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INTRODUCTION

Mercury in Agquatic Environments

The fates of mercury in aguatic systems have received copsiderable atten-
tien in recenl yvears becsause mercury iz readily acoumulated by aguatic crganisas
and iz highly toxic to homans. HMercury ig the oply metal, that I am aware of,
for which humsn poisonings have occurred as 2 direct result of consuming
metal-contaminated fish., Over 12040 victims of mercury poisoning have heen
identified in Japan, including more than 200 that have died {(Hational Academy
of Sciences 1978). Humans suffering from mercury poisoning have also been
identified in Quebec and Ontaric, Canada.

Victims of mercury poisoning suffer from paresthesia, incoordination,
loszes of vision and hearing, and intellectual deterioration (Btudy Group on
Mercury Hazards 1871). Methvimercury has also been implicated as being tera~-
togenic, mutagenic and carcinogenic to mammals. Consumption of mercury by
pregnani women presenis zn anomalous hazard because mercury teads to concenlbrate
in the red blood cells of the fetus. In Japan, several babies were bornp
suffering from mercurvy poisoning although the mother suffered no i1l effects.

The U.8. Food and Drug Administration {FDA) has established 0.5 ug Hg/g
wet tissue as the maximum safe concentraticon for mercury in food {FDA 1974},
This guideline is based on clinical evidence from Minamata Bay victims, methyi-
mercury dose-retenlion experiments with human subjects, and the fish eating
habits of U.§. citizens. Enforcement of the guideline has resulted in closures
of several commercial fisheries since 196% and in marketing restrictions on
tura and swordfish. The U.3. Envirommental Protection Agency {EPA} has

recommended that mercury in natural waters not exceed 0.05 ug Hg/l (EPA 19773,




based on laboratory experiments demonstrating that fish exposed to this con-
centration of methyimercury in water eventually excesd the FDA guideline.
Although many ferms of mercury exist in natural waters, methylmercury

{CH_ ~Hgt}, an alkylmevcury devivative, is the most tfoxic and bicaccumulative

3
species. The bicaccumulative properties of methylmercurv are due to its
relatively small size, its lipophilicity, and its affinity for sulfhydeyl
groups in proteins (Clarkson 1973}, Because of its cumulative tendencies,
methylmercury is ithe predominant form of mercury present in fish muscle tissue
{(Westoo 1973; Uthe et al. 1973) and is the form causing clinical symptoms in
humans. In water, inorgamic mercury can be bacterially converted to methyl-
mercury (Wood et al. 1968; Jensen and Jernelov 1969). Thus, less toxic forms

of meycury that enter natural waters can pofeniially be converted to the most

toxic and bicaccumulstive Torsm.

Energy and Water

Energy shortages ip this country have resulted in expanded expleoitation
of the vast coal reserves of the western United States. Southeastern Montans,
southwestern Wyoming, and western North and South Dakotas contain portions of
the Fort Union coal formation; mearly 19 billieon tons of economically recoverable
coal anderlie this region.

Major problems resulting from coal exploitation in the western United
States are asscociated with water. Hot only is groundwater disturbed and
mineralized during the miniag operation (Van Veast and Hedges 1975}, hut also,
large quantities of water are consumed during energy conversion processes.

The problem is compounded by the scarcity of water in the arid west.




Study Area

One of the maior water courses in the mining area is the Tongue Hiver
which originates on the esast slopes of the Bighorn Mountsins in northcentral
Wyoming. The Tongue Hiver moves northeastward into southeastern Hontana,
finally reaching its confiuence with the Yellowstone Hiver near Miles City,
Montanz. The chavacter of the river changes from a high gradient, cold water
trout styeam in its upper veaches fo = meandsring warm waler stream as it
flows through the western prairie.

& maior agricoltural storage impoundment, tne Tongue River Reservoir, is
situnated about 10 km north of the Montana-Wyoming border near the town of
Decker, Montans. The Decker Cozl Company {jointly owned by Peter Kiewit and
Sens, Sheridan, Wyoming and Pacific Power and Light, Portland, Oregon) began
mining near the reservoiv in 1972 sites are currently being mined on both the
east and west sides of the reservoir and lease applicaltions for a northward
extension of the western site are currenilv under consideration.

An eariier study {Phillips 1978} has shown thai some gamefishes from the
Tongue River Reservelr contain mercury concentyalions in edible porticons that
exceed the U.5. Food znd Drug Administraticn {(FDA) guideline for human consumption.
However, major sources of mercury to the reserveir have not been identified.

This study was initiated to try and determine potential source{s) of
mercury to the Tongue River Reservoir and to further examine some of the f{ates

of mercury im this reservoir sysiem.




Project Tasks

Tasks completed during this project included the following:

{1} Total and dissolved mercury concentrations in water entering {ipfiow,
mine discharges) and leaving (reservoir outflow] the Tongue River Reservoir
were monitored at rvegular intervals for 1l months apnd the percentage of mercury

ef mining ovigin was calculated.

{2} Total and dissolved mercury concentrations in water enteripnz {inflow
b Z 3

mine discharges) and leaving {veservoir ocutflow) the Tongue River Reservoir

were monitored {6 b intervals) over a 24 b period to determine if short-term

fluctuations ccocurred,

Y

3} HMercury conceatrations in waler samples collected from different
depths along a verticael transect of the Tongue River were measured to delinests

the uniformity of mercury distribution in the river relative to depth.

{4} Sediment cores {anzlvzed for total mercury) were collected from
various locations in the veservoir to determine the relationship between

sediment depth and total mercury concentration.

{53 Burficial sedimeni samples were ¢ollected from throughout the impound-
ment {and analvzed for total mercurv) to discover the distribution of mercury

in the reservoir’s zediments.

