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ABSTRACT

Abandoned mines from gold mining operations

that produce Acid Mine/Rock Drainage (AMD) can
affect water gquality and stream ecosystems
downriver. This thesis reports on copper,
cadmium and =zinc being emitted from the
Crystal Mine near Basin, MT. Water quality,
sediment, invertebrate and fish populations

were analyzed to determine if the Crystal Mine

AMD was the main source of pollution effecting
Uncle Sam Gulch, Cataract Creek and the Boulder
River.

Results of this study indicate that the Crystal
Mine is the main source of pollution impacting
downriver water gquality and aquatic ecosystem.
Remediation of mine tailings, disturbed areas and
mine adit effluent are needed to decrease the AMDs
impact.

Keywords: AMD, copper, cadmium, zinc, remediation
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INTRODUCTION

Acid Mine Drainage (AMD) or Acid Rock Drainage (ARD) occur
as a legacy of waste rock, mine tailings and drainage tunnels
left behind by the mining industry. There are thousands of
sources of AMD in the U.S.; 66,500 sources exist in the
Appalachia region, from active and inactive coal mines which
have polluted approximately 10,500 miles of rivers and streams
(Cohen, 1991), Colorado has approximately 1,300 miles of
streams effected by AMD (Mever, 1991}, Montana has
approximately 200 to 300 abandoned mines (Cherry, 1991).
Remediation of AMD and water quality effected by AMD has been
researched recently in the West.

There is a demand today for high quality water. Streams
with poor water quality are a wasted resource. Currently,
Montana does not have a severe water shortage problem,
however, recurrent droughts in the Rocky Mountain region are
drastically depleting water levels. As public demand for
higher water guality rises, levels of water quality standards
will continue to increase. This demand for good "“clean"
mountain water will require remediation of AMD.

Acid Mine Drainage from mines into streams 1is a
poellution problem that has been adversely affecting water
guality and stream ecosystems throughout the country. Hard

rock mining exposes sulfide minerals to oxidation, resulting
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in the discharge of strong acids and mnetals which are
detrimental to water gquality and aguatic life (Platts, 1979).
AMD is considered a non-point source of pollution because it
can be generated over a large area. Also, AMD is considered
the actual effluent from the mine adits and the areas of waste
rock and tailings left from the mining operation (Cohen,
1991). Montana's abandoned mines, which are associated with
small gold claims, are not large by themselves. Although,
within a few sguare miles, many mines may exist.

Acid Mine Dralinage results from the oxidation of pyrite
and other sulfides when the refuse is exposed to oxygen and
water. Oxidation of pyrite produces hydrogen ions, causing
the lowering of pH levels in the mine water. Micro-organisms
are closely associated with the overall process, which
involves several reactions.

Reaction 1: Oxidation of pyrite

2FeS, + 2H,0 + 70, —-> 4H* + 450, + 2Fe’*
Reaction 2: Oxidation of ferrous ion (Fe’) to ferric
ion (Fe'*).
AF¥e’™ + 0, + 4H" -> 4Fe®* + 2H,0

Reaction 3: Ferric ion dissolves pyrite.

FeS, + 14 Fe** + 8H,0 -> 15Fe?* + 280%, + 16 H*
Reactions 2 and 3 complete the cycle for the dissolution of
pyrite. Reaction 2 1is driven by the iron bacterium
Thiobacillus ferrooxidans at pH levels below 3.5 and catalyzed

by a variety of Metallgenium at pHs between 3.4-4.5. These
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reactions also produce sulfuric acid which is the most toxic
component within these reactions (Manahan, 1990}.

Fe(OH); is a acidic ion and at higher pH values will
precipitate out as hydrated iron (III) oxide.
Fe** + 3H,0 <-> Fe{OH), + 3H'
This precipitation produces the condition, called "yellow

boy", associated with stream beds effected by AMD.

Objective

Acid Mine Drainage produced by the Crystal Mine near
Basin, MT exhibits the same characteristics as other AMD
problems in the west. This thesis attempts to determine
whether, or not, AMD from the Crystal Mine has detrimental
effects on the water quality, sediment, invertebrates and the
fisheries located downstream of the mnine. Results are
presented from two sampling sessions, June and October, 1991.
Results are analyzed to determine both the fate and effects of

the AMD as it is transported downstrean.

Purpose of Research
Concentrations of copper, cadmium and zinc affect the
water quality of the stream, and at certain levels, can cause
acute or chronic toxicity to invertebrates and fish. Sediment
concentrations of these heavy metals can affect the
invertebrate and fish populations by eliminating habitat and

interfering with the natural progression of nutrients in the



food chain.

Dr. Elmer Gless of Montana Tech, Glen Phillips and Curt
Hill of the Montana Fish, Wildlife and Parks Department and
Ken Knudson participated in previous studies that examined
water gquality in the Boulder River. These studies suggested
that the Crystal Mine produced AMD which degraded water
quality and limited the fisheries populations in Cataract
Creek and the Boulder River. This thesis attempts to identify
the Crystal Mine AMD as the pollution source effecting water
quality and the fisheries population by taking baseline
samples upstream of confluences downstream of the Crystal
Mine.

Experimental Plan

This study tracks copper, cadmium and zinc in the flow of
the AMD, originating from the Crystal Mine, as the AMD enters
into Uncle Sam Gulch, Cataract Creek and the Boulder River.
Sanples of the water, sediment, invertebrate populations and
fish tissue were analyzed to determine if the Crystal Mine is
having a detrimental effect on the stream ecosysten.
Concentrations of these metals were analyzed at various sites
along the water course. After determining the fate of the AMD

from the Crystal Mine, remediation alternatives are examined.

Study Area
The study area is shown on Figure 1. Figure 2 details

the sampling sites, tributaries, mining activities and mine
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tailings which are adjacent to the streams. Sampling sites
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include background Sites 1, 13 and 14 which are located above
the Crystal Mine, upstream of the confluence of Uncle San
Gulch and Cataract Creek and upstream of the confluence of
Cataract Creek and the Boulder River, respectively. Four
sampling sites; 2, 3, 4 and 5 are located from the Crystal
Mine downstream along Uncle Sam Gulch, 3.2 miles, to Cataract
Creek. Three sampling sites; 6, 7 and 8 are located along
Cataract Creek, 3.6 miles downstream to the Boulder River.
Another three sampling sites; 9, 10 and 11 are located on the
Boulder River, 1.4 mile downstream. The Crystal Mine adit
effluent is Site 12.

Figure 3 illustrates the elevation profile of the strean

course through the study area.

LITERATURE REVIEW

AMD is a pollution problem which has been affecting water
quality since mining began in the 1800's. And, the problem is
not limited to the U.S.; European nations have recognized AMD
as a major source of water pollution and have conducted
extensive research on the effects on the water gquality,
sediment, invertebrates and fish. Most of the research
completed in the U.S. has dealt with AMD effects on water
quality. Invertebrate and fish populations have been
researched by bioclogists observing the effects of heavy metal

concentrations.
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Water Quality
Reviewed literature agrees that AMD has adverse effects
on water gquality and the stream ecosystems. Heavy metals such
as copper, cadmium and zinc can degrade water guality and be
chronically or acutely toxic to aguatic organisms ({Chambers,
1991, Kelly, 1988, Letterman, 1978, Mason, 1991, Meyer, 1991,
vandenberg, 1974). Vandenberg, 19274, has suggested that the
elimination of AMD in Galena Creek, located in c¢entral
Montana, should be the principle consideration for the
rehabilitation of the creek. Phillips and Hill, 1985, suggest
that concentrations of copper and zinc from Cataract Creek are
the limiting factors affecting the trout population in the
Boulder River near Basin, Montana.
Copper concentrations are reported to range from a low of
1 ug/l to a high of 280 pg/l with a mean of 15 ug/l in clean
waters of the U.S., according to Stoker, 1976. Water quality
surveys completed by the Washington Power Company, 1989,
reported copper levels from unpolluted natural waters of 0.0
to 2.2 pg/l. Gless, 1990, reported copper levels from
Jefferson County waters near and in the study area. These
levels ranged from 4 ug/l to 198 ug/l. Boulder River copper
concentrations were below the detection 1limits except for
samples from the mouth of Cataract Creek which ranged from 10
ug/l to 50 wg/l (Phillips, 1985).
AMD research conducted in the U. S. has focused upon the

coal mnining regions the eastern portion of the country.
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Prediction of AMD has been evaluated by testing the overburden
and estimating the potential for AMD formation in the coal
mining region. Overburden is analyzed on an acid-base basis;
low acid neutralizes samples having a potential for AMD
formation (diPretoro, 1988, Erickson, 1988, Miller, 1988).
This procedure has been tested and rejected for the pre-mining
prediction of AMD from ccal mining areas. Miller, 1988, sites
the use of this technique to predict AMD from hard-rock and
precious metal mining operations. The Net Acid Producing
Potential (NAPP)} is calculated from the total sulfur content
and the inherent Acid Neutralizing Capacity (ANC) nmeasured as
caco’.

NAPP = %S x 3.125 - ANC {(Miller, 19838)

Low pH which is a result of AMD, causes the dissolution
of heavy metals which then affects water quality and organisms
downstream of the AMD production site. Knudson, 19284, and
Phillips and Hill, 1985, predict effects of the copper and
zinc from the Crystal Mine, located 6.8 miles from the Boulder
River, are the limiting factors for the growth of the fish
population. Chambers, 1991, found adverse impacts from AMD
near Cooke City, Montana, approximately 2 kilometers
downstream of the AMD source. The effects were observed in
plant life adjacent to the stream affected. Effects of the
AMD were seen 18.5 kilometers downstream of the source in
Galena Creek, located in central Montana (Vandenberg, 1974).

AMD has affected water quality, and, thus eliminated fish from
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approximately 10 miles of river downstream of an abandoned
mine in Idaho (Platts, 1979). In Europe effects of AMD have
been observed in water, sediment and invertebrate biomass
ranging from 2 kilometers to 8 kilometers, although maximum
distance affected was not measured (Brown, 1977, Burrows,
1983).

Acid Mine Drainage causes unnaturally high levels of
copper, cadmium and zinc. Evolution has provided organisms
with metabolic pathways which cope with naturally occurring
toxic compounds. The synthesis and degradation of toxic
compounds provides a balance resulting in natural levels
(Wood, 1973). Weathering and dissolution of natural copper
and zinc, which usually occurs as sulfides and oxides, results
in the background levels in natural waters (E.P.A. 1,2, 1980).
Aquatic ecosystems are particularly sensitive to cadmium
pollution because: 1) cadmium is biologically nonessential and
non~beneficial, 2) very low levels of cadmium are present in
natural waters, and 3} cadmium has a strong tendency to
bicaccumulate in the food chain {Nriagqu, 1987). A summary of
heavy metals in waters of the U.S. by Stoker, 1976, showed
copper, cadmium and zinc with a mean concentrations of 15
pg/l, 9.5 pug/l and 64 ug/l respectively.

The affects of copper, cadmium and zinc on an aquatic
ecosystem depends on various factors. Temperature increases
in water tend to increase the toxicity of metals (Mason,

1991). The effects of the pH on AMD is associated with
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dissolved metal precipitation and bio—availability of metals.
Precipitation of dissolved metals increases as the pH of the
water rises and the availability of hydrogen ions is reduced
(Kelly, 1988, Letterman, 1978). Mason, 1991, sites the
lowering of the number of hydrogen ions as the pH rises to an
increase in the bio-available metals.

Acid Mine Drainage is associated with a wide variety of
heavy metals which, individually, are toxic to the aquatic
ecosystem. Combinations of metals can have additive, non-
interaction or antagonistic effects. The combination of
copper, cadmium and zinc has an additive or more than additive

effect (Mason, 1991, Nriagu, 1987).

