.003)
0 0 0.066 0.222 0.0119 0.0021 0.0232 <0.002 <0.003 0.085
0 80 0.060 0.225 0.0114 0.0030 0.0845 <0.002 0.008 0.075
0 282 0.074 0.226 0.0116 0.0026 0.0170 <0.002 <0.003 0.088
0 586 0.084 0.155 0.0117 0.0024 0.0068 0.0037 <0.003 0.078
0 786 0.065 0.172 0.0119 0.0018 0.0201 <0.002 <0.003 0.078
0 906 0.053 0.180 0.0112 <0.001 0.0330 <0.002 0.006 0.073
0 1,061 0.053 0.180 0.0120 0.0024 0.0063 0.0058 <0.003 0.081
0 1,411 0.065 0.159 0.0121 0.0018 0.0334 <0.002 0.005 0.072
0 1,618A 0.076 0.134 0.0113 0.0021 0.0060 0.0030 <0.003 0.062
0 1,618B 0.079 0.130 0.0125 0.0035 0.141 <0.002 0.014 0.049
0 1,618C 0.053 0.014 0.0118 0.0028 0.0046 <0.002 0.005 <0.003
0 1,618D 0.077 0.117 0.0112 0.0020 0.0078 <0.002 <0.003 0.049
0 1,918 0.083 0.103 0.0109 0.0019 0.0040 0.0036 <0.003 0.055
0 2,030 0.059 0.077 0.0116 0.0017 0.0062 <0.002 <0.003 0.032
0 2,240 0.039 0.081 0.0118 <0.001 0.0065 <0.002 <0.003 0.029
0 2,420 0.048 0.070 0.0110 <0.001 0.0044 <0.002 <0.003 0.032
0 2,620 0.067 0.053 0.0152 <0.001 0.0036 <0.002 <0.003 0.048
0 2,620 0.058 0.098 0.0161 0.0015 0.0036 <0.002 <0.003 0.061
0 2,860 0.055 0.065 0.0162 <0.001 0.0038 <0.002 <0.003 0.044
0 3,150 0.037 0.088 0.0168 <0.001 0.0030 <0.002 <0.003 0.045
0 3,400 0.035 0.062 0.0157 0.0020 0.0040 <0.002 <0.003 0.034
0 3,435 0.053 0.036 0.0185 <0.001 0.0031 <0.002 <0.003 0.031
0 3,665 0.035 0.037 0.0199 <0.001 0.0037 <0.002 <0.003 0.023
0 3,905 0.021 0.059 0.0189 <0.001 0.0038 <0.002 <0.003 0.021
0 4,164 0.032 0.014 0.0195 <0.001 0.0046 <0.002 <0.003 <0.003
0 4,430 0.031 0.054 0.0199 <0.001 0.0045 <0.002 <0.003 0.023
0 4,670 0.028 0.049 0.0196 <0.001 0.0032 <0.002 <0.003 0.021
0 4,970 0.053 0.014 0.0195 <0.001 0.0020 <0.002 <0.003 0.015
0 5,190 0.046 0.014 0.0197 <0.001 0.0023 <0.002 <0.003 0.019
0 5,467 0.024 0.055 0.0184 <0.001 0.0050 <0.002 <0.003 0.023
0 6,038 0.014 0.058 0.0184 0.0017 0.0022 <0.002 <0.003 0.031
0 6,528 0.040 0.059 0.0183 <0.001 0.0015E  <0.002 0.059 0.240
0 6,618 0.036 0.034 0.0242 <0.001 0.0023 <0.002 0.013 0.213
0 6,753 0.014 0.076 0.0237 <0.001 0.0060 <0.002 0.008 0.152
0 6,993 0.026 0.049 0.0236 0.0015 0.0109 <0.002 0.020 0.121
0 7,250 0.041 0.033 0.0232 0.0017 0.0018E 0.0012E  <0.003 0.171
1 347 0.064 0.071 0.0121 0.0017 0.0144 <0.002 <0.003 0.076
1 1,940 0.154 0.014 0.0150 0.0020 0.0070 <0.002 0.029 <0.003
1 2,090 0.025 0.035 0.0093 0.0031 0.0060 0.0034 0.130 0.163
1 2,465 0.057 0.079 0.0485 <0.001 0.0018E  <0.002 0.049 0.144
1 3,165 0.085 0.014 0.0161 0.0028 0.0019E  <0.002 <0.003 0.008
1 3,405 0.028 0.014 0.0267 0.0018 0.0025 <0.002 <0.003 0.019
1 3,450 0.014 0.021 0.0468 <0.001 0.0023 <0.002 <0.003 <0.003
1 3,954 0.023 0.014 0.0247 0.0019 0.0043 <0.002 <0.003 <0.003
1 4,189 0.014 0.014 0.0182 <0.001 0.0013E  <0.002 <0.003 0.796
1 5,210 0.014 0.043 0.0105 <0.001 0.0010E 0.0015E 0.037 0.070
1 5,407 0.014 0.383 0.0110 <0.001 0.0027 0.0251 <0.003 0.796
1 5,648 0.031 0.073 0.0167 <0.001 0.0036 <0.002 0.036 0.041
1 6,438 0.563 0.141 0.0298 0.0091 <0.002 0.0225 11.7 3.87
1 6,558 0.023 0.014 0.0434 <0.001 <0.002 <0.002 <0.003 0.024
1 6,633 0.014 0.014 0.0019E  <0.001 0.0011E  <0.002 <0.003 <0.003
1 7,008 0.023 0.024 0.0093 0.0021 <0.002 <0.002 1.03 1.13
1 7,013 0.026 0.014 0.0043 0.0034 0.0399 0.0048 <0.003 0.040
1 7,063 0.032 0.014 0.0101 0.0100 0.0254 0.0018E  <0.003 <0.003
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Appendix 2. Inductively coupled plasma-atomic emissions spectrometry (ICP-AES) results for synoptic water samples,
upper Animas River, Eureka to Howardsville, Colorado, August 14, 1998.—Continued