{&}) Bediment samples {apalvzed for total mercury) were collected from
various reaches of the Tongue River and its tyibutaries to determine the

distribution of mevrcury in the wailershed upsiream from Lhe reservoir.
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Horthern pike, smallimouth bass, and walleve were collected from the
reservoir ané the relationship between fish length {mm) and total mercury

concentration in axial muscle tissue was noted for esch species.

(8) Crappie (both white and black) were collected from two locations in
the Tongue River downstream from the reservoir and the relationship between
fish length {(mm} and total mercury concentration in awiz] muscle tissue was
determined; the mercury concentrations in the river crappie were compared to

the mevcury concentrations in cranpie of similsr sizes collecited from the
¥

reserveiy.

{3} Stomachs were removed from several northern pike and the contents
were identified and analyzed for telal mercury to determine the mercury con-

centrations in food organisms of pike.

(10} Age and growith studies of Tongue River Reservoir fishes {conducted
by previous investigators} were used to derive the relationship between fish

age and total mercury concentraticn in muscle tissues for the various species.

{11} The relationship between growth and mercury accrual for individual
northern pike that were captured, tagged, and analyzed for totsl mercury in

muscle tissue in both 1978 and 1979 was described.




MATERIAL AND METHODS

Water {Collection and Analviical)

Water samples were collected at regular intervals throughout the veasr
from the East Decker mine discharge and {rom the Tongus River Heservoir inflow
and outflow. Samples were also taken from the West Decker mine outfiow during
months when discharging occurred.

Gn May 17-18, water was collected Irom sach location at four & h intervals.
At each sampling interval and at each site, two samples were collecied, cone
for disscived mercury and one for total mercury. Water was collected in one
liter polyethylene botties and stored in 500 ml glass bottles that were pre-
vicusly spiked with sitric acid preservative (1 ml/1}. Samplises to be analyzed
for total mercury were added directly Lo the glass botties but dissolved
mercury samples were filteved immediately after collection and then added to
the boetitles contalning preservative. Filivation was first through 2 plass
fiber filter and then through a $.45 ucellulose acetate miliipore filter; all
samples were refrigerated after collection and analvzed for mercury within 38
days. Pricr to analysis, samples were oxidized with potassium permanganate
and potasszium persulfate; mercury was then vaporiged, collected on a gold
plated tube, and quantified by astomic absorption spectrophotometry (Varisn

model AA-6} after atomization with a carbepn rod {(Hiemer and WYWeodriff 1574},

Sediment {{ollecticn and Analytical)

Burficial sediment samples {ftop 3 om} were collected from 21 locations
{fail, 1978) in the Tongue River drainage upstreas from the reservoiv and from

170 locations {summer, 1979} in the rveservoir. Sediment cores were also taken




{through the ice} from 11 reservoir sites during winter, 1979. Surficial
sediments were collected with an Ekman dredge and cores were taken with a
Phleger sampler eguipped with removable pelvearbonate liners. Surficial
sampies were placed in labeled plastic bags and cvores were stored in the
polycarbonate liners; all sampies were frozen socon after collection. Prisr to
mercury analyses, cores were partially thawed, removed from the liners, and
divided inte 3 om sections. Core sections and surficial sediments from the
Tongue River were dried at 45-60 C, pulverized with 2 mortar and pestle, and
sifted through a 100 mesh sieve (Tyler equivalents) prior to mercury analyses.
Surficial sediments from the reservoir were handled as sbove but were not
sieved. All samples were analyzed for total mercury using the method described
for fish tissue samples {Siemer and Woodriff 1974). Hercury concentraiions in

sediments are reported on a2 dry weight basis.

¥ish {Collection and Analvtical)

Fish were collected from the reservoir using trapnets or gillpets and
from the river by slectrofishing or gilipetting. In & few instances, fish
tissue samples were taken {from fish caught by anglers) at a creel census
station operated by the Montanas Depariment of Fish, Wildlife and Parks. At
the time of collection, most fish were sacrificed, weighed, measured, and a
portion of axial muscle tissue was removed and frozen for subsequent mercury
analysis; however, most northevn pike were anesthetized with M8 222 at the
time of capture, 2 muscle sample was surgicsallv removed, and the fish were
returned to the reservoir, enabling us to resample individual pike.

Btomach contents of sacrificed northern pike were frozen and homogenized

in a high speed blender with 2 few grams of dry ice. Samples were fhen warmed
B I 2




to vroom temperature resulting in a homogeneous paste. Total mercury concentra-
tions in muscle tissue samples, stomach walls, and in aliquots from stomach
content homogenates were determined with 3 Varian model AA-& atomic absorpition
spectrophotometer equipped with a carbon rod atomizer {Siemer and Woodriff
1974). Precision was estimated at £0.01 ug Hg/g based on the standard deviation
of repeated analyses of the same samples. A1l mercury concentrations for fish

tissue are reporied on a wet weight basis.

Hitatistics

Paired sample means were compared usiog Students t-test and multiple
means by the Booferroni multiple comparvison procedure {Neter and Asserman
1974). Regressions of fish leagth vs. mercury concentration in axial muscle
tissue were derived both linearly and after a log transformation of mercury
content {Steel and Torrie 1960); the form of regression resuliting in the best
correlation coefficient was chosen for portraval. Degree of difference between
regression lipes was determined by F-iest using the meithod outlined by Heter

and Aszerman (1874},
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HESULTS AND DISSCUSSION

Mercury in Water

Mercury concentrations were consistentliy low in water from the Tongue
River Reservoir inflow and outflow and from the East and West Decker mine
discharges {Table 1}; mercury in virtuslly all samples occurred near and below
the lower detectable limat {0.05 pg Hg/l). At these low concentrations it is
impossible to make valid comparisons between mercury occurring in dissolved
and suspended forms. Mean mercury concentraticns in water from the four
stations sampled were not statistically different {S5tudents t-test). The two
mines accounted for only 0.4% of the total surface runcif {thus, 0.4% of the
mercury) entering the reservoir from November, 1978 to September, 1279, Ho
trends were noted between mercury concentration in the water and time of
sample collection on a given day {Table 2) or between depth and distance from
shore {inflow} of sample collection (Fig. 1).