Sediments

Sediments associated with the stream bottom are affected
by AMD heavy metal concentrations, and are a pathway for
metals into the aquatic foodchain. Fine sand and clay
particles adsorb a large portion of the heavy metal ions
(Chand, 19381). Metal ions are lost from solution by
precipitation or adsorption, especially when iron oxides and
aluminum floc are present. The extent of adsorption is
dependent on the pH level. As the pH raises the ratio of
bound ions to free ions, copper, cadmium and zinc
concentrations increase, leading to higher concentrations of
metals in the sediment (Kelly, 1988). Brown, 19877, and

DeGroot, 1973, showed sediment concentrations to be functions



14
of pH, river flow, sediment load and water hardness. Brown,
1977, observed lower metal concentrations in sediment in
conjunction with lower pH values. DeGroot, 1973, associated
a major portion of metals in sediment downstream from mining
activities with the suspended material which was transported
downstream. Water to sediment concentrations from the Rhine
River were 1:1.8, 1:0.6 and 1:0.8 for copper, cadmium and
zinc, respectively (DeGroot, 1973). Concentrations of copper
increased markedly during low water sampling. This increase
in metal concentration was probably due to low flowrates
depositing "particulate" copper suspended in the water (Brown,
1977). Brown, 1977, also observed that zinc had higher
dissolved water concentrations then copper, and copper had
higher sediment concentrations, although zinc concentrations

in the sediment remained constant.

Invertebrates

There is general agreement that AMD drastically reduces
biomass of Iinvertebrates present in the affected stream
(Letterman, 1978, Mason, 1991, Platts, 1979, Roembild, 1991,
Vandenberg, 1974). Vandenberg, 1974 found depressed numbers
of: individuals, taxa and diversity 18.3 Km downstream of the
AMD source on Galena Creek in central Montana. The depressed
numbers coincided with an increase of the more tolerant

species, such as Tendipedidae, due to lack of competitors and

predators (Kelly, 1988, Vandenberg, 1974). Platts, 1979,
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reports that Panther Creek, which is effected by AMD in
central Idaho, has a healthy invertebrate population with
"good" biomass above the AMD. Below the AMD entrance,
invertebrate biomass was "fair to good" with the invertebrate
population dominated by drift-through species. Diversity
indices, which indicate invertebrate population reactions to
pollution, are used more in Europe than in the U. 8.
Diversity indices are more useful for assessing organic
pellution than metal~-related pollutants (Letterman, 1988,
Mason, 1991). Biomass of invertebrates may be a better
indicator of AMD effects than diversity indices, because
populations may adjust and adapt to the AMD over time
(Letterman, 1998, Mason, 1991). AMD associated with mountain
streams may have inaccurate invertebrate indices due to
invertebrate drift caused by high flows (Letterman, 1978,
Platts, 1989, Roembild, 1991).

Acid Mine Drainage affects invertebrate populations by
altering the bottom characteristics of +the stream.
Precipitation of Fe(IIXI} and other metals leads to the
elimination of invertebrate habitat by hardening the bottom
material (Kelly, 1988, Letterman, 1978, Mason, 1991). pH
which plays a role in the precipitation of Fe(III) is effected
by the bicarbonate buffering system of the water. Magnitude
shifts of pH, which can be detrimental to invertebrate
populations, are controlled by the bicarbonate buffering

system (Kelly, 1988).
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Chironomidae are frequently associated with AMD and are
often found in areas where Fe(III) has been deposited (Kelly,
1988, lLetterman, 1978, Mason, 1991).

Heavy metal concentrations in invertebrates are
associated with tolerance and feeding habits (Brown, 1977,
Burrows, 1983, Smock, 1983). Burrowing species (i.e.
Ephemeridae, Chironomidae), which randomly ingest sediment
along with detritus material, have the highest metal
concentrations. Filter feeders (i.e. Hydropsychidae) have the
second highest metal levels. Species such as Ephemeroptera,
Plecoptera, and Tricoptera, which selectively ingest detritus
and periphyton, have the third highest metal levels.
Carnivorous species such as Gerridae have the lowest metal
concentrations (Brown, 1977, Burrows, 1983,S8mock, 1993).

The relationship between metal concentrations in
sediments and invertebrates seem to be metal and species
dependant (Anderson, 1977, Brown, 1977, Burrows, 1983, Snock,
1983). As stated earlier, the feeding habits play a role in
metal accumulation. A general relationship between sediment
and invertebrates does not always exist throughout the
invertebrate population and their locations above or below
AMD. Anderson, 1977, sampled the Fox River in Illinois where
pollution is mostly storm water runoff and industrial
effluent. Comparing 35 genera of invertebrates showed there
were no significant trends of accumulations between classes

and orders.
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Fish

Fisheries are adversely affected by AMD due to loss of
invertebrate populations and the toxicity of heavy metal
pollutants. Metal concentrations in water demonstrated to
cause avoidance by trout are: 2 ug/l for copper and 5 ug/l for
zinc. A combination of copper and zinc will lead to lower
concentrations required for avoidance (Sprague, 1964).

In Pennsylvania, stream systems affected by AMD, large
differences in the fish biomass were observed. Upstream of
the AMD, 10 species and 22,812 kilogranm per hectare (kg/ha) of
fish were present, whereas downstream of the AMD, 6 species
and 11 kg/ha of fish were found (Mason, 19%1).

Knudson, 1984, states that the limiting factor in the
Boulder River is the metal toxicity produced by the mining
activities in the surrounding areas. The fishery above the
town of Basin, in the Boulder River, is considered a healthy
population. Below the town of Basin the fish population was
reduced by 56 percent; 1135 trout/mile above Basin and 635
trout/mile below the confluence of Cataract Creek. Nelson,
1976, found a correlation between metal contamination and fish
population on the Boulder River. Effects of metals were
observed 30 miles downstream from the mining area (Nelson,
1976) .

Along Panther Creek, located in central Idaho, fish
populations have been eliminated by AMD (Platts, 1979).

Elecrofishing produced a large number of species and biomass



i8
above the AMD and no fish were found downstream of the AMD
entrance. Platts suggests that few fish indicates avoidance
of undesirable conditions.

Fingerling survival tests in Panther Creek, revealed 86
percent mortality below the AMD entrance and 48 percent
mortality 5 miles downstream. Studies by the Idaho Bureau of
Mines and Geology showed that increased metal concentrations,
during high water, could cause acute toxicity. Platts ,1979,
concludes that the high concentrations of heavy metals lead to
toxic conditions, behavioral changes, avoidance, and long-term
chronic toxicity to fish. These factors could be responsikle
for the reduction and/or elimination of fish populations.

Copper, cadmium and zinc all effect fish populations
(E.P.A. 1, 1978 ,E.P.A. 2, 1980, E.P.A. 3, 1980, Mason,
1991). Tolerance to pollutants is species-specific and
affects each life stage of a species differently (Mason,
1991). AMD affects fish by increasing the metal
concentrations in the water. High copper and zinc
concentrations in the water affect the fish's ability to
transport oxygen across gill tissue (E.P.A. 1, 1978). Cadmium
is chronically damaging to fish at levels of 3.4 ug/l
(E.P.A.1, 1978). It is also reported in E.P.A. 1, 1978, that
fish reach a plateau zinc concentration within 30 days in
waters exceeding 47 ug/l zinc and adverse effects, reduced
growth, are observed in water concentrations of 51 ug/l.

Metals from AMD also accumulate in 1liver, kidneys and
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intestines of fish although no correlations have been
accurately been made (E.P.A.1, 1978, Carnes, 1984).

Metal concentration toxicity levels are dependent on pH
and hardness of the water (E.P.A.1, 1978, E.P.A. 2, 3, 1980).
Tolerance to copper, cadmium and zinc has been shown in
rainbow trout when levels are at low concentrations (Mason,
1991). Seven day lethal concentrations of 50 percent
mortality (LCy) are 44 pg/l, 7 ug/l, 560
pug/1l with a water hardness of 40 mg/l CacCO;, for copper,
cadmium and zinc, respectively (E.P.A. 2, 1980, E.P.A. 3,

1980, Mckim, 1975).

METHODS AND MATERIALS

Data collection for water, sediment, invertebrates and
fish consisted of two collection periods; the first beginning
in June, 1991 and the second in October, 1991. During the
first sampling period, June 10 through June 26, 1991, a
collection from all sampling sites was conducted. The second
sampling period, October 19 through October 21, 1991,
consisted of the ccllection of data from specific sites. The
second sampling period was conducted due to the laboratory
loss of invertebrates from the first sampling period.

Sampling locations were selected along Uncle Sam Gulch,
Cataract Creek and the Boulder River. Figure 2 shows the
iocation of the sampling sites. Legal description (section,

township, range) of the sites is reported in appendix. Five
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sites were located along Uncle Sam Gulch, four sites on
Cataract Creek, four sites on the Boulder River and one at the
Crystal Mine adit, Site 12. Background or baseline samples
were collected from Sites 1, 13 and 14. Site 1, located above
the Crystal Mine, was used as the baseline stream due to the
lack of any mining activity above the mouth in the Uncle Sam
Gulch drainage. Sites 13 and 14 were sampled to determine the
copper, zinc and cadmium levels present in the aquatic system
before contamination from the Crystal Mine enters into the
stream system. Sampling sites were selected by observational
selection. Sites were located downstream of any tributary and
below the mixing zone of the tributary.

Water

Water samples were collected from all sites during the
June sampling period and from Sites 5, 6, 8, 9, 12, 13, 14
during the October sampling. Water was collected in a 1000 ml
beaker from the streams and transferred into bottles supplied
by the Bureau of Mines. The collection of the water was by
representative grab sample from each site. Four types of
samples were collected for analysis; raw unfiltered, raw
acidified, filtered raw and filtered acidified. McGrath,
1992; raw unfiltered samples were collected for alkalinity,
specific conductivity and lab pH, raw acidified samples were
for biologically-available and total trace metals, filtered
raw samples were for anion analysis and filtered acidified

samples were for analysis of major cations and trace metals.



21

Filtered samples were field filtered with MicronSep membrane

filters. Acidified samples were acidified with HNO; to 5% by

volume. Samples were stored in a cooler in the field and

transferred to a refrigerator until submitted to the Bureau of
Mines for analysis.