[Source, O=stream, 1=inflow; Distance, distance downstream from injection site; Silica as SiO2; all concentrations in milligrams per liter; method
detection limits in milligrams per liter listed in parentheses below constituent names; 1,618A, 1,618B, 1,618C, and 1,618D, instream samples
collected from individual braids listed from left bank to right bank of main channel looking downstream; < constituent not detected;

E, estimated concentration less than method detection limit]

Distance quganese, Manga_nese, _Silica, Silit_:a, St_romium, Stront_ium, Zinc, dis- Zinf:,
Source (meters) dissolved colloidal dissolved colloidal dissolved colloidal solved colloidal
(0.001) (0.001) (0.009) (0.009) (0.0005) (0.0005) (0.003) (0.003)
0 0 0.779 <0.001 3.94 0.449 0.172 <0.0005 0.467 <0.003
0 80 0.754 0.005 4.03 0.227 0.165 <0.0005 0.541 <0.003
0 282 0.766 0.016 4.01 0.436 0.167 0.0049 0.391 0.0270
0 586 0.576 0.006 4.11 0.689 0.241 0.0035 0.365 0.0185
0 786 0.574 0.013 4.25 0.604 0.244 0.0029 0.382 <0.003
0 906 0.566 0.012 4.54 0.215 0.239 0.0088 0.418 <0.003
0 1,061 0.567 0.007 4.69 0.058 0.244 <0.0005 0.335 0.0293
0 1,411 0.583 <0.001 4.67 0.136 0.248 <0.0005 0.414 <0.003
0 1,618A 0.552 0.013 4.49 0.021 0.238 0.0022 0.302 0.0217
0 1,618B 0.582 <0.001 4.71 0.021 0.248 <0.0005 0.339 <0.003
0 1,618C 0.562 0.018 4.61 0.156 0.242 0.0067 0.651 <0.003
0 1,618D 0.564 0.023 4.41 0.383 0.237 0.0069 0.326 0.0233
0 1,918 0.527 <0.001 4.35 0.269 0.232 0.0011 0.301 0.0130
0 2,030 0.377 0.007 4.90 0.160 0.232 0.0042 0.347 0.0136
0 2,240 0.343 <0.001 5.13 0.031 0.242 <0.0005 0.353 0.0019E
0 2,420 0.327 0.018 4.95 0.176 0.227 0.0117 0.332 0.0266
0 2,620 0.301 0.059 4.81 1.23 0.265 0.0528 0.292 0.0679
0 2,620 0.290 0.010 4.60 0.662 0.254 0.0097 0.284 0.0189
0 2,860 0.299 0.004 5.08 0.258 0.263 0.0048 0.294 0.0134
0 3,150 0.296 <0.001 5.23 0.021 0.276 <0.0005 0.302 0.0078
0 3,400 0.242 0.008 5.33 0.152 0.261 0.0081 0.304 0.0132
0 3,435 0.222 <0.001 5.61 0.134 0.284 <0.0005 0.337 <0.003
0 3,665 0.210 <0.001 5.52 0.076 0.290 <0.0005 0.291 0.0107
0 3,905 0.196 0.015 5.25 0.505 0.270 0.0216 0.286 0.0265
0 4,164 0.192 <0.001 5.62 0.021 0.288 0.0037 0.288 <0.003
0 4,430 0.172 0.003 5.65 0.021 0.292 0.0039 0.286 0.0071
0 4,670 0.158 0.004 5.86 0.021 0.305 0.0046 0.278 0.0159
0 4,970 0.154 <0.001 5.87 0.050 0.311 <0.0005 0.286 <0.003
0 5,190 0.149 <0.001 5.77 0.292 0.318 <0.0005 0.284 <0.003
0 5,467 0.137 0.004 5.90 0.021 0.306 0.0069 0.276 0.0087
0 6,038 0.135 0.004 5.94 0.178 0.312 0.0045 0.272 0.0186
0 6,528 0.365 0.011 5.82 0.561 0.324 0.0079 0.364 0.0238
0 6,618 0.292 0.005 5.99 0.033 0.341 <0.0005 0.298 0.0118
0 6,753 0.279 0.011 5.95 0.021 0.345 0.0034 0.282 0.0130
0 6,993 0.284 <0.001 5.95 0.021 0.346 <0.0005 0.321 <0.003
0 7,250 0.287 <0.001 5.68 0.483 0.348 <0.0005 0.286 0.0103
1 347 0.118 0.005 5.58 0.228 0.398 0.0197 0.299 0.0095
1 1,940 0.562 <0.001 6.15 0.021 0.281 <0.0005 0.728 <0.003
1 2,090 0.193 0.005 6.79 0.146 0.228 <0.0005 0.483 0.0094
1 2,465 0.021 0.008 6.44 0.413 0.504 0.0161 0.008 <0.003
1 3,165 0.073 0.003 11.9 0.021 0.405 0.0046 0.879 0.0027E
1 3,405 0.003 0.006 6.39 0.344 0.304 0.0014 0.325 <0.003
1 3,450 <0.001 <0.001 4.99 0.021 0.378 <0.0005 0.008 <0.003
1 3,954 0.122 0.002 8.38 0.021 0.367 0.0039 0.456 <0.0
1 4,189 0.038 0.002 6.90 0.245 0.328 0.0084 0.222 0.0063
1 5,210 0.056 0.013 6.62 0.058 0.646 <0.0005 0.012 0.0059
1 5,407 0.100 0.314 9.24 5.10 0.336 0.0085 0.218 0.0732
1 5,648 0.259 <0.001 6.69 0.085 0.304 <0.0005 0.308 <0.003
1 6,438 18.6 0.419 15.0 0.363 0.516 <0.0005 7.28 0.4317
1 6,558 0.005 0.001 5.23 0.200 0.363 0.0090 0.026 <0.003
1 6,633 <0.001 0.001 5.99 0.139 0.596 0.0086 0.013 <0.003
1 7,008 1.04 <0.001 20.9 0.021 0.885 <0.0005 0.368 <0.003
1 7,013 0.011 0.009 7.47 0.120 0.307 <0.0005 0.298 <0.003
1 7,063 0.001 <0.001 10.1 0.168 0.596 0.0192 1.37 0.0232
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Appendix 3. Field measurements and major ion concentrations for synoptic water samples, upper Animas River,
Howardsville to Silverton, Colorado, September 14, 1997.