The origin of mercury in the resevvoir is not clear; several conceivable
scurces exist. Metal smelting is common in Western Montana and large amounts
of mercury are known to be discharged to the atmosphere from this industry.
Mercury in the reservoir may originate from atmospheric fallout. Matlick and
Buseck (1978} have determined that there is a strong positive correlation
between mercury concentrations in soil and intensity of geothermal activity.
Conceivably, the underground fires that are common in the cosl field of the
Northern Great Plains have volitalized mercury present in buried strata,
causing mercury to be emitied to the almosphere or Lo concentvate in surface
seil horizons where it is subject to natural leaching and runocff. The high
concentrations of mercury in fishes from the reservoir may result because the

reservoiy possesses 2 uwalque set of limneologicval conditions that facilitate
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the methylation of mercury although the total pool of mercury present in the
sediments and water column is relatively small. Future studies at the Tongue

River Reservolr shouid guantify atmospheric fallsut of mercury.

Water Flow and Suspended Sediments

g

During the period November 1978 to September 1979 the combined discharges
from the mines at Fast and West Deckery averaged only 0.40% of the flow volume
of the Tongue River (Fig. 2} and only {.153% of the suspended sclids entering
the reservelr {(Tabhle 3%, Only 207 of the suspended szolids that entered the
reservolr were discharged at the dam; thus the reservoir is acting as 2 sediment
trap. Based on the mean flow rates and suspended solids concentrations for
the dates sampled, susspended solids are entering the reservoir at g rats of

3. I e s s oa o 7o
G.4 % 107 kg/yr from mining {Fast Deckey only) and 3.0 = 10" kg/vr from the
B -
Tongue River; 6.0 x 107 kg/yr are being discharged from the danm.

Literature reports are conflicting as to whether most of the mercury
transported in river systems 1s associsted with particulate material {Helson
et al. 1977; Ottawa Hiver Proliect Group 1979) or dissclved in water {Cranston
and Buckley 1972 and Thomas et al. 19753). BSince we were not able to distin-
guish belween particulate and dissolved mercury, we have no way of confirming

which was the case for the Tongue River Reservoelr. This qguestion has obvious

implications regarding whether the reservoir is acting as 3 mercury sink,

Mercury in Sediments

River {surficial} - Previous investigators have shown that high concentra-

tions of mercury usually occur in viver sediments near major sources of mergury

to rivers {Cranston and Buckley 1%72; Langley 1973}, In vesponse to the
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Teble 3. Suspeaded solids concentrsiions in and flow rates of the East and West Decker
mine dischavges and the Tongue River Reservoir inflow and osutflew,

Date ¥low Hate {(cfs) Buspended Solide {mp/l
Bast Yeat Inflow" Qutfiow® East Westl Inflow" Outflow”

11-28-7% z2.6 S 334 224 ! e & i
12-20-78 1.8 o e 12 318 a8 — 83 81
1=12-7% o = 473 234 38 e o 1z
1=26-79 i.2 o 47 250 7 e 2 %
2-15-7% 2.1 o= 866 53 33 o 24 1
3-5-7% 4.4 - 1450 241 a4 - 73 12
3-23-7% 1.9 - 1126 o iz e 158 e
4~5-79 - - 323 25% 2 - 74 4
4= 1579 - = 374 252 5% - 63 22
4=27-7% 2.5 o 437 253 2 o e 22 1%
5-7-7% Z.3 5%6 454 —— e = -
5-17-79 1.2 1.5 785 463 26 21 58 ig
6=1=79 1.2 1.2 1420 1504 1% ¢ 23 8
&-11-79 i.1 1.2 957 999 1% 2z 52 4
£-26-79 2.4 - 7062 496 20 = 13 z
7-16-7% 2.2 e 2649 4340 H e 24 o
F-30=78 2.z = 193 516 28 = 108 &
B=14-79 z2.6 o 2% 528 3 - 44 1z
§-27=78 2.9 e 263 677 27 o 46 33
F=11=7% 2.4 === o 660 20 e 25 18
Heant2SE 2.1%0.3 1.338.2  634EIVY 5BO%IR5 1239 214 53218 1427

*provisional dsta of United States Geological Survey.




possibility that most of the mercury in the Tongue River system originates in
the upsiream portion of the watershed, we collecied surficial sediment samples
from 21 locations in the upper Tongue River draimage. Mercury concentrations
in most of the samples were relatively low (Fig. 3). However, a few observa-
tions are noteworthy: {1} Higher mercury concentrations were detected in the
sediments of Big Goosze Creek directly below the Sheridan sewage cutfall than
in the sediments upstresm from the sewage freatment plant. {2) Mercury ocourrved
at a lov concentration in Big Gooze Cresk sediment near the confluence of Big
Goose Creek and the Tengue Hiver. (3} All of the sediment samples collected
in the Tongue River upstreas from Lhe Bighorn Mine contained less than (.06 ug
Ha/g while all of the samples collected downstream from the mine contained at
least .15 ug Hg/g. These data suggest that most of Lhe mercury in the Tongue
River {upstream from the reservoir)} originates relatively near the reservoir.
More extensive sampling is required to determine if higher mercury concentra-
tions are present in sediments throughout this portion of the river.