Temperature and pH were measured in the field at the time
of the water sample collection. A Fisher Scientific Acument
1003 pH meter with a automatic temperature probe was used to
measure the temperature and pH. Total suspended solids (TS8S)
samples were collected at all sampling sites and at the same
time as the water samples were collected. TSS measurements
were measured from 500 ml samples using Standard Methods
procedure 209 C Total Suspended Solids Dried at 103-105
Celsius (Standard Methods, 1985). The water samples were
submitted to the Bureau of Mines Analytical Lab for a complete
analysis which included metals scan, CaC0; hardness, chemical
oxygen demand, alkalinity, phosphate and nitrate levels with
the Inductively Coupled Plasma-Atomic Emission Spectrometry
(I.C.P.) unit. E.P.A. method 200.7 was used by Bureau of
Mines for water analysis. Procedures are reported in
Appendix. Chemical oxygen demand was conducted at Sites 6,
7 and 8 only. To establish if the reduction of invertebrates

at these sites was oxygen related.
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Sediment

Sediment samples were collected at each site except Site

12, the Crystal Mine adit. Samples were collected from the
locations and areas where invertebrates were found. Fine
sediment from slow moving waters were best sampled using a
small 1id as a scoop. Sediment and water were sieved through
a 67 micron sieve until a liter of sediment and water were
collected. Sediment samples were placed in glass jars until
the water appeared clear. The water was discarded and jars
were placed in a drying oven at 70 Celsius until the sediment
dried. Digestion of the sediment, for metal analyses,
followed U.S. Bureau of Mine method 1-5485-85 "Extraction
Procedure, Bottom Material."® This method was modified by
replacing double distilled HC1l with HNO,. This modification
was used due to the lack of quality double-distilled HCl. The
modification with HC1l was used in the original method to
prevent the iron oxides from precipitating. Since analysis
did not include iron levels, the substitution from HC1 to HNO,
was suggested. Other adjustments included; the amount of
sediment used for each sample was measured to the nearest
1/100th of a gram, using approximately 1 gram for each
analysis and dilution of sample with distilled water was

decreased. Method 1-5485-85 is listed in Appendix.
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Invertebrates

Invertebrates were collected from Sites 1, 6, 7, 8, 9,

10, 11, 13 and 14 during the June sampling and from Sites 6,
9, 13 and 14 during the October sampling. Six square feet
were sampled at Site 1 using a Surber Sampler. Invertebrates
were collected from the other sites with a 3 foot by 4 foot
screen. Collections were made by displacing rocks located
approximately 4 feet upstream of the screen. Four collections
at each site, totaling 48 square feet, were made across the
representative habitats at each site. All invertebrates
collected at each site were placed in glass jars and preserved
in formaldehyde. Identification was completed by Dr. George
Roembild of Bozeman, MT. Digestion of the invertebrates for
analysis followed the E.P.A. procedure 200.3 "Sample
preparation procedure for spectrochemical determination of
total recoverable elements in biological tissue."
Modifications of procedure 200.3 included the substitution of
HCL with HNO; because of the absence of gquality HCL and
volumes used in digestion were reduced by half because the
sample size was smaller then procedures suggested. The

procedure is listed the Appendix.

Fish
Fish were collected from Sites 6, 7, 8, 9, 10, 11, 13 and
14 during the June sampling and from Sites 8, 9, 13 and 14

during the October sampling. Fish were not collected at other
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sites during the June sanmpling because there were no fish
present. Collection of fish was by Curt Hill of the Montana
Fish, Wildlife and Parks Department. A backpack electrical
shocker was used to collect fish at sites indicated. The fish
were frozen and the kidneys and livers removed and refrozen.
Each sample of kidney and liver was placed in a zip-lock bag
and freeze-dried in the chemistry building, on Montana Tech
campus. The digestion of the fish kidney and liver tissues in
preparation for metal analyses was the same E.P.A. method

200.3 indicated previously for the invertebrate digestion.



Table 1. Water Quality Parameters Measured
(Flow, pH, Temperature, T.5.S., Hardness as Caco,)

Site Flow(cfs) pH Temp (C) TSS (mg/1) Caco,
1 0.5 6.54 6.6 0 7.39

2 1.3 3.65 7.7 18 37.33

3 3.5 4.68 5.7 6.4 30.95

4 6.38 5.7 2.6 24.15
Sa 5.1 6.91 5.1 1.8 23.99
5b 1.24 6.51 0.6 68.55
6a 43.2 7.36 8.3 0.8 24.49
6b 8.0 7.82 0.9 52.39

7 43.2 7.55 7.8 0.4 24.08
8a 43.8 7.57 7.9 1.2 25.49
8b 7.79 8.3 0.1 54.12
9a 204.0 7.63 8.1 3.2 29.38
9b 33.62 8.1 2.7 54.45
10 204.0 7.61 8.0 3.2 28.97
11 204.0 7.93 8.4 4.0 29.38
12a 39 (gpm) 2.86 4.7 43.4 206,44
12b 30 (gpm) 3.12 3.3 185,84
13a 38.6 7.73 8.2 0.8 23.99
13b 6.75 8.03 1.1 48,32
14a 260.0 7.76 8.8 2.6 28.22
14b 25.33 8.25 3.3 51.13

B Limber 0.2 8.07 8.8 0 103.21
DeerCr 0.5 7.92 7.7 ] 50.54

a2 = June samples b

October éﬁhples




Table 2. These concentrations are the total ~available
concentrations or bio-available concentrations.
Concentrations less then 6 ug/l were below the detection
limits of the ICP analyzer. Thus, results which are less than
6 ug/l will be treated as no concentrations present.

Table 2. Metal Analysis of wWater Samples
(Copper, Cadmium, Zinc in ug/1)

Site Copper (ug/1) Cadmium(ug/1) Zinc{ug/1)
1 g _ <H <6
2 2850 115 9550
3 1520 60 5250
4 235 22 1630
5a 183 12 1450
5b 312 59 5180
6a 43 <6 185
6b 61 8 802
7 25 <6 178
8a 29 <6 165
8h 47 <6 528
Sa 17 <6 51
Sh 27 <6 i34
10 8 <6 49
11 13 <6 48
12a 2520 939 7650
12b 12000 872 64160
13a 14 <6 34
13b <5 <8 77
l4a <8 <6 A 25
14b 17 <6 70
Big Limber <6 <8 <6
Deer Creek <& <8 40

a: June samples b: October samples



Figure 4. Water Copper Concentration
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Figure 5. Water Cadmium Concentration
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Figure 6. Water Zinc Concentration
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RESULTS AND DISCUSSTON
Water

June water samples were collected at all sites and
October water samples were collected at Sites 5, 6, 8, 9, 12,
13 and 14. Results reported in Table 1 include the site~
location number and the parameters measured at each site.
These parameters include flowrate, field pH, field
temperature, total suspended solids {TS585) and water
hardness(CaC0;). The data is presented for each site during

the June and October sampling periods.
Field-measured water temperatures ranged from a low of
4.7 degrees Celsius at the Crystal Mine adit to a high of 8.8
degrees Celsius at Sites 13 and 14 in June, and 0.1 degree
Celsius at Site 8 to 3.3 degrees Celsius at the Crystal Mine
adit in October. The pH levels ranged from a low at the
Crystal Mine of 2.86 to a high at Site 11 of 7.93 in June. 1In
October the low pH was at the Crystal Mine adit, 3.12 and the
high of 8.26 was recorded at Site 14. TSS levels measured in
June ranged from highs at Site 2 and Site 12 of 18 mg/l and
43.4 mg/l, respectively, to zero TSS levels recorded at site
1. June water hardness ranged from 206.44 to 7.39, measured as
CaC0,, at the Crystal Mine adit and Site 1 respectively.
Water hardness measured in Cctober ranged from 185.84 to 48.32

CaC0;, at the Crystal Mine adit and Site 13, respectively.



Table 1. Water Quality Parameters Measured

(Flow, pH, Temperature, T.S.S., Hardness as CaCo0,)

Site Flow(cfs) pH Temp (C) TSS(mg/1l) CacCo,

1 0.5 6.54 6.6 4] 7.39

2 1.3 3.65 7.7 18 37.33

3 3.5 4.66 5.7 G.4 30.95

4 6.38 5.7 2.6 24.158

5a 5.1 6.91 5.1 1.8 23.99

5b 1.24 6.51 0.6 68.5¢6

é6a 43.2 7.36 8.3 0.8 24.49

&b 8.0 7.82 0.9 52.39

7 43.2 7.55 7.8 0.4 24.08

8a 43.8 7.57 7.9 1.2 25.49

8b 7.79 8.3 0.1 54.12

9a 204.0 7.63 8.1 3.2 29.38

ll ob 33.62 8.1 2.7 £4.45%
" 10 204.0 7.61 8.0 3.2 28.97
“ 11 204.0 7.983 8.4 4.0 29.38
12a 39 (gpm) 2.86 4.7 43.4 206.44

12b 30 (gpm) 3.12 3.3 185.84

13a 38.6 7.73 8.2 0.8 23.99

13b 6.75 8.03 1.1 48,32

I 1l4a 260.0 7.76 8.8 2.6 28.22
14b 25.33 8.26 3.3 51.13

B Limber 0.2 8.07 8.8 o 103.21
DeerCr 0.5 7.892 7.7 0 50.54

a = June sanmples

b = October samples
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Metal concentrations for water samples are listed in

Table 2. These concentrations are the total available

concentrations or bio-available concentrations.

Concentrations less then 6 ug/l were below the detection

limits of the ICP analyzer. Thus, results which are less than
6 pg/l will be treated as no concentrations present.

Table 2. Metal Analysis of Water Samples
(Copper, Cadnmium, Zinc in ug/1)

Site Copper (pug/l) | Cadmium{ug/1) Zinc(ug/1l)
1 9 <6 <6
2 2850 115 9550
3 1520 G0 5250
4 2358 22 1630
5a 183 12 1450
5b 312 59 5160
&a 43 <6 185
&b 61 8 802
7 25 <6 178
8a 29 <6 165
8b 47 <6 528
Sa 17 <6 51
9b 27 <6 134
10 8 <6 49
11 13 <6 48
12a 2520 839 7650
12b 12000 872 64160
13a 14 <6 34
13b <6 <6 77
l4a <6 <6 25
14b 17 <6 70
Big Limber <6 <6 <6
Deer Creek <8 <6 40

a: June samples b: October samples



Figure 6. Water Zinc Concentration
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Copper concentrations of 2850 pg/l at Site 2 in June, and
12000 ug/l at the Crystal Mine in October were the
highest copper 1levels measured. Cadmium levels were the
highest at the Crystal Mine adit, reaching 939 ug/l during
June and 872 upg/l in October. Zinc levels range from 9550
pg/l at Site 2 to 25 pg/l at Site 14 in June and 64,160 ug/1l
at the mine adit to 70 ug/l at Site 14, in October. Figure 4
illustrates the concentration of copper as it is transported
downstream. Figure 5 shows the levels of cadmium; and Figure
6 shows the zinc concentrations as they were transported
downstream. Bureau of Mines Analytical Lab data sheets, which
include complete analysis of all metals, are included in
Appendix.

Water quality results for Uncle Sam Gulch, Cataract Creek
and Boulder River show levels above "The Gold Book" (E.P.A.,
4) standards at various sites. Gold Book concentrations are
Montana and Federal standards. Table 3 shows the E.P.A. water
guality criteria for the protection of freshwater organisms,
acute and chronic levels.

Environmental Protection Agency acute water quality
criteria for copper and cadmium are corrected for water
hardness, maximums to be exceeded only once every 3 years
(E.P.A., 4). Zinc acute concentration maximum is 47 pg/l, 1-
hour average, to be exceeded only once every 3 years (E.P.A.,
4) . E.P.A. chronic water guality criteria standards for
copper, cadmium and zinc are corrected for water hardness as

CaC0O;. Correction for chronic concentrations as referenced



in E.P.A. Documents 2 and 3, and Forba, 1992, are:

O CiCOSH2Y) £y copper

e(@.SS{mCaCOSJ-i—I.%) for zinc

@O78520a CiCO3349) £ cadmium
Chronic criteria standards are the maximum 4-day average to be
exceeded only once every 3 years (E.P.A., 4).

Copper E.P.A. acute water gquality criteria standards were
exceeded at all sites in June and October. Cadmium exceeds
the acute criteria on Uncle Sam Gulch only, during June and
October. Acute criteria for zinc were surpassed at all sites,
except background Sites 13 and 14 in June. October samples
were all above zinc standards.

Copper concentrations exceed E.P.A. chronic criteria at
all locations, except background Sites 13 and 14, during June
sampling. October copper concentrations were above E.P.A.
criteria at S8ites 5, 6, 8, 9 and 14. Site 13 was the only
location under criteria limits for copper. Cadmium was above
the E.P.A. chronic criteria at all sites in June and October,
when concentrations were detectable. Zinc surpasses E.P.A.
chronic criteria concentrations along Uncle Sam Gulch and
Cataract Creek. Zinc levels at the background Sites, 1, 13,

14, and on the Boulder River were below the corrected limits.