[Source, O=stream, 1=inflow; Distance, distance downstream from injection site; Temp, water temperature, in degrees Celsius; pH, in standard
units; SC, specific conductance, in microsiemens per centimeter at 25 degrees Celsius; Alkalinity, in milligrams per liter calcium carbonate;
all major ion concentrations in milligrams per liter, method detection limits in milligrams per liter listed in parentheses below constituent
names; --, not measured]

Distance Sample Calcium Magnesium Sodium Chloride Sulfate -
Source meters)  Tme e PH SC oo i0001) (0.20) (0.30) (0.pg)  Alkalinity

0 160 1815 95 755 203 35.9 2.44 2.53 2.24 78.6 21.8
0 310 1755 10.0  7.50 228 354 247 2.30 2.20 79.7 --
0 595 1735 11.0 740 230 36.0 2.45 2.53 2.23 78.4 23.0
0 905 1710 11.8  7.46 229 353 2.40 2.48 2.17 78.5 21.4
0 955 1701 120 7.63 232 36.3 241 10.2 2.18 81.5 233
0 1,059 1645 120  7.65 244 37.6 2.62 2.15 2.41 89.6 0.00
0 1,135 1630 125 769 229 36.9 2.52 2.32 1.53 71.8 29.0
0 1,270 1615 -- 7.64 235 36.4 248 2.29 1.68 73.2 32.8
0 1,510 1610 -- 7.60 234 36.5 2.47 2.31 1.61 73.0 30.4
0 1,725 1555 —~ 758 235 37.6 2.56 231 1.69 77.4 28.0
0 2,110 1525 -- 7.68 235 36.6 249 2.79 1.52 78.2 28.1
0 2,515 1450 -- 7.55 237 37.6 2.54 2.21 1.61 77.6 --
0 2,572 1442 -- 7.53 240 36.6 2.47 2.13 1.60 71.7 27.8
0 2,800 1430 125 7.73 239 37.7 2.64 2.32 1.60 78.5 29.7
0 3,040 1420 125  7.78 238 36.6 2.52 2.12 1.58 80.4 29.9
0 3,295 1410 -- 7.84 237 37.8 2.62 2.24 1.63 77.2 38.4
0 3,555 1405 11.5  7.78 238 37.8 2.58 3.22 1.72 78.0 29.8
0 4,023 1335 -- 7.73 237 37.7 2.61 2.19 1.86 69.9 28.2
0 4,166 1320 —~- 775 238 38.8 2.65 2.93 1.69 78.8 22.7
0 4,310 1300 9.5 1.72 232 36.9 2.46 2.56 1.57 74.6 --
0 4,473 1240 9.0 7.68 232 36.4 2.48 2.15 1.60 75.0 29.6
0 4,581 1200 80 736 232 36.8 2.56 3.30 1.70 73.1 31.1
0 4,656 1150 -- 7.71 234 37.8 2.52 2.32 1.62 75.7 2.62
0 4,816 1145 80 7.70 233 37.6 2.56 2.15 1.63 63.5 23.7
0 4,916 1125 8.0 7.61 236 384 2.52 2.18 1.59 78.0 30.2
0 5,131 1115 7.5 7.62 231 37.7 2.58 2.11 1.54 75.2 26.4
0 5,306 1100 7.5 7.55 237 39.5 2.58 348 1.58 77.2 32.8
0 5,536 1040 7.0 750 239 39.6 2.64 3.64 1.60 79.2 31.9
0 5,756 1030 7.0 742 239 38.8 2.61 3.50 1.54 80.2 31.9
0 6,038 1018 7.0 7.57 239 37.4 2.49 2.18 1.54 79.7 26.2
0 6,288 1005 70 749 244 38.8 2.61 4.78 1.56 81.9 33.1
0 6,528 1000 7.0 7.66 245 39.3 2.60 2.11 1.58 71.3 29.8
0 6,768 948 7.0  7.65 244 393 2.59 2.20 1.57 79.7 26.0
0 7,008 938 70  7.69 243 39.2 2.62 234 1.63 80.6 30.0
0 7,283 925 7.0 7.64 243 37.6 2.52 2.10 1.60 80.7 32.7
0 7,523 915 7.0 7.63 243 39.2 2.61 4.60 1.69 83.7 32.9
0 7,858 900 70 763 250 39.4 2.57 1.91 1.64 83.2 35.0
1 181 1805 18.0 6.92 443 70.4 10.6 2.10 26.9 212 3.73
1 213 1800 125 7.53 134 24.5 0.93 2.21 0.17 39.8 29.6
1 315 1750 6.5 7.59 183 30.5 1.59 2.32 0.34 38.9 44.6
1 745 1730 9.5 7.63 245 41.8 1.62 2.32 0.36 75.3 33.8
1 795 1725 120  7.36 -- -- -- 1.59 78.0 21.1 --
1 910 1710 9.0 7.65 482 99.6 2.60 242 0.58 243 54.4
1 965 1700 18.0 6.88 839 171 7.55 1.25 7.86 549 22.9
1 1,075 1645 -- 8.04 211 37.9 2.47 2.42 0.32 53.6 444
1 1,150 1620 9.5 8.12 259 44.6 2.10 2.35 0.23 74.1 52.8
1 1,605 1605 11.0 698 456 107 7.33 4.79 0.40 256 22.4
1 1,648 1605 9.5 6.74 297 52.9 2.69 2.35 8.31 116 31.5
1 1,665 1600 95 680 267 - - - 1.76 80.5 29.1
1 1,745 1550 11.0  7.89 191 304 1.85 1.86 0.94 51.1 40.7
1 2,050 1535 85 723 194 314 1.94 2.38 1.40 48.7 34.6
1 2,125 1520 11.0 4.76 354 67.8 5.87 4.65 0.39 222 0.00
1 2,360 1510 11.0 643 246 34.1 3.91 3.30 0.56 105 4.34
1 2,361 1510 9.5 7.30 177 24.4 2.80 2.43 0.37 62.9 24.1
1 2,425 1500 100 715 152 21.3 2.14 2.29 0.33 475 29.0
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Silverton, Colorado, September 14, 1997.—Continued
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Field measurements and major ion concentrations for synoptic water samples, upper Animas River, Howardsville to