Reservoir {cores) ~ Bediment cores were collected from eleven locations

in the Tongue River Reservoir (Fig. 4). Mercury concentrations {dry basiz) at
all depths of all cores were relatively low (Table 4): mean mercury cencentra-
tions for entire cores ranged from G.04 - 0.09 g Hg/g. The mean mercury
concentration at station ! was significantly lower [F< 0.10) than that reported
for all other statiocns except 2, 6 and i0. This difference may result because
station 1 is shallow and exposed to the air for part of the year. The station
10 core also contained a significantly lower mercury concentration (P< 0,107
than the core from station 11. Inm all other comparisons of mean mercury
concentrations between cores, differences were pot statistically significant.
in general, little significant difference existed belween sampile depth

and mevcury content; although the mean mercury cenceniraltion in sections
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taken at a depth of 20-25 cm was significantly lower than means for samples
taken at 0-5, 5-10, and 10~15 com. Armstrong et al. {1972} reported that

surficial sediments from Clay Lake, Ontario contained higher mercury cencen-

rations than uvnderlying lavers; this does not appear to be true for the

P

Tongue Hiver Reservoir.

Reservoir (surficial) - Surficial sediment samples were collected from

170 locations from throughout the reservoir and analyzed for mercury. Sampling
tocations and mercury comcentrations found are listed in Appendices 1 and I1.
The average mercury concentration in surficial sedimeat was 0.04 ug Hg/g, an
extremely low accumulation considering the high concentrations of mEYCUTY in

fish. A number of investigators have collected dals on mercury concentrations

-

in both fishes and sediments from aquatic environments {(Table 5}. In no case
was there such a large discrepency between mercury in fish and in sediments zs
in the Tongue River Reservoir, svggesting that conditions must be highly
conducive for the methyviation of what little mercury is available.

Figure 5 describes the distribution of mercury (dry basis) in surficial
sediments from the reservoir. In general, highest mercury concentrations
{>0.05 g Hg/g} were present in sedimenis near the downsiream end of the
reserveir, intermediate concentrations of mercury (0.03 -~ 0.05 ug Hg/g) occurred
from mid reservoiv to the upstream end, and lowest mercury concentrations
{<0.03 pg Hg/g) were present in sediments along the sheres. Mercury is known
to have a higher affinity for fine clay and silt-like particles (< 1/16 mm
diameter) than for coarser sands and gravels (Thomas aznd Jaguei 1976). The
distribution of mercury in the Tongue River Reservoir sediments is related to
the distribution of sadiment Lypes, i.e,, the coarsest sediments zre found

cles settle out of suspension near the

near shore, the intermediate sized parti

upstream end and the {ine suspended materials settle out near the downstream

end.
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Table 5, Eeports from the literature of maxismum wercury concentrations in figh muscle
tissue relative to mercusry concentrations found in sediments from the same
anvirponmant.

Mercury 1 Max. Hg Fish

Location Sediment in Fiahé Species Refarence{s)

ng Hg/y ug Helg

Clay Lake 0.14-7,83% 16.6 northern pike Armstrong et al {1971}

{Ontarie} {Esox Iucius} Biigh {1978}

Lahontan Ressvvolr ¢.12-1,35% 2,72 white bass Richine and Risser (197%)

{Hovada} {Marone chrvsops)

lake Powell §=3§b G.75 wallaye Potter er al. (1973)

{Arizona) {Stizostadion

witeium)

Hemlock Lake 0.02-1.25% 0,42 rainbow trout ‘Irrie et al. (1971)

{Michigan} {Balmo gairdnsri}

Section Four Lake 0.05-0.12% .65 rainbow trout Dlizrie et al. (1971}

{#¥ichigan} {Salmn gairdneri)

Unspecified river 0.01-109.0% 7.0 aot specified Langley (1973}

{Fastern Canada}

Antelope Reservolr 17.1° 1.7% rainbow trout Fhillips and Buhler

{Uregon) {Balmo galrvdmeri)y (1979

Hiil et al. (1975

Tongue River Hes. 06.003-0,075% 2.5 aprthern plke This study

(Montana}

{E, lucius}

aﬁange,

hM@&ns

c@aiy one sample taken,

d .
RBeporied for axial muscle on a wet weight basis,
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Mercury in Fishes

Relative to size and species - The mercury concentrations in axial muscle

tissue from all fish species collected from the Tongue River Reservoir during

1579 increased as fish sime increased (Figs. 6-9 and Table 6). A similar

trend was reported for fish sampled from the reservoir the previous vear

{(Phillips 1978). For the species sampled, {with the exception of smallmouth

bass} regressions of the form Iogzg¥ = a + bX {Y = mercury in tissue, ¥ = fish
length} resulted in better correlations than did linear regressions. A regression
of fish length vs. mercury concentration was not derived for largemouth bass
because only six individuals were sampled.

The trend toward increasing mercury content with fish size has been noted
by others {(e.g., Bache et al. 1971; Fagerstrom et al. 1974; Scott 1974; Potter
et al. 1975} and is primarily a rvesult of the long bioclogical half-time of
methylmercury in fishes (Jarvenpaa et al. 1970; Giblin and Massaro 1972); fish
retain previously assimilated mercury while continuing to accumulate more.
However, the expomential shape of our curves is highly unusual; most workers
have observed mercury uptake curves {for a variety of fishes)} that initially
proceeded linearly or curvilinearly and finally became asvmtotic {Bache et al.
1971; Fagerstrom et al. 1974). The pattern of mercury uptake observed for
Tongue River Reservoir fishes may indicate that their mercury exposure regime
is becoming progressively more severe. Future studies should seek to answer
this question.

Some individuals of all species analyzed exceeded the FDA guideline. The
highest concentration veported (g Hg/g wet tissue)} for each species was:
nerthern pike male-2.47, sorthern pike female-2.15, walleye-1.60, largemouth
bags~-0.77, and smallmouth bass-0.65. According te the regressions, the length

{mm) at which the average fish of each species began to exceed the FDA guideline
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Table 6. Weights, lengths, sexes of and mercury concentrations in {axial
muscle tissue) largemouth bass collected from the Tongue River
Reservoir during 1979.