Cadmium and Zinc Measured

Table 3. WATER QUALITY: Copper,
Concentrations and Regulated Metal Levels
COPPER: June and October

Site | Metal E.P.A. E.P.A,
Level Acute Chronic
(pg/l) | Criteria | Criteria

(pg/1) {pg/l)

1 9 1.523 1.580
2 2850 7.004 6,308
3 1520 5.871 5.372
4 235 4.647 4.345
5a 183 4.618 4,321
5bh 312 12.42 10.60
6a 43 4.709 4,398
&b 61 9.640 8.422
7 25 4.634 4.335
8a 29 4.890 4.551
8h 47 9.839 8.659
9a 17 5.590 5.1328
9b 27 9.997 8.704
10 8 5.516 5.077
11 13 5.590 5.138
12a 2520 35.09 27.185
12b 12000 31.78 24.849
13a <6 4.618 4.321
13k <6 8.932 7.860
l4a <6 5.382 4.964
14b 17 9.421 8.249

a:

June sample

b: October sample
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Table 3.

cont

CADMIUM: June and October

Site Metal E.P.A. E.P.A.
Level Acute Chronic
(pg/1) Criteria Criteria
(ng/1l) {(ng/l}
1 <6 0.208 0.310
2 115 1.291 1.107
3 56 1.045 C.956
4 22 0.789 0.7866
5a 12 0.784 0.7825 i
5b 59 2.562 1.7880
Gca <6 0.802 1.445
&b 8 1.892 1.445
i <6 0.787
8a <86 0.839 0.820
8b <6 1.962 1.492
9a <6 0.985 0.917 "
g9b <6 1.976 1.48%
10 <6 0.970
11 <6 0.955
l2a 939 8.884 4.240
12b 872 7.851 3.908%
13a <6 0.784 0.782
13b <6 1.727 1.356
l4a <6 0.241 0.889
14b <6 1.840 l.416

a: June sanples

b: October samples



Table 3. cont
ZINC: June and October
Site | Metal E.P.A. E.P.A.
Level Acute Chronic
(ng/l) | Criteria | Criteria
(ng/l) (ug/l)
1 <6 47 36.97
2 9550 47 141.8¢0
3 5250 47 121.37
I 4 1630 47 98.78
5a 1450 47 98.24
5b 5160 168.59
6a 185 47 99,93
6b 802 134.8¢6
7 178 47 98.54
8a 165 47 103.31
8b 528 138.56
Sa 51 47 116.24
Shb 134 139.25
10 49 47 114.89
11 48 47 l116.24
12a 7650 47 586.34
12b 64160 385.74
13a 34 47 98.24
13b 77 126.10
l4a 25 47 112.42
14b 70 i32.16
a: June samples b: October sanples

June concentrations of copper, cadmium and zinc decrease

with distance downstream from the Crystal Mine.

Table 1 shows

and Figure 7 compares the log of metal concentration with the

water pH for copper,
This relationship suggests

controlling the concentration of metals dissclved in the

that pH

cadmium and zinc at Sites 2 through 5.

a major factor
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water. Regression coefficients of .9883 for copper, .9892 for
cadmium and .9916 for zinc illustrates that results approach
theoretical saturation levels for copper, cadmium and zinc.
Since results do not match theoretical saturation, this system
does not reach equilibrium and must be influenced by other
factors, also.

Theoretical saturation equation: (Handbook of
Physics and Chemistry, 1987).
[cu™?][oH]? = K,, yields
log[cu*?] = 8 -~ 2pH
Figure 8 compares metal concentrations to pH levels for

copper and zine from Site 2 downstream to Site 11. Figure 8
implies the pH level, also, governs metal concentrations
between Sites 2 and 11. Regression coefficients for copper
over this area is .9099% and .8310 for zinc. These results do
not match theoretical values as well as the results from Sites
2 through 5 due to the influence from the metal concentrations
which enter into the streams from upstream of the confluences.
(Uncle Sam Gulch entering Cataract Creek and Cataract Creek
entering the Boulder River).

Sites 7 and 10 had lower copper concentrations, 25 and 8
pg/l, than Sites 8 and 11, 29 ug/l and 12 ug/l, respectively.
Sites 8 and 11 are located downstream of Sites 7 and 1¢. The
higher downstream concentrations could result from a non-point
source of dissolved copper from a tailings pile along Cataract
Creek located upstream of Site 8. Higher copper levels at

Site 8 could alsoc be a result of copper redissolving from
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suspended material or bottom material, since Site 8 also
contains high sediment copper concentraticons. The chemical
oxygen demand was also higher at Site 8 then at Site 7.
Similar situations could be causing higher copper levels at
Site 11 compared to Site 10. A guartz mine is located above
the Boulder River between Sites 10 and 11. Sampling error
could also be the cause of these fluctuations in the data.

June copper and zinc concentrations for Sites 5 through
9 are presented in Figure 9. These concentrations are
compared to the results for October samples from the same
sites, Figure 10. Figure 9 1illustrates a theoretical
relationship between the pH and the metal concentration.
Regression coefficients for copper reduction is .9790 and
.9165 for =zinc. October samples illustrated a similar
relationship in Figure 10, with regression coefficients of
.9726 and .8833 for copper and zinc, respectively. Copper and
zinc concentration equations for each sampling period are
different. The equation for June copper concentrations is Y
= =1.341¥ + 3.722. October copper concentrations result in a
line equal to Y = -0.634¥ ~1.17. Zinc concentrations showed
line equations of ¥ = ~1,773X + 7.594 in June and
Y = ~0,867X + 1.60 in October. Differences in slopes of the
lines may indicate higher October concentrations than June.

pH levels do not decrease or increase proportionally,
site to site from June to October. Overall, copper, cadmium
and zinc concentrations in Uncle Sam Gulch, Cataract Creek

and the Boulder River appear to be a function of pH levels.



Figure 9. Metal Concentration(Cu,Zn)
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Ratios of the June to October copper, cadmium and zinc
concentrations are not eguivalent at Site 12, the adit, and
Site 5. June copper, Site 12 to Site 5 ratio is 0.587,
cadmium is 0.203 and zinc is 0.281. October, Site 12 to Site
5 ratios for copper, cadmium and zinc are 0.21, 1.077 and
0.119, respectively. These unegual ratios at Site 5 and Site
12 indicate the concentrations of copper, cadmium and zinc are
not equal throughout the year and that the influence of snow
runcff and spring rains may be an important influence in metal
concentrations entering Uncle Sam Gulch.

Water quality data indicate that Uncle 8Sam Gulch,
Cataract Creek and the Boulder River water gquality is
adversely effected by the Crystal Mine AMD. Standards were
exceeded at all sites during sampling, while, background sites
were below standards, except Site 14 which exceeded E.P.A.

chronic criteria for copper in the October sampling.

Mass Loading

June and Octcober mass loading rates of copper, cadmium
and zinc are listed in Table 4. Figures 11, 12 and 13 map
mass loading at each site for copper, cadmium and zinc,
respectively. Mass load of metal concentration was calculated
using flowrate, in cubic feet per second, water metal
concentration and a conversion factor, 5.39 (lb/fday/ cfs-mg/1l)
(Thomann, 1987).

Mass load = (cfs) (concentration mg/l) (5.39)



Table 4. MASS LOADING OF

COPPER, CADMIUM, ZINC

(lb/day)

Site COPPER CADMIUM ZINC
June June June
October October October
(1b/day) {lb/day) {(1lb/day)

1 0.024 ¢ O
2 19.97 1.35 71.31
3 28.67 1.132 99,04
5 5.03 0.33 31.45
2.09 0.394 34.49
6 10.13 0 43.58
2.63 0.345 34.58
7 5.89%9 4] 41.93
8 6.92 4] 39.4
2.1 23.62
9 18.69 0 56.08
4,89 24.28
10 8.8 Y 53.88
11 14.29 0 52.78
12 1.448 0.5396 4.4
4.38 0.318 23.44
13 2.91 4] 7.07
0 2.80
14 8] 0 27 .49
2.32 9.%6




Figure 12. Cadmium Mass Loading Rate
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Mass loading of copper is shown on Figure 11. Mass
balances at each site, mass entering and mass leaving were
used to determine deposition. Summations of copper mass
loading around the entire study area reveals a deposition or
precipitation rate of 22.9 pounds per day (lb/day) during June
and 1.81 lb/day in October. Mass loading imbalances occur at
Sites 3, 6, 8, 9 and 11. At each of these sites mass loading
of copper leaving the site was higher than the summation of
the mass loading above the site.

A copper mass load difference of 9 lb/day was observed
between Sites 2 and 3. This difference may be caused by the
reabsorption of copper into the water from suspended material
and sediments found in Uncle Sam Gulch. Suspended material
and sediments enter Uncle Sam Gulch from the large tailings
piles and unreclaimed areas above the mine. The pH is 4.66 at
Site 3 compared to 3.65 at Site 2. Mass loading at Site 2 may
not represent the reabsorption of copper from suspended
material due to the short time that the material is influenced
by the pH at Site 2. Copper hydroxide precipitates completely
at a pH of 7.2 (Kelly, 1988). If this is true, then the
reabsorption of the copper from suspended material is possible
because the pH above Site 2 at Site 1 is 6.54. There is also
a correlation between the sediment concentrations and the mass
loading. Measured sediment concentrations of copper at Site 3
are lower then those measured at Site 2, 244.5 mg/kg and 298
mg/kg, respectively. This difference could be caused by a
dissolving copper, indicated by the increased mass loading at

Site 3. There could possibly be a non-point source of copper



in this region, either from a spring or ground water.

The same type of events may be occurring at Sites 6 and
9, the influence of the upstream flows and a lower pH may
affect the mass loading downstream of the confluences by
redissolving a portion of the copper in the suspended
material. The same mass loading differences occurred in June
and October at Sites 6 and 9. June copper mass loading
increase was 2 1lb/day at Site 6 and 12 1lb/day at Site 9.
October copper mass loading increases at Sites 6 and 9 were
0.6 lb/day and 0.5 lb/day, respectively. Site 6 has two large
tailings piles, one located upstream at the Morning Glory Mine
and one adjacent to the sampling site. These tailings piles
could be supplying suspended material into Cataract Creek, and
the influence of the lower pH between Site 13 and Site 6 could
redissolve some copper thus increasing the mass loading at
Site 6. The difference in mass loading at Site 9 could also
be attributed to the fact that copper concentration at Site 14
was below the detection 1limits in June, thus giving the
impression that no copper 1is entering the system from
upstream, when 0 ug/l to 6 pg/l could be present. A copper
concentration of 17 uxg/l1 in October suggests that there is
some background copper present.

Site 8 has a higher concentration of dissolved copper,
T.5.8. and a larger flowrate than Site 7 which may account for
the difference in the mass loading. The difference in
concentration could result from a non-point source, tailing
piles between sites or a higher chemical oxygen demand at Site

8. Higher mass loading at Site 11 compared to Site 10 may be
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caused by the guartz mine between the sites or from another
non-point source of copper.

Cadmium mass loading levels were measured only on Uncle
Sam Gulch in June due to the low cadmium levels downstream of
Uncle Sam Gulch. Cadmium mass loading values are displayed in
Figure 12. Cadmium deposition during June sampling was 0.5
1b/day. Cadmium exhibits the same results as copper and zinc
between Sites 2 and 3. XKelly, 1988, states that the cadmium
hydroxides will precipitate completely at pH of 9.7. Again,
the pH at Sites 2 and 3 is far below this level which may be
causing the dissolving of cadmium from suspended material
entering the stream system from the Crystal Mine tailing piles
above Site 2. There is no mass loading data for October
because of low cadmium water concentrations.