[Source, O=stream, 1=inflow; Distance, distance downstream from injection site; Temp, water temperature, in degrees Celsius; pH, in standard units; SC, specific
conductance, in microsiemens per centimeter at 25 degrees Celsius; Alkalinity, in milligrams per liter calcium carbonate; all major ion concentrations in mil-
ligrams per liter, method detection limits in milligrams per liter listed in parentheses below constituent names; --, not measured]

Distance Sample Calcium  Magnesium Sodium Chloride Sulfate .
Source  (ieters)  Time 1™ PH  SC - “iop) (0.001) (0.20) (0.30) (009) Alkalinity
1 2,522 1445 9.0 6.10 383 64.2 6.38 2.21 0.42 224 3.08

1 2,605 1440 145 792 291 -- -- -- 1.63 77.2 63.1
1 2,709 1430 14.0 7.92 315 -- -- -- 1.58 80.4 66.6
1 3,235 1415 125 8.20 276 46.9 2.75 2.24 1.28 56.4 78.5
1 3,682 1400 155 8.14 245 40.8 2.53 2.41 2.17 49.1 64.2
1 3,820 1350 13.0 7.93 240 38.3 3.06 2.24 2.54 48.0 64.5
1 4,033 1325 9.5 8.17 295 53.4 3.59 2.34 2.39 65.3 72.8
1 4,186 1310 -- 7.92 184 32.1 1.68 9.31 0.23 43.9 41.6
1 4,190 1305 6.5 177 187 322 1.65 2.39 0.31 40.8 324
1 4,334 1255 -- 7.75 187 30.8 1.62 2.54 0.23 45.0 40.8
1 4,353 1245 120 417 1,543 192 35.3 1.20 26.0 1,053 0.00
1 4,533 1225 145 490 1,929 205 31.4 6.83 8.85 1,353 0.00
1 4,586 1200 105  4.89 710 114 14.4 5.28 1.96 442 0.00
1 4,886 1135 125 592 1,824 344 24.7 6.65 249 1,408 18.0
1 4,951 1120 85 753 126 21.1 1.07 2.25 0.18 30.8 27.1
1 4,970 1125 9.5 6.04 478 78.7 5.78 5.23 0.85 249 10.8
1 5,161 1110 9.5 747 687 137 3.00 7.26 0.33 364 44.6
1 5,221 1107 80 752 673 135 3.04 243 0.51 360 50.0
1 5,355 1055 70  6.95 80 12.8 0.81 2.44 0.18 15.5 30.3
1 5,356 1055 11.0 5.14 691 230 17.9 1.01 1.01 1,378 0.00
1 5,446 1045 70 6.72 75 12.1 0.81 1.88 0.26 12.8 23.1
1 5,766 1045 80 7.80 236 40.8 2.77 2.24 0.47 55.2 59.9
1 5,858 1025 11.0  5.67 242 226 12.7 1.25 1.74 861 8.85
1 6,105 1010 6.5 7.03 120 18.5 1.41 2.34 0.32 31.3 21.9
1 7,103 935 9.0 17.61 272 46.4 3.13 4.45 0.42 89.1 44.8
1 7,163 935 6.0 7.66 123 19.3 1.50 2.27 0.22 30.8 26.4
1 7,483 915 75 7.64 129 19.6 1.54 1.20 0.30 33.5 26.8
1 7,688 905 10.5 7.14 1,522 307 14.2 1.22 5.64 1,103 35.2
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Appendix 4. Inductively coupled plasma-atomic emissions spectrometry (ICP-AES) results for synoptic water
samples, upper Animas River, Howardsville to Silverton, Colorado, September 14, 1997.