Weight Length Sex Mercury in muscle
(gl {mm} (ug Hg/gl
26 173 - 8.30
280 268 male 0.42
305 270 female 0.14
210 265 male .35
340 288 female 4.39

2050 475 - 0.77




was female northern pike-78%, male northern pike~735, walleye-363, znd small-
mouth bass-462.

The FOA/YWHO Joint Expert Committse on Food Additives (1977} recommends
that humans should not consume more than 200 ¥g Hg/wk of methylimercury, This
rate of BETLUTY consumption would be achieved if a person were to consume
400 g (0.88 1b.) of fish per week that contained 0.3 wg Hg/g or 200 g {0.44 1b.)
of fish per week that contained 1.0 ug Hg/g.

Fish from the Tongue River Heservoir of the sizes that exceed the DA
guideline (0.5 ug Hg/g) are velatively rare in the sportfishery. It is there-
fore highly unlikely that a fisherman at the Tongue River Reservolr could
cateh encugh fish excseding the guideline to zllow extended comsumption of
mercury af 8 vate exgeeding recommendations., 1 therefore do not advocats
restricoive sportfishing regulations a1 this time. This recommendatrion is
supported by studies in the literature of human peopulaticns with known mercury
consumption rates in the United Wingdom {Haxton et 2l. 197%) and Sweden (Birke
et al, 19723,

Reistive to age and trophic position - To compare rates of mercury uptake

among the various sgpecles, mercury conceniralion in tissus must be consideved
relative to fish age. Previous age snd growth studies conducted on Tongue
River Reservolr fishes provided estimates of age for black and white crappies
(Eiser et al. 1977) and walleye and sauger {Riggs 1978). Bo age and growth
studies of northern pike in the Tongue River Resarvoir have been completed:
however, ages of pike were estimated from the work of Van Engel {1%40), who
recorded ages of pike from Wisconsin lakes of 2 latitude similar te thar of
the Tongue River Ressrvoir. Substituting the average length of each vear
‘class {for each species) into the regression equation for fish length vs,

mercury concentration yields the average mercury concentration present in fish




-

of a given year class. Regressions determined for fish sampled during 1978
{Table 7) were used for the derivation because more species were sampled in
1978 than in 1579.

Figure 10 shows the relatlionship between fish age and mercury content for
Tongue River Reservoir fishes. MHNorthern pike and sauger accumulated mercury
nearlyv twice as fast as did the twe species of crappie; the rate for walleye
was intermediate. Ages st which fish began teo excesd the FDA guideline were
Y1 for nmerthern pike and sauger, VII for walleyve, anmd VIII for the two crappie
species.

Although the diets of these species vary with fish sge {size), and seasonal
food availsbility, in general, these fishes can be prouped according to food
habits. Diets consist primarily of medium to large sized fish {(northern
pike), of small to medium sized fish and medium to large sized invertebratles
{walleye and sauger), or of small to medium sized invertebrates (black and
white crappies}).

Humerous studies have shown that large prey organisms {both fishes and
invertebrates) contain higher mercury concentrations than small prey organisms
and that prey fish coentain higher mercury concentraiions than preyv invertebrates
g.g. Jernelov and Lann {1971); Phillips ané Buhler (1979). Furthermore, much
of the mercury in invertebrates (primsrily aguatic insects) is inorganic
mercury {Jernelov and Lann 1971; Cox et al. 19753}, a form not readily accumulated
by fish. Conversely, most of the mercury in fish tissue, prey or predator
species, is methylmercury (Bache et al. 1971; Westoo 1973}, Thus piscivores
consume more methvimercury fhan insectivores or planktivores suggesting that
differences in the mercury uptaeke rates among the various species from the
- Tongue River Reservoir mav be related to differences in rates of dietary

methylmercury intake,




Teble 7., Regressions of mercuyy concentrations in axial mpuscie fissue vs. total
fish length as reporvied for Tongue River Heserveir fishes collected
during spring a2nd summer 1978 {(Phillips 1978).

Fish Sample Regression equation r
Species Size loglf¥ = A+BY®
Northern pike 58 1@g§§¥ = (3, 0018% wiﬁéng 0.76
Yalleve 31 Esgiﬁy = 0.0018Y ~1.447 G.70
Sauger 31 §9g§$¥ = (.0020€ ~-1.392 .32
Black crappie 7 Eag§§¥ = $.0027K ~1.380 0.50
White crappie 34 legzﬁ¥ = 0.00346% -1.468 G.&7

a . . . p . .
Y = mercury concentration in fish muscle {yg Hg/g wet tissue) and

¥ = fish length (mm}.

B . t .i
Combined regression for male and female northern pike.
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For pike that were captured in both 1978 and 1979 {Table 8) there was 2

. . Z o . . . .
positive correlation (7 = G.84) between percentage increase in weight and
! E

Ry

percentage increase in total gquantity of mercury in the fish {(Fig. 11}); the
correiation was weaker for individuals that grew less. Errors in weight
measurements resulting from stomachs being full or evacuated probably accounts
for the greater variability among individuals that realized small percentage
increases in weight. Incresses in mercury concentration ranged from 27-1529
while changes in quantity of mercury present ranged from 58-203%. Considering
that weight increase iz related to zmount of food eaten (and thus amount of
mercury eaten), a positive correlation further suggests that food is an important
scurce of mercury Lo These fish.

Portions of the stomach walls from northern pike averaged 0.20 ug Hg/g
(Table 9); little variastion existed between individuals (range: 0.12- 0.25 ug Hg/g)

suggesting that the tissue was saturated with mercury. HMercury concentrations

it

in axial muscle vs. mercury coacentrations in stomach wall were poorly correlated

Z - - . cw o w e s )
(r” =0.07}3. Possibly, stomsch wall has 1 available binding sites for

L

I

P

e}

mercury than axial muscle or acid secretien in the stomach resuliz in lover
mevcury retention.