Zinc mass loading values are reported in Figure 13. 2Zinc
depositions of 47.2 1lb/day during June, and 11.5 1lb/day during
October. A mass balance at each of the sites illustrates
lower loads of zinc leaving than entering each site, except
for Site 3. The difference at Site 3 could be the same for
zinc as copper. The precipitation limit for zinc hydroxides
is at a pH of 8.4 (Kelly, 1988). The suspended material could
be acting as a sink for the zinc to redissolve between Sites

2 and 3, causing an increase in mass loading.



Sediment
Copper, cadmium and zinc concentrations accumulated in
the sediment are presented in Table 5.
Table 5. COPPER, CADMIUM, ZINC CONCENTRATIONS IN SEDIMENTS

Concentration (mg of metal/kg of dry sediment)
Mean concentration present

Site COPPER CADMIUM ZINC
(mg/ky) (mg/kg) (mg/kq)
" 1 65.67 2.05 86.5
2 298 3.99 404.9
3 244.5 3.02 348.2
5 2700 38.77 2955
6a 1080 20.85 1496
6b 4020 70.54 8370
7 512.5 12.09 1023
8a 843.2 27.93 1873
8b 1374 36.61 4107
Sa 170.2 4.74 520.2
b 698.7 22.11 2922
10 133.3 3.77 426.0
11 342.8 12.13 900.8
13a 139.0 4.13 435.7
13b 233.0 6.79 1131
l4a 89.74 2.14 283.1
14b 576.13 6.09 1291

a: June samples

b: October samples

Figure 14 displays the concentrations of copper at each site
sampled during June and October. June copper levels ranged
from a high of 2700 mg/kg at site 5 to a low of 65.67 mg/kg at
Site 1. June and October cadmium sediment levels are shown
with respective sites in Figure 15, with concentrations

ranging from a high of 38.77 mg/kg at Site 5 to a low of 2.14

ng/kg at Site 14. Figure 16 displays June and October sediment
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Figure 14. Sediment Copper conc.
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Figure 16. Sediment Zinc Conc.
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zinc concentrations. Zinc concentrations range from a high of
mg/kg at Site 5 to a low of 283.1 mg/kg at Site 14 October.

Sediment metal concentrations were highest in Uncle San
Gulch. Site 5 had the highest copper, cadmium and zinc
concentration with levels of 2700 mg/kg, 38.77 mg/kg and 2955
mg/kg, respectively. High sediment concentrations at Site 5
correspond to lower water concentrations at this site.
Precipitation of copper, cadmium and zinc into the sediment
appear to correlate with decreasing metal concentrations in
the water.

June sediment concentrations at Sites 3, 7, 8, 10 and 11
exhibit highs and lows corresponding to mass loading rates.
The low concentration at Site 3 may result from redissolving
of copper, cadmium and zinc into solution or a hydraulic
effect from scouring, Higher levels at Sites 8 and 11
probably result from erosion of material into Cataract Creek
and the Boulder River from mine tailing piles and a guartz
mine located above these sites.

Sediment metal concentrations were significantly higher
at all sites sampled in October compared to June
concentrations. At Site 6 copper concentrations were 3.7
times higher in October compared to June, and cadmium, and
zinc levels were 3.4 and 5.4 times higher. Site 8 metal
concentrations increased by 1.6, 1.3 and 2.2 times,
respectively, for copper, cadmium and zinc. Copper, cadmium
and zinc concentrations increased at Site 9 by 4.1, 4.7 and
5.6. Background Sites 13 and 14 also exhibit sediment

concentrations increases of 1.7 and 6.4, respectively, for
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copper, 3.17 and 2.8 for cadmium and 2.6 and 4.6 for zinc.
Metal concentrations in October probably result from sampling
at low water levels compared to high water levels during June
sampling. October samples were collected during low water in
the region of the streams which are affected by the
precipitation of metals throughout the entire year. Higher
October metal precipation could alsoc be associated with lower
hydraulic effects during low water levels. Brown, 1977,
reported similar effects of increased sediment concentrations
during low water.

High levels of sediment concentrations not only affect
the physical aspect of the streams by causing hardening of
sediments, but also contaminate sediment for burrowing
invertebrates. It appears this impact, on the stream beds, is
occurring along Uncle Sam Gulch and Cataract Creek. Sediment
levels at Site 8, compared to Site 9, are 5 times higher in
copper concentrations, 6 times higher for cadmium and 3.6
times higher for zinc. The higher metal concentrations, along
with hardening of the stream bottoms, has either eliminated or
severely limited habitat for aquatic invertebrates. Kelly,
1988, stated that the observed numbers of invertebrate species
was greater in AMD affected waters where the pH levels were
lower. Higher precipitation rates of Fe(III) at higher pH
levels result in the loss of invertebrate habitat. This same
scenario appears to be occurring in Uncle Sam Gulch and

Cataract Creek in regard to sediments.



Invertebrates

Table 6 shows invertebrate populations at sites where
collections were made during June and October. This table
list the Family and Genus of the invertebrates collected.
Some gpecies were identified when possible. Invertebrates
were collected to test population biomass, diversity and
accumulation of copper, cadmium and zinc into the food-chain.
Table 7 lists the total number of invertebrates collected and
the diversity index at each site.
Table 7. INVERTEBRATE DIVERSITY

Per Site: Diversity Index
a: June samples b: October samples

Site | # Taxa Diversity
Index

1 44 5.476

2 0 0

3 o 0

5 0 0
6a 185 4.852
&b 4 4.983
7 379 4.654

8 68 6.548
9a 580 5.790
9b 141 6.879
10 377 6.599
11 284 8.152
i3a 301 5.648
13b 203 5.200
l4a 576 7.608
14b 537 5.495




TARLE. &

SITE

1

Farnily
Ephemeroptara

Placoptara

Trichoptera
Diptera

Palecypoda

Ephemeroptera

PFlacoptera

Diptara

AQUATIC INVERTEBRATE INDENTIFICATION

Genus
Paraleptophlebia sp.

Chicropaetlidaa
Megarcys sp
Podmosta sp
Yaroperia brevis

Ecclisomyia sp
Lapidostoma sp

Hexmoma sp
Prosimulium sp

Pisisdium sp

Amelel:s sp
Bastis hiccaudatus
Cinygmuia sp
Epeorus alberiae

Chioropadidae

Cultus sp

Ecclisomyia sp

Isoperia quinquepunctata
Kogotus sp

Megarcys sp
Taanionema 3p

Hexaioma sp
Prosimulium sp

Number Site

©o

LAV

Genus

Ephemeroptera

Plecoptera

Trichoptars

Diptera

Ephemeroptera

Plecoptera

Trichoptera

Diptars

Ameletus sp
Baetis biccaudatus
Ci nygmula sp
Orunella doddsi
Heplagenia sp

Chicroperlidae
Hasperoperla pacificum
Kogotus sp

Megarcys sp

Rhyacophila

Hexatoma sp

Ameletus sp

Baetis bicaudatus
Druneila grandis
Epenrus albertas
Epeorus grandis
Ephemersila infrequens

Chicroperlidae
Dorcneuria theodors
Kogotus ap
Podmosta sp

Rhyacophila
Micrasema sp

Agathon 3

Number

58
83

o~
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Tabie 6. Continued

Site

Ganus

Spring 9 Ephemeroptera

11

Plecoplera

Trichoptera

Diptara

Coleaptera

Piscas

Ephemeroptera

Placoptara

Trichapters

Ciptera

Pelecypoda

Pisces

Species

Bastis tricaudatus
Brunelia grandis
Drunelia coloradensis
Epeorus longimanus
Ephamersila infreguens

Chloroparfidse
Diura knowletoni
isoperia fusca

Apatania sp
Brachycentrus sp
| apidestama sp
Micrasema sp

Atherix pachypus
Hexatorma ap
Tipula sp

Laccophilus maculcsus
Cottus sp

Drunelia grandis
Druneila coloradensis
Epeorus grandis
Epevrus longimanus
Paraleptopblebia sp
Ephemerslia infrequens

Chloropediidae

Diura knowletoni
Isoperia fusca
Clazssenia sabulosa
Hesperoperia pacificum
Preronascys californica
Kogotus sp

Magaroys sp

Hydropsyche sp
Brachycentrus sp
Micrasema sp

Atherix pachypus
Tiputa sp

Sphasrium sp

Cottus sp

Number

N

o
o=

Site

10

Genus

Ephemeroptera

Placoptera

Trichoptera

Diptera

Spacies

Oruella grandis
DOrunalia doddsi
Drunelia coloradensis
Ephemerella infrequens

Chlcroperlidae

Diura knowlstoni
isopeoria fusca
Claassenia sabulosa
Praronsrcella badia
Ploaronarcys californica

RHydropsyche sp
Brachycentrus sp
lapidostama sp
Micrasema sp
Dicosmoecus ap

Atherix pachypus
Cicranota sp
Tipula sp

Number



Table 8. Continued
Sita . Genus

Spring 13 Ephemeroptera

Placoptera

Trichoptera

Diptara

Spocies

Armelatus sp
Drunella doddst
Baitis bicaudatus
Epacrus grandis
Clnygrmula sp
Rhithrogena sp

Chloroperiidas

Cultus sp

Isoperia fusca
Claassenia sabulosa
Hesperoparia pacificum
Doronauria theodora

Hydropsyche sp
Rhyacophila sp

Agathon sp

Number Sita

]
1
67

Ganus

Spring 14 Ephemeroptera

Plecoptara

Trichoptera

Dipters

Piscas

Species

Baetis tricaudatus
Cinygmula sp

Drunella grandis
Oruneila flavifines
Druneila doddsi
Epeorus longimanus
Ephemarelia infrequens

Cultus sp

Isoparia fusca
Claassenia sabulosa
Hesporoperia pacificum

Amioccantrus sp
Arctopsyche grandis
Hydropsyche sp
Brachycentrus sp
Dicosmiacus sp
Lepidostoma sp
Qnocosmoescts sp

Atherix pachypus
Hexatoma sp
Onmosia sp

Cottus sp

Number

23
13

79

37
107
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Table 6. Continued

Site

Falt 9

Fall 13

Genus

Ephemeroptera

Placoptera

Trichoptera

Diptera

Coleoptera

Piscas

Ephemeroptera

Placoplera

Trichoptera

Diptera

Species

Baetis tricaudatus
Orynaeila grandis

Chioroperiidas
Cultus sp

isoperia soperia
Ptaronarcella badis

Brachycentrus sp
Hydropsyche sp
Micrasema sp

Atharix pachypus
Chi ronomidae
Pedicia sp
Tipuia sp

Dytiscidae
Qreodytes rivulus

Cottus sp

Armeletus sp
Drunella grandis
Baitis bicaudatus
Cinygmula sp

Arnphinemaoura sp
Chicropetiidas
Claassenia sabulosa

Hesparoperia pacificum

Arctopsyche grandis
Polycentropus sp

Empidiag sp
Haxatoma sp
Tipula sp

Number

1)

“~Rwd

- o o8B

4 B3

Site

Fali &

Fall 14

Ganus

Plecoptera

Hemipters

Ephamaroptera

Placopters

Trichopters

Diptera

Coleoptera

Speacies

Hesparoperls pacifica

Pteronarcelia badia

Gorris sp

Crunella grandis
Druneila doddsi

Chioroperiidas
Cultus sp
isoperia fulva
Isoperia sobrs

Hesparoperia pacificum
Preronarcys californica

Praronarceita badia

Hydropsyche sp
Brachyceatrus sp
Mictasama sp
Ahyacophila sp

Atherix pachypus
Padecia sp

Oraodytas rivuius

63

11

11

11
27
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Biomass of invertebrates sampled from areas affected by
AMD, are a good measure of the impact to the invertebrate
population (Letterman, 1978). In this study the total number
of invertebrates collected will be used as a measure of
biomass. Separate evaluation of Uncle Sam Gulch, Cataract
Creek and the Boulder River invertebrate biomass is done to
eliminate habitat differences between streams.