[Source, O=stream, 1=inflow; Distance, distance downstream from injection site; Silica as SiO2; all concentrations in milligrams per liter;

method detection limits in milligrams per liter listed in parentheses below constituent names; <, constituent not detected; E, estimated

concentration less than method detection limit; --, not measured]

Distance AI_uminum, Alumi_num I_3arium, Cf:!dmium, (_.‘.opper, Cop[!er, ) Iron, Iro[l,
Source (meters) dissolved colloidal  dissolved dissolved dissolved colloidal dissolved colloidal

(0.01) (0.01) (0.002) (0.001) (0.002) (0.002) (0.003) (0.003)

0 160 0.006E 0.083 0.0208 0.0018 0.0038 0.0020E 0.002E 0.030
0 310 0.031 0.036 0.0207 0.0014 0.0028 0.0006E 0.006 0.032
0 595 0.009E 0.001E 0.0205 0.0018 0.0036 <0.002 <0.003 <0.003
0 905 0.036 0.026 0.0203 0.0013 0.0019E  <0.002 0.016 0.015
0 955 0.005E 0.057 0.0198 0.0018 0.0027 0.0012E 0.007 0.026
0 1,059 0.017 0.039 0.0200 0.0012 0.0012E 0.0031 0.130 0.304
0 1,135 0.015 0.040 0.0304 0.0012 0.0020E 0.0021 0.084 0.389
0 1,270 0.011 0.051 0.0276 0.0013 0.0020E 0.0014E 0.016 0.455
0 1,510 0.012 0.062 0.0277 0.0012 0.0020E 0.0012E 0.076 0.375
0 1,725 0.010E 0.064 0.0278 0.0018 <0.002 0.0025 0.036 0.412
0 1,925 0.011 0.051 0.0272 0.0013 <0.002 0.0029 0.023 0.428
0 1,925 0.022 0.036 0.0267 0.0011 0.0011E 0.0028 0.037 0.419
0 2,110 0.025 0.042 0.0269 0.0012 0.0011E 0.0023 0.012 0.443
0 2,515 0.024 0.065 0.0268 0.0014 0.0017E 0.0020E 0.017 0.460
0 2,572 0.033 0.033 0.0261 0.0018 <0.002 0.0035 0.009 0.445
0 2,800 0.022 0.070 0.0275 0.0012 <0.002 0.0030 0.005 0.436
0 3,040 0.035 0.039 0.0255 0.0016 0.0011E 0.0029 0.010 0.431
0 3,295 0.035 0.048 0.0268 <0.001 0.0013E 0.0025 0.013 0.434
0 3,555 0.017 0.069 0.0265 0.0017 0.0017E 0.0027 0.014 0.424
0 4,023 0.038 0.075 0.0260 0.0012 <0.002 0.0016E 0.009 0.464
0 4,166 0.023 0.087 0.0272 0.0014 0.0017E 0.0022 0.009 0.468
0 4,310 0.027 0.069 0.0262 0.0017 0.0035 0.0050 0.163 0.233
0 4,473 0.009E 0.098 0.0257 0.0016 <0.002 0.0041 <0.003 0.457
0 4,581 0.017 0.102 0.0264 0.0020 0.0018E 0.0020E 0.005 0.446
0 4,656 0.039 0.057 0.0262 0.0012 0.0010E 0.0030 0.009 0.457
0 4,816 0.049 0.092 0.0260 0.0013 <0.002 0.0021 0.004 0.493
0 4916 0.041 0.065 0.0263 0.0011 <0.002 0.0034 0.007 0.482
0 5,131 0.021 0.079 0.0267 0.0015 0.0015E 0.0024 0.018 0.445
0 5,306 0.041 0.072 0.0264 0.0018 <0.002 0.0037 0.015 0.421
0 5,536 0.052 0.095 0.0265 0.0011 <0.002 0.0027 0.004 0.460
0 5,756 0.021 0.109 0.0261 0.0015 0.0019E 0.0038 0.018 0.457
0 6,038 0.040 0.070 0.0244 0.0015 0.0019E 0.0028 0.014 0.406
0 6,288 0.041 0.083 0.0261 0.0016 0.0028 0.0034 0.010 0.409
0 6,528 0.054 0.071 0.0253 0.0018 <0.002 0.0057 0.012 0.425
0 6,768 0.055 0.056 0.0260 0.0015 <0.002 0.0049 0.002E 0.406
0 7,008 0.043 0.079 0.0261 0.0021 0.0027 0.0021 0.013 0.406
0 7,283 0.034 0.106 0.0247 0.0015 0.0021 0.0028 0.009 0.414
0 7,523 0.041 0.101 0.0260 0.0017 0.0020E 0.0020E 0.011 0.419
0 7,858 0.058 0.081 0.0249 0.0017 <0.002 0.0047 0.003E 0.423
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Appendix 4. Inductively coupled plasma-atomic emissions spectrometry (ICP-AES) results for synoptic water
samples, upper Animas River, Howardsville to Silverton, Colorado, September 14, 1997.—Continued