Contents from the stomachs of northern pike thai were sacrificed at the
time of capture {or were procured during creel census) contained, on the
average 0.28 yg Hg/g (Table 9); values ranged from G.10-0.59 ug Heg/g. JTtems
in the stomachs included golden shiner, white ¢rappie, shorthead rvedhorse and

|

yellow perch. The stomach contents from one smallmouth bass {(wi. = 460 g;

iength = 324 mm) and one walleve {(wit. = 2230 g; length = 610 me) were also

oyt

o

4]

analvzed for mercury. HMercur ncentrations {ug Hg/g! were 0.20 for the

Sl

e

smallimouth and §.12 for the wal

[

geye. The waileye stomach ¢ontzined a vellow

perch while the smallmouth contained terrestrial insects.




Table B. Changes in length, total mercury conceniration in axial muscle, and Lotal
gquantity of mercury present in male northern pike captured from the Tongue
River Reservoilr ign spriag 1978 aad receptured again io spring 1979,
Fish number
Parameter H 2 3 % 5 & 7 g
Weight [g}
1478 926G 1,700 1,640 3,620 5,720 6,060 1,340 3,878
179 1,580 3,375 2,160 3,580 5,811 £,401 2,600 & RGO
difference &6 1,575 520 &0 21 361 1,260 930
% increase iz 449 3z Z 2 & 24
Length {mm)
1973 531 &80 557 833 344 41 587 861
1574 631 44 7450 542 T 4464 661 874
diffarence” 100 120 83 9 15 8 9
% increass 1% 18 13 H 2 H j
i
Mercury conc. {ug Hz/g)
%78 G.24 4,21 .35 .67 1.25 .82 3,19 4.63
1878 0.3t G.33 0. 48 1.24 247 1.60  §.28 5,85
éif§%r$ﬁ£9g 0.47 &, 32 3,13 .57 1.22 G.78 G.0% G.37
¥ intresse iy 5% 37 2% EE] g 47 i7
Guantity mercury {1g Hgl
i978 221 357 574,423 7,150 4,453 255 Z,43%
1874 490 1,080 1,437 4,583 HER% 16,241 728 3,860
difference’ 263 723 463 2,138 7,203 5,288 473 1,402
4 increase 122 207 1 828 141 147 185 58

fiifference between 1978 and 1879,
b . N
Mercury concentration in muscle Lissus,

o s : ; . . P
Derived by multiplying tetal weightig} by ths

timsus {ug Hegfgd; ismplicii assumpition is Lhet muscle is an sverage tissue with

respeot L0 mErCury.

meroury concentyration in muscie
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Table 9. Heroury in sxzial muscle, stemach moscle, zod stomach contents of
nerthern pike collected from the Tongue River Reserveoir duving
sprimg and summer 1%75.
Mereury coopcentzation {(ug He/szd
Weight Length Azial Stomach Stomack” ftems in
{g} {mm} muscie musclie contents stomach

3140 174 .59 o.15 B ampty

1580 £31 HNCH! - 4.,232 golden shiner

2718 - - o §.14 golden shiner

2440 - $.28 e G.28 white crappie

7128 284 £.45 e 8.1 shorthead
redhorse

3784 &58 1,04 - §.37 white crappie

2485 735 .38 - 2,34 white crappie

1660 700 T 0,24 .18 shkorthead
redharse

3800 B23 §.75 .25 .59 yeliow perch

1820 637 .25 0,21 - emply

1340 591 e 0,14 - ampty

1680 &48 0.34 .21 - smply

20465 675 .49 0. 18 - smply

1100 564 .53 0,12 - empty

1830 642 .38 .23 = smpty

1800 §20 .39 8.22 - empty

1620 &40 .35 G.15 - sEpLy

1000 551 .34 §.25 == emply

Mean TIEE 0.20%30.00 G.Z28%0. 12

a , . ; . .
tems in the stomach were homegenized in 8 blendey zad 5 szubsample was
analyzed for mercury.




Realizing that the mercury concenfrations in partizlly digested prey
fishes removed from siomachs may have different mercury concenirations than
would the same prey fishes freshly caught, it is, nevertheless, instructive Lo
calculate the expected rate of mercury accumulation for a predator {such as
-

northern pike in the Tongue River Reservelr) conmsuming a diet that averages

caicuiztion, the following assumplions were made:

w

0.28 ug Hg/eg. For thi
(1) 90% of the mercury in the prey fish was methyimercury; {2} 19% of the
consumed methyimercury was assimilated; {3) 30% of the assimilated methyl-
mercury was cleared each vear; (4) food consumption occurred at an average
vearly rate of 4% body wt./day (40 g/kg/day): (3} weight increase in 2z given
vear resulted in a 40% dilution of mercury concentration.

The calculation is them as folilows: The pike dist contained 0,28 ug Hg/g

of which 90% {(0.25 yug Hg/g) was methylmercury. The diet was being consumed af

j

& rate of 40 g/kg fish per day, thus, methyvimercury was being consumed 2i a
rate of 10 yg Hg/kg fish per dav or 3650 Vg Heg/kg fish per vear. However,

only 19% of that which was consumed was assimilated, only 70% of that vhich

was asgimilated was retained {13.3%), and only 60% of that retained was yealiped
{8%) because of growth diluticn. Therefors, the fish reslized a net increzse
of 2%2 vg Hg/kg per vear or .29 g Hg/g per vear. From Figure 10, the average
rate of mercury accumulation by northern plke in the Tongue River Reservoir

was only 0.13 1, Hg/g per vear. These calculations further suppori the
hypothesis that food is an extremely important (if not the predomimant) source
of methvimercury to norihern pike in the Tongue Hiver Regervoir. However,

many of the coefficients used to make these calculations have not been verifisd
and changes in some pavamelers in the calculations could change the results
congiderably. Confirmation of the diet’s contribution to the body burden of

-
i

methyimercury in fishes in pature will require a thorough assessment of the
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growth rates, food consumption rates and anethylmercury consumpiion rates of
figh in a natural environment,

Belative to sex and vear gsampled - Male northern pike sampled from the

Tongue River Reservoir in a given year contained significantly higher mercury

than did

e’

xial muscle figsue (relative 1o fish lengih

jas]

concentrations in

females {(¥Fig. 123, This was true for pike samples in both 1978 (P< 0.072) and

W
i
ot
5]
"
i

s,
]

A

]
ol
L]
Fogse”
-

This trend has been noticed by other workers {Johnels et

al. 1967; Olsson and Jensen 1975) and occurs primarily because females grow

iy

aster than males; thus male northern pike of a2 given size are gxposed to the
mercury contaminated environment for & longer period than ars similar sized

females.