Total numbers of invertebrates collected in Uncle Sam
Gulch indicate that below the Crystal Mine invertebrate
populations do not exist. Only 8Site 1 is capable of
sustaining a invertebrate population probably due to water and
sediment toxicity and the reduction of invertebrate habitat
below the Crystal Mine. Total biomass numbers found in
Cataract Creek indicate that background Site 13 and Site 7 are
similar. June biomass totals at Site 6 and 8 are 39 percent
and 87 percent reduced when compared to Site 13. Biomass
numbers in the Boulder River show that Sites 9 and background
Site 14 are very similar in June and Site 9 is 85 percent less
then Site 14 in October. Sites 10 and 11 are 35 percent and
51 percent less then Site 14 in June.

Biomass measurements indicate that stream sections
affected by AMD have reduced invertebrate numbers.
Invertebrate drift, during high water, in June mnay have
increased numbers at Site 6, 7 and 9. Sampling procedures may
also have influenced biomass numbers. As sampling progressed
technigque improved which could increase numbers at Sites 7, 8,
g, 10, 11 and 14.

Invertebrate samples collected in June and October were
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tested for diversity using Margalf's diversity index suggested
by Warren, 1971. Figure 17 represents scores calculated for
each site. Diversity indices were derived to assess
invertebrate populations reactions to waters with organic
pollutants and results of diversity indices used for metal-
polluted waters is uncertain (Letterman, 1978). Diversity
indices rank sites by giving a high number to more diverse
populations.

June samples assessed with Margalef's diversity index
indicated that Sites 6 and 7 along Cataract Creek were the
least diverse and Sites 11 and 14 were the most diverse. Site
1, which is located above the Crystal Mine at a elevation of
8000 feet, could have a low diversity index (5.476) due to its
limited habitat. Site 8 has a higher diversity index,
possibly due to the larger number of square feet sampled. A
larger sampling area was used to gather a sample of
significant size. October invertebrate samples indicate that
site 6 is, again, the least diverse and Site 9 is the most
diverse.

sampling technique and environmental factors which
influence collection can have large effects on diversity
indices. Diversity indices do not <consider Thabitat
differences, sampling errors or variations, environmental
factors-high stream flow causing invertebrate drift which may
influence rankings. No aguatic insects were found in Uncle
Sam Gulch, except above the Crystal Mine. Sites along

Cataract Creek below Uncle Sam Gulch are less diverse than
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sites along the Boulder River. Site 6 may have received an
inordinately higher score because of invertebrates drifting
downstream from above the confluence of Uncle Sam Gulch and
Cataract Creek.

Regression analyses of June data, using multiple step-
wise regressions, was used to test for controlling factors
which could influence the invertebrate diversity index. These
statistics attempt to test this diversity index and the
prediction that metal polluted waters will have lower
invertebrate diversities. Regressions were conducted between
the diversity index, as the dependent variable, and pH, water
copper concentration, water cadmium concentration, water zinc
concentration, copper sediment concentration, cadmium sediment
concentration and zinc sediment concentration as the
independent variables. Results are displayed in Table 8.

Table 8.

Correlation Coefficients
Individual Significance

CuW -.72 | <.05

Caw -.74 | <.05
ZnW -.76 | <.05
pH .80 | <.05
cusd | -.45 ] .05

cdsd -,21 1 <.05
u Zznsd | -.27 | <. 05

Multiple Regressions

pH 62.9% H
cusd | 26.6% | 89.5% H
Cu, C€d, ZnSd = copper, cadmium, zinc sediment concentration

Cu, Cd, ZnW = copper, cadmium, zinc water concentraticn
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Data from multiple regressions suggest, with 95%
confidence interval, that pH may have the most impact on
population diversity, being 62.9 percent of the controlling
additive factor. Copper sediment concentrations and pH
together control approximately 89.5 percent of the
invertebrate diversity, according to this regression analyses.
Correlation coefficients show copper, cadmium and zinc water
concentrations and pH may have the most significant individual
effects. Results imply that invertebrate diversity improves
with increasing pH and decreasing water and sediment
concentrations. Figure 18 shows the distribution of the
diversity indices versus pH. The regression coefficient for
the best fit line is .0.629%9, for pH individually and 0.9486
for all independent variables. Diversity indices are
clustered at high diversity sites and zero diversity sites.
Best fit line between the two clusters results in the high
regression. Invertebrate limiting factor, probably pH,
inhibits population diversity somewhere along this best fit
line. Since no data is available between the two clusters of
plots this line could fall to zero at any location below the
upper cluster of plots.

Figure 19 illustrates diversity index versus pH at sites
where a diversity greater then zero was recorded. Regression
coefficient for this relationship is .2532. Multiple
regression using diversity as dependent variable and pH, water
and sediment metal concentrations as independent variables
results in .9612 regression. Although cadmium water

concentrations had to be eliminated for the regression to run.
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Copper, cadmium and zinc metal concentrations found in
invertebrates are reported in Table 10. Figure 20, 21 and 22
illustrate the relationship between metal concentrations found
in invertebrates and the sediment metal concentration.

Table 9. METAIL CONCENTRATIONS IN INVERTEBRATES
October sampling sites 9, 13, 14

Site | Diversity | COPPER | CADMIUM | ZINC
Index (pg/1) | (pg/1) (pg/l)
9 6.979 73.589 3.58 201.7
13 5.200 21.29 2.83 173.35
14 5.495 38 1.22 188.41

In invertebrates, copper, cadmium and zinc concentrations
increase with higher metal concentrations in sediment. There

appears to be a correlation, but the small sanple size

drastically limits conclusions. Regression coefficients of

0.8954, .5926 and .7870 for copper, cadmium and zinc represent

each line, respectively. Correlation coefficients, 95%

confidence, for copper and zinc indicate a significant

relationship between invertebrate metal concentrations and
sediment concentrations. No, significant correlation is found

between cadmium in sediment and invertebrate metal

Although, further and larger sampling may

concentrations.

result in a better correlation between sediments and

invertebrates.

The highest concentrations found in invertebrates were at
Site 9 which has the largest population of sediment-associated
or sediment-dependent invertebrates and the highest sediment

metal concentrations. Sites 13 and 14 have approximately the
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Figure 21. Invertebrates vs Sediment
Cadmium sites 14, 13, 9 October
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Figure 22. Invertebrates vs Sediment
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same types of; sediment-associated, carnivorous and filter-—
feeding invertebrates. Burrows, 1983, found, in almost all
cases, that elevated concentrations of metals in water and
sediments were followed by higher concentrations in animals.
In all cases, metal concentrations in surrounding waters
exceeded concentrations in invertebrates and sediment.
However, exact relationships between the components differed
with types of metals and species of invertebrates considered.
Cadmium and zinc concentrations measured by Burrows, 1983,
associated with individual species of invertebrates, showed
higher concentrations at the same sediment concentrations as
observed during this studies October sampling.

The invertebrate diversity index scores for this study do
not reflex metal concentrations found in invertebrates.
Regression analyses conducted on diversity index greater then
zero also showed a reduced relationship between metal
pollution and the invertebrate diversity index calculated.

This observation was also reported by Letterman, 1878.



Results

presented in Table 9.

Fish

mean metal concentrations are presented.

Site, species, number of specimens

from the fish collection and analysis are

and

Table 10. FISH COLLECTION DATA AND METAL CONCENTRATIONS
Site | Species | #Species | Cu(ug/l) | Cd(ug/l) | Zn(ug/l) "
6a CT 6 118.7 13.06 160.93 "
&b none none |
7 none none
8a RB 4 185.2 51.056 213.9
8b RB 3 209.7 30.76 88.81
S9a RB 3 71.06 4.39 76.92
b RB 2 85.29 15.05 89.6
BT 1 62.52 6,03 83.94
10 RB 1 108.6 24.13 132.22
BT 2 58.19 13.10 84.35
WF 1 4.32 8.61 31.61
11 RB 3 163.4 20.01 1i3.5
13a cr 7 224.2 15.26 100.5
13b cr 3 427.9 39.92 144.3
l4a RB 3 236.0 5.71 12¢8.1
14b RB 3 164.7 7.53 90.31

a= June sample,

BT= brook trout, WF= whitefish, CT= cutthroat trout

b= October sample, RB= rainbow trout,

October samples vield relatively higher concentrations of

metals than June samples,

although numercus factors,

which

could alter the data, are not accounted for: species age, size

and ability of fish to move from one site area to another.

Fish collected at Site 6 in June were probably transported

downstream from Site 13 due to high spring flows (Hill, 1991).

These samples will not be considered because there is no way
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to evaluate the length of time these fish had spent in the
area of Site 6. Fish collected from Site 14 could have been
transported from below the confluence of Cataract Creek.
Three Sites 8, 11 and 13 probably represent fish samples
native to the sampling area.

Using Site 14 as the baseline for metal concentrations in
rainbow trout (Salmo gairderi) kidney and livers for this
area, indicates that copper metal concentrations are lower in
waters effected by Crystal Mine AMD during the June sampling
period. October samples show that Site 8 copper
concentrations are 1.3 times greater then concentrations at
Site 14. Site 9 October samples are again lower then the
background samples from Site 14. E.P.A. 1, 1978, reports
baseline copper concentrations for rainbow trout kidneys to be
12.9 pg/g.

Cadmium concentrations increase downstream of the
background site during both June and October sampling periods.
In June, rainbow trout collected at Site 11 have
3.5 times the cadmium concentration as samples from Site 14.
Fish samples from site 9 had similar cadmium levels as Site 14
during June and were 2 times greater in October. At Site 8
rainbow trout had 8.9 and 4.1 times the cadmiunm concentrations
in June and October, respectively when compared to Site 14
samples.

Rainbow trout zinc concentrations from sites affected by
AMD vary only slightly from background levels. Sites 9 and 10
have lower concentrations then Site 14 and Site 11 has 3 ug/1l

more zinc then Site 14. 8Site 8 rainbow trout have 1.66 tinmes
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the =zinc 1levels as compared to Site 14. Baseline
concentrations of zinc in rainbow trout kidney and liver, as
reported by E.P.A. 1, 1978, are 125 and 150 ug/g,
respectively.

Comparing fish samples from Site 8 and 11 indicates
rainbow trout in these areas are accumulating copper, cadmium
and zinc relative to the metal concentrations in the sediment.
Since the kidneys and livers perform digestion and blood
cleansing functions, metals found in these organs represent
metals from food sources (E.P.A. 1, 1978).

Samples collected at Site 13 are of a different species,
cutthroat trout (Salmo clarki), and little information is
available on correlations between rainbow trout and cutthroat
trout. Thus, using cutthroat trout from Site 13 to obtain
background metal levels is not acceptable because rainbow
trout were the only other species of fish found in Cataract
Creek.

Results of this study indicate that rainbow trout at Site
8 are accumulating copper and cadmiunm. At other sites
affected by AMD cadmium appears to be the only metal which is
accumulating in fish kidney and liver tissue, when compared to
background Site 14.