[Source, O=stream, 1=inflow; Distance, distance downstream from injection site; Silica as SiO2; all concentrations in milligrams per liter;
method detection limits in milligrams per liter listed in parentheses below constituent names; <, constituent not detected; E, estimated
concentration less than method detection limit; --, not measured]

Distance Al.uminum, Alumipum I?arium, C:admium, Fopper, Copger, ) Iron, Ir0|_1,
Source (meters) dissolved colloidal  dissolved dissolved dissolved colloidal dissolved colloidal
(0.01) (0.01) (0.002) (0.001) (0.002) (0.002) (0.003) (0.003)

1 181 0.060 0.698 0.0211 0.0045 0.0022 0.0149 0.154 0.925
1 213 0.018 0.003E 0.0057 <0.001 0.0022 0.0020E 0.021 0.054
1 315 <0.01 0.003E 0.0039 0.0011 0.0011E 0.0012E 0.003 0.007
1 745 0.006E 0.014 0.0042 <0.001 <0.002 0.0006E 0.010 0.024
1 910 0.002E 0.079 0.0032 0.0013 <0.002 <0.002 0.011 0.074
1 965 0.012 0.329 0.0286 0.0038 0.0013E 0.0070 1.202 12.382
1 1,075 0.017 0.026 0.0508 <0.001 0.0017E  <0.002 0.008 0.038
1 1,150 0.013 0.011 0.0023 <0.001 <0.002 <0.002 0.008 0.011
1 1,605 0.051 0.010E 0.0111 0.0031 <0.002 <0.002 1.172 0.732
1 1,648 0.002E 0.016 0.0108 0.0122 0.0355 0.0068 <0.003 0.006
1 1,745 0.007E 3.975 0.0029 <0.001 <0.002 0.0092 0.004 3.775
1 2,050 0.002E 0.001E 0.0031 <0.001 <0.002 <0.002 0.001E  <0.003
1 2,125 1.323 0.001E 0.0111 <0.001 0.0109 0.0070 0.556 0.036
1 2,360 0.329 -- 0.0140 0.0040 0.0180 - 0.222 -
1 2,361 0.060 0.064 0.0106 0.0018 <0.002 <0.002 0.011 <0.003
1 2,425 <0.01 0.031 0.0131 <0.001 <0.002 <0.002 0.007 0.048
1 2,522 0.565 0.454 0.0101 0.0035 <0.002 0.0008E  <0.003 1.016
1 3.235 <0.01 0.190 0.0035 <0.001 <0.002 <0.002 <0.003 0.225
1 3,682 0.035 0.001E 0.0071 <0.001 <0.002 <0.002 0.006 <0.003
1 3,820 0.020 1.392 0.0080 0.0021 0.0039 0.0056 <0.003 1.54
1 4,033 0.022 0.071 0.0068 0.001E <0.002 <0.002 <0.003 0.119
1 4,186 0.021 0.020 0.0254 0.0016 0.0034 <0.002 <0.003 0.006
1 4,190 0.016 0.004E 0.0315 0.0021 0.0043 0.0012E 0.002E 0.011
1 4,334 0.026 0.001E 0.0304 0.0025 0.0075 <0.002 0.008 <0.003
1 4,353 23.5 11.695 0.0153 0.610 5.20 0.0604 0.044 9.81
1 4,533 9.76 0.403 0.0162 0.188 0.358 0.0677 0.552 0.170
1 4,586 243 0.524 0.0190 0.0370 0.203 0.0454 0.309 0.776
1 4,886 0.394 0.001E 0.0209 0.0458 0.0238 <0.002 0.013 0.006
1 4,951 0.046 0.001E 0.0077 <0.001 <0.002 0.0020E  <0.003 0.009
1 4,970 0.145 0.001E 0.0088 0.0131 0.0381 0.0040 <0.003 0.025
1 5,161 0.004E 0.018 0.0257 0.0021 <0.002 0.0010E  <0.003 0.026
1 5,221 0.030 0.001E 0.0251 0.0029 <0.002 <0.002 0.010 0.025
1 5,355 0.046 0.023 0.0151 <0.001 <0.002 <0.002 0.011 0.050
1 5,356 20.0 0.001E 0.0193 0.1244 2.42 <0.002 0.023 0.084
1 5,446 0.037 0.200 0.0133 <0.001 <0.002 <0.002 0.013 0.523
1 5,766 0.055 0.226 0.0052 0.0013 0.0018E 0.0069 0.002E 0.388
1 5,858 1.74 0.892 0.0156 0.0555 0.248 0.0460 0.020 0.957
1 6,105 0.015 0.015 0.0080 <0.001 <0.002 <0.002 0.009 0.013
1 7,103 <0.01 0.035 0.0299 0.0017 <0.002 0.0017E 0.022 0.112
1 7,163 0.025 0.032 0.0257 0.0017 0.0029 0.0010E 0.017 0.135
1 7,483 0.015 -- 0.0290 0.0020 0.0020E - 0.009 -
1 7,688 0.067 0.170 0.0306 0.0144 0.0040 0.0107 1.12 0.772