Male northern pike (P < 0.01}), female northern pike P < .035), and

walleve (P < 0.10) samp

o

ed in 1279 contained significantly higher mercury

concentrations (relative to fish length) than individuals of the game sex and

ot

Z2}. Regvessions are the same as

species sampled the previsus vear (Fig,

l-'g:j

ed in Figs. 06-8 and Table 7 but the individual data points have

¥

those depic
bean omitted for clarity, This trend strongly sugsgesis that conditicns ware

more favorable for methylation of mercury during 1979 and/or that more mercury
was available for methylation in 1979. Conditions may be becoming progressively
more faverable for mercury uptake by fishes in the reservolr or vearly variations
in conditions that Influence the availability of mercury simply may result in
fishes ewperiencing fluctuating mercury exposure regimes,

Belative to envivonment sampled - One of the ohiectives of this study was
3 b

to determine 1f the Tongue River Reservoir possesses a higher capacity for
methylation of mercury than does the Tongue River; the mercury content of fish

from the two envircaments should reflect the respective wethylating capacities,
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Figure 1Z. Relationships between sex, vear sampled, and rate of mercury
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YWe therefore collected crappie from two locations in the Toague Hiver
{immediately below the dam and 32.4 river miles downstream, Fig. 13} and
compared Lhe mercury uptake patterms of these river populations (Figs. 14 and
15) to the mercury uptake pattern of crappie in the reserveir (Fig. 16J}.
Regression Lines for fish from the three locations are compared in Fig. 17.
Crappie from the reserveir accumulated mercury significantly faster {relative
to fish length) than crappie from the Tongue River below the dam (P = 0.002)
or near Birmey (P = 0.001).

A4 few northern pike, ssuger and walleve were alsc coilected at the statien
below the dam. For these species the mercury content of similar sized veservelr
fish were interpolated from the regressions of mercury content (Mg Hg/g wet
tissue) vs. fish length (mm) reported in Table 7. Horthern pike collected
below the dam contained lower mercury conventrations than northerns of similar
sizes collected from the veservoir (Table 10); no trend was apparent for the
few walleve and sauger that were collected.

Although the ages of fish from the three sample locations are not known,
it is probably safe to assume that the river fish were at least as old {and
therefore exposed Lo mercury foy at least as iong) as fish of similar sizes
from the reservoir. These findings support the contention that conditions are

more conducive for the methyvlastion of mercury in reservoirs than in rivers.
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igure 13. ﬁé? of the Tongue River showing fish sampling stations located
downstresm from the Tongue River Reservoir '
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Table 10. Mercury concentrations im axial muscle tissue from walleye, sauger
and porthern pike collected from the Tongue River immediately down-
stream from the Tongue River Dam compared to the mercury content of
similar sizes of fish of the same species from the Tongue River
Reserveir.

Species Weight Length Mercury content {ip Hg/2)
River fish Heservoir fish

Walleve 454 372 0.25 .17

610 382 .15 .17

1,709 553 041 0.35

Sauger 1,100 474 .36 0.3¢6

1,140 540 0.48 .49

Horthern 1,200 580 H.11 .25

pike 1,350 £02 .11 0.26

1,780 652 .18 .30

1,880 712 0.18 0.37

&Eﬂteryaiaied from regressions of mercury content vs. fish length for reserveir
fishes {Phillips 1978).
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CONCLUSIONS ARD RECOMMEHDATIONE

The agueous discharges Irom the mines at East and West Decker are not
significant sources of mercury to the Tongue River Reservoir; mercury in
the reservoir may originate from the atmosphere, groundwater or he of

natural origin. Future studies should asddress these possible sources.

The regervolr is acting as a sediment sink; only 20% of the suspended
solids entering the reservoir during water year 1978-1%79 were discharged
2t the dam. Further dats is needed Lo determine if the reservoir is

acting as a mercary sink.

Higher concentraticns of mercury eccur in the Big Goose Lreek sediments
downstream from the Bheridan sewsge freatment ocutfall and below the
Bighorn Lcal Mine in the Tongue River, than occur upstream from these
pointeg. If surface yrun-off ig, indeed, 2 significant source of mercury

to the Tongue River Eeservoir, most of the mercury probably originates
relatively neay the reservoir. HMore intensive szampling of sediments
immediately upriver and downsiream from the resevrvoir will permit accurate

mapping of mercury in sediments of the entire upper watershed,

The distribution of mercury in the surficisl sediments in the Tongue
River Regervoir is inversely correlated with sediment particle size; in
general, lowest concentrations of mercury are found io coarse sediment
particies found aear shove, highest concentrations are present ipn fine
.seéim&ﬁts deposited near the downstream end, and intermediate mercury
concentrations exist in medium size sediment particles deposited near the
upstream end. Mevcury concentration does not vary significantly with

sediment depth.




o

Mercury concentrations in Tongue River Reservoir sediments are extremely
low considering the high mercury concentrations attained by fishes in the
reservoir. Conditicns in the reservoir must therefore be highly conducive

for the methviation of asvailable mercury.