Fish biomass was not determined during this study,
however, Nelson, 1974, found a 51 percent decrease in the
fish population, below the confluence of Cataract Creek and
the Boulder River, compared to populations above the town of
Basin. Biomass differences in this study were evident along

Cataract Creek. Cutthroat trout found at Site 13 were native
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trout. Hill, 1991, believed that the cutthroat trout
collected at Sites 6 and 7, in June were washed downstream in
the high water. No fish samples were found at Sites 6 or 7 in
October. Fish collected at Site 8 in June and October were
small in size and difficult to locate. Hill, 19%1, also
mentioned that it has and is easier to collect fish above the
confluence of Cataract Creek and the Boulder River then below
the confluence. Absence or difficultly in collecting fish
from Sites 6, 7, 8, 9, 10 and 11 may be a function of higher
metal levels. E.P.A. 1, 1978 and Sprague, 1964, report that
increased copper and zinc levels will cause avoidance behavior
by trout. Thus, increased copper, cadmium and zinc levels
downstream of Uncle Sam Gulch may displace fish.

Lethal Concentrations of 50 percent mortality (LCy,) of
copper for rainbow trout are; 7 days 44 pg/l and 96 hour 309
pg/l (E.P.A. 2, 1980). LCs for 7 days 44 pg/l may explain the
absence of fish from Uncle Sam Gulch and Cataract Creek, also.
Copper concentrations along Cataract Creek are above the LCy
7 day levels during low water and at Site 6 during high water.

Cadmium LCs's for 48 hours is 91 ug/l and for 10 days is
7 ug/l (Calamari, 1980, Mckim, 1975). Cadmium levels in this
study were under detection limits at most sites. Where
cadmium was detected levels exceeded the 10 day LCy, which
could limit fish growth and migration into Site 6 and Uncle
Sam Gulch.

E.P.A., 2, reports zinc LC,, of 2800 pg/l for 24 hours in

water with hardness, as CaC0;, 40 mg/l, which is near or above
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CaC0O, levels in the study area. The 7 day LCs,, at the sane
hardness, is 560 ug/l for rainbow trout. A 14 day LC; for
cutthroat trout as reported by E.P.A., 2, is 670 pg/l. These
zinc concentrations would adversely affect fish in Uncle Sam
Gulch and Cataract Creek near Site 6.
There was a absence of fish where a absence of or
deduction of invertebrates was found. Since invertebrates
would be a fish food source a lack of invertebrates would

limit the fish population growth.



CONCLUSION

Results of data collected in June and October, 1991,
indicate that the AMD produced by the Crystal Mine -‘is
adversely effecting Uncle Sam Gulch, Cataract Creek and the
Boulder River. Water quality is severely altered along Uncle
Sam Gulch. Copper concentrations 1in stream water were
increased 316 times below the Crystal Mine. Cadmium levels
were increased 115 times. Zinc concentrations were 9550 times
higher below the mine compared to background zinc levels.
Water gquality in Cataract Creek, below the confluence with
Uncle Sam Gulch, was also affected; increases of 43, 0 and 5.4
times were recorded for copper, cadmium and zinc,
respectively, compared to upstream background concentrations.
The Boulder River water quality was also impacted with
concentrations increases of 17, 0 and 2 times the background
levels.

Sediments have also been adversely affected by
precipitation of metals resulting from the AMD. Sampling
sites along Uncle Sam Gulch, Cataract Creek and the Boulder
River which have been effected by AMD of the Crystal Mine have
increased copper, cadmium and zinc concentrations compared to
the background sampling sites.

Acid Mine Drainage resulting from the Crystal Mine has
had a detrimental impact on the living organisms in Uncle Sam
Gulch, Cataract Creek and the Boulder River. Currently, Uncle
Sam Gulch only supports a limited population of bacteria
{Anderson, 19921}. Invertebrate and fish populations in

Cataract Creek were depressed. A large portion of
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invertebrates present in Cataract Creek were drift species,
originating from sources above Uncle Sam Gulch. Invertebrate
biomass was reduced 40, 0 and 77 percent in June at Sites &,
7 and 8, respectively, compared to Site 13. In October no
invertebrates were found at these sites and 203 invertebrates
were found at Site 13. Fish are only present in the lower
portion of the Cataract Creek. Previous reports have
suggested that the fish population in the Boulder River above
Cataract Creek is healthier then the fish population below
Cataract Creek (Knudson, 1984). Results presented here
suggest that metal concentrations are high enough to cause
avoidance behavior in trout (Platts, 1987).

Proper reclamation of the Crystal Mine, including the
tailing piles, open pits and adit effluent, would improve
water quality in all water below the mine. Stream bed impacts
will only improve with time. Metal deposition along the
stream course over the past 100 years will take time to
naturally reclaim. As water and sediment gquality improve,
invertebrate and fish populations will restock Uncle Sam Gulch
and Cataract Creek. The Boulder River fish population should

benefit from improved water quality.

REMEDTATION
Flimination of AMD from the Crystal Mine will consist of
at least two major steps: reclamation of barren ground,
tailings and open pits, and treatment of effluent from the
mine adit. Both steps are vital for the improvement of water

guality in Uncle Sam Gulch, Cataract Creek and the Boulder
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River. During spring runoff and snow melt, mass loading fron
the barren land and exposed tailings represented approximately
18.5%, .81 and 66.9 1lb/day of copper, cadmium and zinc
respectively. Adit drainage during October was 4.38, .319 and
23.44 1lb/day of copper, cadmium and zinc respectively. Open
pits above the adits store and supply additional water which
in turn drain into the mine tunnels.

Acid Mine Drainage formation requires 4 essential
elements: 1) oxygen, 2) water, 3) mineral source, 4)
Thoibacillus ferrooxidans (Wildeman, 1991). Removal of any
one of these variables will control the production of AMD.
Reclamation procedures considered should focus on controlling

or eliminating at least one of these elements.

Reclamation

Reclamation of the disturbed area is the only solution
to control runoff AMD production potentials. Approximately,
50 acres of unreclaimed land is currently exposed to the four
elements essential for AMD. Large open pits provide storage
of snow and rain water. Reclamation would eliminate the
storage of water and its contact with minerals which produce
AMD.

Water storage in the open pits can be reduced by the
backfilling the open pits. Excess fill is available from
tailing piles and earth piles created from the mining
operations. Compaction and covering of material used as
backfill will be needed to help control infiltration from

surface water.



i8

Land reclamation practices for control of erosion and
infiltration will 1imit the production AMD. Since acid
forming properties are probably present in the existing soil
material, capping of the area with top soil and a limestone
barrier between the topseoil and contaminated soil may be
essential.

Proper revegetation and contouring will be required to
control erosion of top soil and water infiltration. Native
vegetation tested in Colorado was easiest to establish at
higher elevations (Colbert, 1991). Contouring will require
reduction of steep slopes and directing water flow away from
the open pit areas where infiltration would be the most
detrimental.

Colbert, 1991, found the use of organic fertilizer as the
most effective. Organic supplements improve soil properties
which is beneficial for long term soil nutrients. Artificial
fertilizers supply nutrients directly to the plants and do not
help improve soil properties.

Proper reclamation could help reduce adit effluent
flowrates; possibly up to 50 percent of the current rate
(Sonderegger, 1991). Flowrates from 1991 and 1992 presently
being recorded are approximately 25 gal/min for mid-winter
flows while spring maximum flowrate was close to 50 gal/min.

Reduction of AMD flowrates would simplify effluent treatment.

Effluent Control
Treatment of AMD, produced by the effluent, flowing fronm

the adit could be achieved by a number of alternatives. The
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location of the mine is a limiting factor for some types of
remediation. Environmental factors such as temperature,
snowpack and spring rainfalls as well as lack of electrical
power will also limit some remediation alternatives.

One alternative to eliminate the adit effluent is to
eliminate oxygen from the mine tunnels. This method could be
accomplished by the use of explosives to collapse mine
tunnels. This method would be successful only if oxygen was
completely eliminated. This may be accomplished by filling of
open pits with sand or other small diameter sediments. Sand
could fill in spaces which otherwise might allow the passage
of air into the ground water stream. This procedure might be
the simplest and most cost effective; however, complete
elimination of AMD would be difficult to achieve. There is
also the chance that a larger opening into the adit could be
created.

Another alternative to control the presence of oxygen
without building external reactors would be to purge or flood
mine tunnels with nitrogen (Worcester, 19%92). Purging
nitrogen into the tunnels would eliminate oxygen and eliminate
activity of aerobic bacteria. This method would require
secure sealing of the tunnel entrances and a continuous supply
of nitrogen. This method would be rather impractical when
considering the remoteness of the mine and difficultly of
containing the nitrogen within the tunnels.

Recently, the use of natural and manmade wetlands has
been used successfully to treat AMD in coal mining and hard

rock mining operations. Removal of metals in wetlands,
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through microbial activity, takes place both aerobically and
anaerobically. The majority of metal pollution reduction and
pH control takes place at the anaerobic level, located in
wetland bottom material (Wildeman, 1991). Construction of
man-nade wetlands is a low cost, long-term treatment. A list
of the removal processes active in a wetland as reported by
Wildeman, 1991, follows:

1) Exchange of metals by an organic-rich substrate,

i.e., peat.

2) Sulfate reduction with precipitation of iron and

other sulfides.

3) Precipitation of ferric and manganese hydroxides.

4) Adsorption of metals by ferric hydroxides.

5) Metal uptake by living plants.

6) Filtering of suspended and colloidal material.

7) Neutralization of water.

8) Adsorption or exchange of metals onto algal

materials.

Wetland treatment of metal contaminated waters has been
used successfully in some coal mining regions of the U.S. The
treatment of AMD with wetlands for high elevation abandoned
mines is being researched. The Tracy Wetlands near Great
Falls, MT, were used for a short time but under sizing and
poor flow direction made them ineffective (Hiel, 1988).
Researchers 1in Colorado have experimented with wetland
treatment process with some success (Wildeman, 1991).

The two most significant limiting factors involving the
use of a wetland at the Crystal Mine site would be the length
and temperature of the winter months, and the liimited amount
of workable space. Wildeman, 1991, found that successful
winter operation regquired mine water to be 12 - 15 degrees C

and a portion of the wetlands to be exposed to the sun during

the day. Construction of the system to inhibit short-
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circuiting, i.e. freezing, during the winter is a design
requirement. Results from Colorado also determined a loading
factor of 1000 ft? of wetlands per gallon/minute of influent
(Wildeman, 1991). Maximum flowrate measured in 1991 from the
Ccrystal Mine was 50 gal/min. This would require a site or
sites totaling 5000 ft? and 5 feet deep. A site requiring
5000 ft? would be difficult to construct at the Crystal Mine
site.

Anaerobic treatment processes are also being considered
for the remediation of AMD. Dvorak, 1991, reports systems
utilizing anaerobic bacteria that oxidize simple organic
compounds with sulfate to generate hydrogen sulfide and
bicarbonate ions.

s0,? + 2CH,0 + 2H' => H,S8 + 2H,0 + CO,

Hydrogen sulfide reacts with the metal polluted water to
create insoluble metal sulfides. The production of the
bicarbonate consumes available protons and raises the pH.
Anaerobic reactors using mushroom compost, manure and other
waste organic matter have reduced metal concentrations
significantly. The use of other composts and increasing
holding times will increase efficiency (Dvorak, 1991).

Remediation of AMD utilizing an ion-exchange process is
another alternative. There are various techniques which
operate with similar methods. Electroplating or electrolytic
cells remove metals from solution through oxidation-reduction
reactions. These systems require electrical power, a limiting

factor at the Crystal Mine. Solar power generators could
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possibly produce enough power depending on the system design.
Ion-exchange treatments also provide the alterative of
recovering metals which may be marketable.

Chemical treatment of effluent with 1lime or other
alkaline substances would also reduce metal content and raise
the pH. Chemical treatment is an active treatment process
with high initial cost and regular operating costs (Schaffer,
1989). These costs would be increased at the Crystal Mine due
to the remoteness and accessibility problems during the winter
months.