n
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Appendix 4. Inductively couple plasma-atomic emissions spectrometry (ICP-AES) results for synoptic water samples,
upper Animas River, Howardsville to Silverton, Colorado, September 14, 1997.—Continued

[Source, O=stream, 1=inflow; Distance, distance downstream from injection site; Silica as Si02; all concentrations in milligrams per liter;
method detection limits in milligrams per liter listed in parentheses below constituent names; <, constituent not detected; E, concentration

estimated less than method detection limit; --, not measured]

Distance quganese, Manga_nese, _Silica, Silit_:a, St_rontium, Stront_ium, ) Zinc, Zinf:,
Source (meters) dissolved colloidal dissolved colloidal dissolved colloidal dissolved colloidal
(0.001) (0.001) (0.009) (0.009) (0.0005) (0.0005) (0.003) (0.003)
0 160 0.134 0.0010E 6.56 <0.009 0.354 <0.0005 0.291 <0.003
0 310 0.131 0.0060 6.38 0.205 0.348 0.3562 0.278 0.0158
0 595 0.135 <0.001 6.55 <0.009 0.352 -- 0.288 <0.003
0 905 0.124 <0.001 6.23 0.778 0.353 <0.0005 0.274 0.0079
0 955 0.125 0.0005E 6.35 0.158 0.363 0.366 0.266 0.0062
0 1,059 0.585 <0.001 6.67 <0.009 0.370 0.3700 0.369 0.0298
0 1,135 0.442 0.0020 6.20 0.052 0.371 0.371 0.265 0.0276
0 1,270 0.458 0.0076 6.08 0.163 0.371 0.375 0.261 0.0436
0 1,510 0.446 0.0040 6.06 0.255 0.371 0.376 0.258 0.0444
0 1,725 0.446 0.0040 6.27 <0.009 0.385 0.374 0.266 0.0379
0 1,925 0.444 <0.001 6.30 <0.009 0.380 0.375 0.266 0.0345
0 1,925 0.437 0.0115 5.90 0.377 0.367 0.383 0.252 0.0556
0 2,110 0.446 <0.001 6.16 0.235 0.373 0.375 0.258 0.0492
0 2,515 0.459 0.0157 6.63 0.335 0.381 0.387 0.273 0.0558
0 2,572 0.410 0.0301 5.96 0.705 0.374 0.383 0.242 0.0620
0 2,300 0.435 0.0034 6.62 <0.009 0.386 0.380 0.262 0.0410
0 3,040 0.403 0.0338 6.26 0.254 0.364 0.385 0.235 0.0642
0 3,295 0.433 0.0146 6.60 0.200 0.382 0.381 0.265 0.0443
0 3,555 0.454 <0.001 6.68 0.178 0.384 0.383 0.285 0.0139
0 4,023 0.431 0.0193 6.52 0.467 0.379 0.385 0.263 0.0586
0 4,166 0.453 <0.001 6.76 <0.009 0.389 0.387 0.296 0.0268
0 4,310 0.407 <0.001 6.25 0.732 0.390 <0.0005 0.278 <0.003
0 4,473 0412 0.0288 6.21 0.622 0.387 0.385 0.281 0.0635
0 4,581 0.497 <0.001 6.54 0.034 0.388 0.384 0.311 0.0223
0 4,656 0.499 0.0030 6.42 0.080 0.389 0.382 0.317 0.0402
0 4,816 0.497 0.0252 6.26 0.446 0.387 0.392 0.323 0.0555
0 4,916 0.576 0.0220 6.23 0.376 0.392 0.395 0.352 0.0437
0 5,131 0.601 0.0501 5.94 0.593 0.397 0.395 0.341 0.0569
0 5,306 0.693 <0.001 6.69 <0.009 0.409 0.388 0.386 0.0152
0 5,536 0.787 <0.001 6.58 0.091 0.412 0.401 0.404 0.0371
0 5,756 0.786 <0.001 6.52 0.456 0.407 0.402 0.379 0.0685
0 6,038 0.737 0.0224 6.39 0.260 0.387 0.399 0.370 0.0498
0 6,288 1.10 <0.001 6.67 <0.009 0.410 0.407 0.448 0.0217
0 6,528 1.05 0.0339 6.35 0.441 0.400 0.407 0.428 0.0550
0 6,768 0.972 0.0184 6.38 0.231 0.399 0.400 0418 0.0375
0 7,008 1.02 0.0020 6.60 0.354 0.410 0.407 0.436 0.0427
0 7,283 0.962 0.0515 6.10 0.707 0.389 0.409 0.386 0.0735
0 7,523 1.01 <0.001 6.36 0.262 0.410 0.398 0.420 0.0398
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Appendix 4. Inductively couple plasma-atomic emissions spectrometry (ICP-AES) results for synoptic water
samples, upper Animas River, Howardsville to Silverton, Colorado, September 14, 1997.—Continued