The relationship between total fish length and mercury concentration in
axial muscle tissue for fish sampled in 1979 was positive (this was also
true of fish sampled the previcus year}; the estimated lengths {mm) at
which fishes begin to exceed the FDA guideline ave: female northern
pike~789, male northers plke-735, walleye~363, and smallmouth bass-462.
Since fishes of these sizes are rare in the spertfishery, restrictive

regulations for the protectiion of human health are not currently recommended.

Male northern pike contasin significantlyv higher mercury concentrations in
relation to size thaan females; this is probably due to sex related growth

differences.

tomach contents from northern pike contained, on the average, 0.28 Vg
Hg/g; a hypothetical calculation of the mercury consumption rates of
these pike suggests that much of their mercury body burden is of dietary
origin. Data that verifies or refules the assumptions used o make this
caleulation will permit a more accurate assessment of the importance of

dietazry mercury in overall mercury acorual.

Fercentage increases inp mercury concentrations for individual northern
pike analyzed for mercury in both 1978 and 1979 are correlated with
weight increases. Further, mercury uptake velative to fish age is
correlated with dietsry habit of the species; piscivores accumulated

mercury the fastest and planktivores the slowest. These observations




)

ek

further suggest that the diet is an important source of mercury to

DLECIivVores,

The relationship between fish length and mercury concentration in tissue

for male northern pike demomstrates that pike collected during 1979
contained higher mercury concentrations than pike of similar sizes collected
the previous year. Thus, more mercury was probably methylated in 1979.
Future studies should determine if the mercury situation in the reservoir

is becoming progressively more hazavdous or if normal fluctuations in

conditions that influence methylation of mercury are soourring.

Fishes residing in the Tongue River Reservoir accumulale mercury st a
faster rate than the same species residing in the Tongue River downstream
from the reservoir. This probably occcurs because the reservoir possesses
a greater capacity for methylation of inorganic mercurv than the river.
Future studies should attempt to correlate in situ methylation of mercury
with limnological conditions known to influence methylation. Conceivably,
methylation could be inhibited in the reservoir by manipulating the

discharge vegime.
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Appendix 1.

Total mercury concenirations {drv basis) in surficisl sediment

Appendix 11 for sample location rvelative to sample number).

samples
collected fyom various locations in the Tongue River Reservoir {sse

Sample Bample Zample Sample Sample
¥o. = ug Hg/g Ho. » g Hz/g Ho. -~ g Hglz No. - @ Hg/sg Ho. g Hz/g
1= 0,083 36 - 0.08%0 71o- 3,038 106 - £.02% 141 - 0.048
2 = §.087 37 = 0,085 72 - D.054 107 - 4,011 142 - 0.050
3 - 0.054 38 - 0.085 13 - 0,057 08 - $.022 163 - 6.03%
4 = 0,047 32 - 0.081 4 - 0,074 16% - ©.033 b4 - 0,058
5 - 0,042 40 - 0063 5 - 0.GhL 130 - 0,051 165 - 0,057
& = (.045 41 - 0.049 76 - 0.013 111 - 5,044 146 - 0,037
7o~ 0,042 42 = .046 77 - 0.078 112 - &.027 147 - 0.053
g - 0,417 £3 - (.05% 78 - 0.075 113 - 0.0613 168 - 0,040
g = 0.003 44 - 0.051 7% - 0,018 114 - (0.024 149 - {1,055
0 = 9,021 45 - 0.013 80 - 0.039 118 - $.036 180 - 0,045
1t - 5,053 46 - 0.050 Bl - 0.03% 116 - 0030 151 - £.056
12 =~ 0.0583 47 - 9,027 B2 - §.025 117 ~ §.010 152 - 0.075
13 - 0,034 48 - 0.043 83 - 0.047 118 - 8,044 153 - 0.054
id - £.03% 49 - §.023 84 = 0.671 119 - §.030 154 - 0.0456
1% -~ 0,035 50 - 0.0G7 8% - 0,038 120 = 0,019 185 = 0,045
16 = 4.073 51 = 0.015 B = 0.043 121 - 0.61 156 - 0.047
17 = £.0G50 52 - 4.060 27 - 0.451 12z - 0.417 157 - 0,037
18 = 0.051 53 - §.038 88 - 0.022 123 - §.046 158 -~ 0.038
1§ - 0.060 54 - 0.4657 B9 - 0,003 126 - 0.028 15% - §.038
20 0~ 0,020 85 - §.021 50 - G.035 125 - 0.044 160 ~ §.05%
21 = 0.4809 50 -~ .054 81 = £.04% 126 - 0,033 161 - 0.051
22 = §G.015 57 - 0.054 92 - 0.058 127 - £.013 162 - 0.83%
23 - 0.016 58 = §.033 93 = 0.042 128 - 0.03% 163 - 4,028
24 - 0,020 58 -~ 0,056 84 = .040 13% - (.008 164 - $.05%6
25 - 0.014 &0 - 0,015 33 - 0,043 130 - 0,043 165 - §.051
26 - 0.014 61 ~ 0.020 26 = 0.007 131 - 0,044 166 = 0,048
27 = §.042 82 - 0,053 97 - 0.016 132 - 0.083 167 - 0.033
Z8 - 0.031 83 - 4,053 98 - 0.8311 133 - §5.031 168 - £.033
29 - 9.011 64 = 0,010 89 - 0,033 134 - (.035 169 - 4,052
3G - 4,059 85 -~ 0,02% 100 - 0,037 135 - §.G58 178 = 0.037
3t - G.553 66 - 0.058 101 - D.044 136 - $.030
32 - 0.051 aY - 0,020 2 - 4.035 P37 - 2,045
33 - 0.030 68 - 0.024 103 = §.044 138 - 0,044
3 - 0,013 &% - 3.01Z 04 - 0.033 13% - 0.025
33 - (.056 70 - $.083 105 - 0. 048 40 - 6.031

#1374
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Appendix II. Map showing surficial sediment sampling locaticns in the Tongue
River Reservoir.
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