Bactericides which inhibit the production of AMD by
interfering with the oxidation of Fe'* to Fe** or introduction
of bacteria which produce organic acids that adversely affect

Thoibacillus are other alternative treatments. These

technologies are experimental and the longevity and success
are unknown (Schaffer, 1989, shuttleworth, 1988). Placement
of such treatment would be a problem at the Crystal Mine
because of the large amount of underground workings.

Alternatives involving water treatment; wetlands,
anaerobic cells, ion-exchange and chemical treatment, wmay
require sludge disposal plans. Analysis of sludge from the
Big Five Wetlands in Colorado indicated that after one year
the substrate would be defined as Reactive under the Resource
Conservation and Recovery Act (RCRA) due to the possible
production of hydrogen sulfide gas (Wildeman, 1991).

Wetland treatment appears to be the most practical

alternative treatment. Considering the factors associated
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with the Crystal Mine; location, lack of electrical power and
winter temperatures. The wetland treatment would possibly be
the easiest alternative to construct and maintain. Although,
proper reclamation of tailing piles, barren ground and open
pits should be a priority with any remediation alternatives.

Monitoring should continue to identify other potential
AMD sources which could adversely affect receiving waters.
Further  research should continue toward <remediation
alternatives. The Crystal Mine and surrounding mines offer
unique opportunities to test various technologies. Higher
elevation, remoteness and environmental factors create
location-specific challenges for remediation of AMD.

The most essential aspect for additional research is that
of treatment alternatives. Testing of wvarious techniques
would be required to determine the most efficient
alternatives. Since the Crystal Mine is located in a unique
location, cost analyses of alternatives would also be
essential.

Further research in the area of AMD prediction and
location would also be beneficial. Use and development of
diversity indices or other ranking formulas to assess aquatic
populations could help locate AMD problems. Prediction of
potential AMD sites is a concern in pre-mining plans and
further development of prediction methods could help prevent

AMD problems.
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Table 1

SOILS ANALYSIS

Site

Lab

O~V UI b LD

# Cd (ppb)

47
73
665
372
207
458
84
75

208

84
50
39
47
549
281
186
420
38
188
58
260
32
30
870
606
65
58
136
58
200
9
460

Cu(ppm)

1.05
4.87
46.8
18.2

8.6
13.5
2.79

2.4

5.7
2.65
1.64
1.24
3.44
38.5
14.8

7.5
12.6
1.14

5.2
1.72
14.4
G.389
1.11
37.3
22.5
2.02
4.73
4.11
3.76

5.3

0.0969

13.7

Zn{ppm) Filtrate

4,52
6.5
51.3
25.5
17.4
29.5
8.25
7.3
16.8
7.9
4.98
4.97
4.85
42.3
20
14.4
27.8
3.39
12.1
5.2
29.8
3.25
3.14
40.3
67
9.35
10.4
16.8
5.15
13.2
0.01s82
30.4

Mass

62.644
61.582
62.46%
62.828
63.286
63.401
65.074
63.827
61.294
62.527
63.863
63.031
77.099
74,799
75.313
67.707
67.507
70.754
71.699
74.452
75.033

83.46

8§2.749

66.077
62.791
63.497
63.294
63.546
65.694
65.249

63.37
64.802

Mass
Soil

1.003
0.9861
1.0058
1.034
1.00985
1.002
1.03
1.009
1.019
1.013
1.024
1.006
1.034
1.039
1.043
1.019
1.011
g.681
1.031
1.003
0.267
1.008
1.007
1.011
1.024
0.524
0.509%9
0.365
1.004
1.009

1.041
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Table 2
FISH AND INVERTEBRATE LAB DATA
Site Lab # cd(ppb) Cu{ppm) 7zn(ppm) SampleWt(gm)
14 1 13.5 0.6 0.53 0,1646
14 2 105 4.37 1.6 0.32
14 3 73 1.64 1.23 0.2492
13 4 264 4.83 1 0.253
13 5 98 1.23 0.91 0.268
13 [ 383 4.1 1.48 0.343
13 7 95 1.55 0.786 0.218
13 8 35 0.47 1.086 0.393
1 9 95 1.58 0.985 0.321
13 10 130 1.65 1.28 0.416
6 11 148 1.07 2.14 0.375
5 12 171 1.47 5.3 1.026
6 13 436 4.19 2.9 0.545
7 14 117 0.82 o 2.37 0.755 i
7 15 102 0.67 4.81 1.834
7 16 197 1.56 7.1 0.717
8 17 9586 3.58 3.42 0.435
g i8 459 2.32 2.43 0.349
3 15 835 2.41 3.36 0,502
9 20 25 0.73 0.98 0.373
9 21 284 0.135 0.88 1.71%
S 22 21 1.3 0.95 0.305
9 23 55 0.45 0.55 ¢0.129%9
10 24 258 0.46 1.31 0.623
10 25 503 2.24 2.72 0.613
10 26 116 0.73 0.81 0.223
10 27 351 0.193 1.27 1.188
11 28 287 1.48 0.81 0.446
11 29 182 3.5 1.67 0.3778
11 30 531 2.25 3.02 0.577
Blank 31 10 0.0218 0.0184 0
3 32 165 0.9 0.38 0.226
F8 33 286 2.45 Q.77 0.239
F8 34 115 0.61 0.37 0.085
Fi3 35 188 1.53 0.5 0.121
I13 37 63 0.42 3.26 0.561
9 38 87 0.82 1.09 0.383
Fl4 39 27 0.27 0.29 0.088
F13 40 814 9 3.17 0.5589
F9 41 75 0.21 0.97 0.31
9 42 244 1.52 0.87 0.295
Fl4 43 48 2.22 Q.88 0.322
Fi14 44 205 3.04 1.46 0.441
Ii4 45 123 3.55 17.5 2.785




Table 3 Mean/Standard peviation
Fisn Table Raw Data

gite #
&

Mean
std Dev

Mean
std Dev

Mean
std Dev

Fall 8

Mean
53td Dev

E

Mean
std Dev

Fall 9

Mean
Std Dev

10

Mean
std Dev

Cu(ug/g)
83.8560

42.7080
229.4420

118.6687
80.1097

31.7160
11.9010
64.3600

35.9923
21.6287

245,3930
197.5530
142.7211

195.2224
41.9480

116.5750
304.7950
207.6000

209.6567
76.8543

56.9600
1.9800
125.7250

99.5810

71.0615
46.8310

62.5220
18.2130
152.3590

77.6980
55.8063

21.1010

108.5580

95.2740
4.3230

57.31490
45.2392

zn(ug/g)
169.7280

154.4330
158.6200

160.9270
6.4537

93.4410
87.973¢C
296.3010

159,2383
96.9436

234.5930
207.3010
199.6970

213.8637
14.9830

48.0000
94.3430
124.0940

88.8123
31.3104

77.3400
15.0720
51.6330
123.6280

76.9183
39.4445

83.9370
92.0900
86.6030

87.5433
3.3942

62.1960
132.2150
106.4930C
31.6060

83.1275
38.8848

cd(ug/9g)
11.0400
4.7080
23.4450

13.0643
7.7821

4.2520
1.6880
7.8240

4.5883
2.5159

65.2410
38.5960
49.3030

51.0467
10.9474

20.5750
34,6440
37.0590

30.7593
7.2686

1.2060
4.7930
1.0820
10.4660

4.3868
3.8132

6.0310
6.2900
23.7970

12.0393
8.3146

11.9420
24.1270
14.2600
8.6110

14.7350
5.7823




Fish Table Raw Data

Site #
11

Mean
Std Dev

13

Mean
Std Dev

Fall 13

Mean
5td Dev

14

Mean
std Dev

Fall 14

Mean
sStd Dev

Fall 8
Fall 13
Fail 14

Cu(ug/g)

98.0850
276.1940
115.8510

163.3767
80.1029

570.1420
135.2460
356.6940
210.3130
34.2140

145.6260
117.4180

224.2361
168.6108

373.9340
481.8350

427.8845
53.9505

105.3830
407.7440
194.8070

235.9780
126.8249

84.6140
204.1080
205.3200

164.6807
56.6178

Cu(ug/qg)
73.589
21.294

38.006

Zn(ug/q)

53.2470
131.1490
156.0620

113.4860
43.7928

116.39850
99.8060
127.8370
102.0050
79.51190
37.0650
90.9810

100.5143
15.6495

119.4050

169.1380

144.2715
24.8665

93.2440
148.2750
145.8590

129.1260
25.39186

92.5910
80.2730
98.0680

90.3107
7.4416

n{ug/qg)
201.663
173.347

188.312

cd(ug/g)

19.3050
13.6580
27.08890

20.0170
5.5058

30.1190
9.6270
33.0610
11.69790
5.7250
7.9440
8.6540

15.2610
10.4892

36.6940
43.1480

39.9210
3.2270

0.6380
8.9060
7.5840

5.7093
3.6264

5.7950
3.5400
13.2650

7.5333
4.1561

cd(ug/9)
3.579
2.834

1.217




Table 4. Mean/Standard Deviation

Sediment Raw Data

Sediment Table

Site #
1

Mean
3td Dev

2

3
Mean
std Dev

5

Mean
Std Dev

6
Mean
std Dev

Fall &

7
Mean
std Dev

3

Mean
std Dev

Fall 8

Fall 9

10

Mean
5td Dev

Cu(ppm)
59.5270
71.8210
65.6670

65.6717
5.0130

298.0800

249.2740
239.6830

244.47985
4.7945

2902.8410
2764.6910
2431.5220

2699.6847
187.8295

1099.9820
1061.6820

1080.8320
19.1500

4019.4930

533.0630
491.8960

512.4795
20.5835

848.0740
834.8630
846.75900

843.2423
5.9482

1373.7430
170.1460
698.6750

145.68%0
120.989%0

133.3390
12.3500

Zn (ppm)
281.2920
310.3800
267.7510

286.4743
17.7848

404.9140

360.4270
335.9160

348.1715
12.2555

3187.5560
3044.0670
2632.8710

2954.8313
235.0760

1548.4490
1442.9930

1495.7210
52.7280

8369.9170

1089.79890
955.7250

1022.7615
67.0365

1871.899%90
1855.1940
1891.3840

1872.8257
14.7890

4107.4020
520.2000
2922.0370

460.7560
391.3280

426.0420
34.7140

cd(ppm)

2.3730
1.8800
1.9040

2.0523
0.2270

3.9%70

2.8330
3.2060

3.0195
0.1865

40.7740
38.8750
36.6660

38.7717
1.6787

22.0560
19.6410

20.8485
1.2075

70.5370

12.4130
11.7610

12.0870
0.3260

28.2840
27.4430
28.0750

27.9340
0.3875

36.6080
4,.7380
22.1100

4.1750
3.3640

3.7685
0.4055




Site

11

Mean
5td Dev

13
Maan
std Dev
Fall 13
14
Mean
std Dev

Fall 14

cu (ppm)
337.0330
354 .8860
136.4690

342,7960
§.5520

157.5890
120.4820

139.0355
18.5535

233.0360

96.2370
83.2500

89.7435
6.4935

576.1250

gediment Table cont

Zn(ppm)

1009.5650

840.3460
852.5570

900.8227
77.0539

486.6240
384.7800

435.7020
50.9220

1131.0460

309.5730
256.6940

283.1335
26.43%95

1291.2220

cd (ppm)
11.9700
12.4480
12.3510

12.2563
0.2063

4.6290
3.6370

4.1330
0.4960

£.7860

2.5570
1.7260

2.1415
0.4155

6.0930

93 "