[Source, O=stream, 1=inflow; Distance, distance downstream from injection site; Silica as SiO2; all concentrations in milligrams per liter; method detec-
tion limits in milligrams per liter listed in parentheses below constituent names; <, constituent not detected; E, concentration estimated less than method

detection limit; --, not measured]

Distance quganese, Manga_nese, _Silica, Silit_:a, St_rontium, Stront_ium, ) Zinc, Zinp,
Source (meters) dissolved colloidal dissolved colloidal dissolved colloidal  dissolved colloidal
(0.001) (0.001) (0.009) (0.009) (0.0005) (0.0005) (0.003) (0.003)
0 7,858 1.08 0.0584 6.33 0.478 0.403 0.421 0.426 0.0591
1 181 1.27 0.0583 21.9 1.29 0.652 0.645 0.645 0.0424
1 213 0.092 0.0183 4.29 <0.009 0.278 0.275 0.094 0.0033
1 315 0.003 0.0029 7.24 0.101 0.303 0.305 0.0411 0.0062
1 745 0.030 0.0022 7.79 0.075 0.472 0.474 0.0142 0.0017E
1 910 0.011 <0.001 12.8 0.551 1.49 1.55 0.0161  <0.003
1 965 15.9 0.5434 6.83 343 0.592 0.591 2.53 2.37
1 1,075 0.007 <0.001 5.51 <0.009 0.399 0.369 0.0267 <0.003
1 1,150 <0.001 0.0013 6.11 0.259 0.622 0.619 0.0106 0.0017E
1 1,605 1.12 <0.001 26.4 <0.009 0.992 0.792 0.476 <0.003
1 1,648 <0.001 <0.001 9.99 0.131 0.653 0.656 1.54 0.0173
1 1,745 0.003 0.1647 7.80 16.8 0.332 0.351 0.0040 0.0446
1 2,050 0.0010E <0.001 7.63 <0.009 0.332 -- 0.0043  <0.003
1 2,125 1.04 <0.001 30.9 <0.009 <0.0005 0.551 0.218 <0.003
1 2,360 0.249 - 21.2 -- 0.0010 -- 0.533 --
1 2,361 0.0181 0.0140 17.9 0.380 0.205 0.0010 0.0293  <0.003
1 2,425 0.0021 0.0066 16.0 <0.009 0.161 0.165 0.0115 0.0024E
1 2,522 0.0072 0.0158 25.1 2.26 0.704 0.711 0.0409 0.0024E
1 3,235 <0.001 0.0117 9.59 0.75 0.488 0.503 0.0056 0.0080
1 3,682 0.0054 <0.001 7.80 <0.009 0.373 -- 0.0078  <0.003
1 3,820 0.0556 0.0152 8.12 5.76 0.344 0.353 0.126 <0.003
1 4,033 0.0025 0.0014 941 <0.009 0.526 0.488 0.0089  <0.003
1 4,186 0.0018 0.0006E 4.69 <0.009 0.457 0.449 0.138 0.0087
1 4,190 0.0021 <0.001 4.69 <0.009 0.457 0.435 0.199 <0.003
1 4,334 0.218 <0.001 4.53 0.171 0.441 0.447 0.221 <0.003
1 4,353 55.5 2.09 38.5 40.6 1.23 1.24 130 8.15
1 4,533 284 <0.001 33.8 0.292 0.989 0.971 53.2 <0.003
1 4,586 4.70 <0.001 31.0 0.921 0.564 0.557 9.32 <0.003
1 4886 75.6 <0.001 16.5 0.093 2.04 2.02 194 <0.003
1 4951 0.193 0.0115 3.98 0.092 0.211 0.210 0.0594 0.0109
1 4,970 3.11 <0.001 6.60 <0.009 <0.0005 <0.0005 3.77 <0.003
1 5,161 0.070 0.0007E 13.0 <0.009 1.23 1.21 0.424 0.0167
1 5,221 0.012 <0.001 12.3 0.075 1.16 1.15 0.776 0.0247
1 5,355 0.019 <0.001 5.83 0.279 <0.0005 <0.0005 0.0041 <0.003
1 5,356  <0.001 210 30.5 <0.009 <0.0005 2.08 39.8 <0.003
1 5,446 0.0032 0.131 5.98 1.02 <0.0005 <0.0005 0.0047 0.0098
1 5,766 0.0231 0.0120 10.4 0.532 0.455 0.429 0.0425 0.0181
1 5,858 344 0.960 24.6 4.18 2.13 2.19 12.7 0.6015
1 6,105 0.0012 0.0017 8.09 0.213 <0.0005 <0.0005 0.0239 0.0019E
1 7,103 0.940 <0.001 11.5 <0.009 <0.0005 <0.0005 0.0835 0.0037
1 7,163 0.0510 0.0094 4.86 0.226 <0.0005 <0.0005 0.2087 0.0240
1 7,483 0.0070 -- 4.92 -- 0.0010 -- 0.395 --
1 7,688  39.7 1.07 15.5 0.087 3.75 3.79 2.08 0.0142
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