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Environmental Geochemistry of Mercury Deposits in 
Southwestern Alaska: Mercury Contents in Fish, Stream- 

Sediment, and Stream-Water Samples 

By John E. Gray, Allen L. Meier, Richard M. O'Leary, Carol Outwater, and 
Peter M. Theodorakos 

ABSTRACT 

Mercury is a heavy metal that can be toxic to humans 
when concentrations are high, especially in food sources. 
Mercury-rich lodes and abandoned mines scattered through- 
out southwestern Alaska represent a potential environmen- 
tal hazard in the region. Concentrations of mercury were 
measured in fish, stream-sediment, and stream-water 
samples collected downstream from the mines and lodes to 
evaluate environmental mercury accumulation. Mercury 
concentrations in fish are useful for addressing the levels 
of mercury in the food chain that can eventually affect 
humans. 

Freshwater fish collected downstream from the mer- 
cury lodes generally contain the highest mercury concen- 
trations. Dolly Varden collected downstream from the 
Cinnabar Creek mine contain as much as 0.62 pprn Hg wet 
weight in muscle samples (edible fillets), but mercury con- 
centrations are also elevated in Arctic grayling collected 
downstream from the Mountain Top mine (as much as 0.26 
pprn in-muscle samples) and at a site on the Kolmakof 
River (as much as 0.42 pprn Hg in muscle samples). The 
site studied on the Kolmakof River is downstream from 
mercury anomalies that suggest a possible undiscovered 
mercury lode. Arctic grayling and Dolly Varden, collected 
from background sites in southwestern Alaska, contain as 
much as 0.20 pprn Hg wet weight in muscle samples. Chum 
salmon collected from large rivers in southwestern Alaska 
contain the lowest mercury concentrations in muscle samples 
collected in the study, ranging up to 0.08 pprn Hg wet 
weight. The salmon results arc important because these 
fish are a major food source to residents, and the low mer- 
cury concentrations suggest that mercury from the mines 
and deposits has not adversely affected the salmon. All 
mercury concentrations in fish collected in this study are 
below the 1 pprn wet weight concentration for edible fish 
established by the Food and Drug Administration (FDA) as 
the action level when mercury advisories are listed and sale 
of fish is restricted. In addition, all concentrations of mer- 

cury in stream-water samples collected in the study are 
below the 2-ppb drinking-water maximum-contaminant level 
recommended by the State of Alaska. 

INTRODUCTION 

Mercury is a heavy metal of environmental concern 
because elevated concentrations can be toxic to living or- 
ganisms. Mercury has no known metabolic purpose, and 
contaminations are regarded as undesirable and potentially 
hazardous (National Academy of Sciences, 1978). Present 
and past mercury uses include manufacture of electrical 
instruments, pharmaceuticals, plastics, agricultural fungi- 
cides, paper production, munitions, and in the extraction of 
gold (amalgamation) in mining. Most mercury toxicity prob- 
lems are related to organic mercury compounds (Eisler,. 
1987), of which methylmercury is the most toxic to hu- 
mans (Friberg and Vostal, 1972). Conversion of inorganic 
forms of mercury (for example, cinnabar) to methylmer- 
cury is mostly by the action of aerobic and anaerobic bac- 
teria in organic-rich muds in streams and lakes (Wood, 
1974; Gough and others, 1979). Methylmercury is volatile, 
water soluble, and concentrates in tissues (bioaccumulation) 
of fish and other aquatic organisms (Fenchel and Blackburn, 
1979). Once mercury is converted to water-soluble forms, 
like methylmercury, it becomes readily available to biota 
(bioavailable), such as fish. Mercury can increase in con- 
centration with increasing trophic position in the food chain 
(biomagnification). Concentration of mercury in fish pro- 
vides an easy pathway for mercury to enter the food chain. 
The toxic nature of mercury has stimulated abundant envi- 
ronmental research (for example, Lindqvist, 1991). 

Mercury lodes are scattered over a wide region cover- 
ing several thousand square kilometers in southwestern 
Alaska (fig. 1). Several of the lodes were mined between 
the early 1900's and the 1980's, but they are not currently 
operating because of low prices and low demand for 
mercury. Approximately 4 1,000 flasks of mercury (1 
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flask=76 lb or 34.5 kg) have been produced from the re- a potential hazard to residents and wildlife populations be- 
gion (Bundtzen and others, 1986). The presence of mer- cause drainage from the lodes and mines enters streams 
cury lodes and abandoned mines in southwestern Alaska is and rivers that are part of local ecosystems. 

0 50 100 MILES 
I I I 

0 50 100 150 KILOMETERS 

Figure 1. Location map of study area. Samples sites along the Kuskokwim River are AN'(near Aniak), KR (near 
Kolmakof), and SL (near Sleetmute). Geology generalized from Cady and others (1955), Hoare and Coonrad (1959), 
Miller and others (1989), and Miller and Bundtzen (1994). 



ENVIRONMENTAL GEOCHEMISTRY OF ME 

Environmental studies are an important part of the U.S. 
Geological Survey's (USGS) mineral resource assessment 
program. This study is part of continuing environmental 
investigations of mercury-rich mineral deposits in south- 
western Alaska. Environmental studies of the southwestern 
Alaska mercury mines and deposits were recently initiated 
by the USGS (Gray and others, 1994); other studies con- 
ducted by the U.S. Fish and Wildlife Service provide 
baseline data for mercury in fish (Crayton, 1990; Snyder- 
Conn and others, 1992). Gray and others (1994) reported 
that fish (Arctic grayling), stream-sediment, and stream- 
water samples collected downstream from the Cinnabar 
Creek mine contained mercury concentrations elevated 
above those collected from a control site. However, Gray 
and others (1994) noted that the fish collected from Cinna- 
bar Creek were unusually small, and any larger, predatory 
fish in Cinnabar Creek could potentially contain higher 
mercury concentrations. This is because mercury concen- 
trations generally increase in larger predatory fish as a re- 
sult of biomagnification (Eisler, 1987). Thus, fish higher in 
the food chain also need to be evaluated. Cinnabar Creek 
was the only southwest Alaska mercury deposit evaluated 
by Gray and others (1994), but widespread mercury lodes 
and mines in the region suggest that environmental aspects 
of other lodes must be evaluated in relation to well-con- 
strained regional backgrounds (sites where no mercury lodes 
are known upstream). In addition, mercury concentrations 
in salmon and pike need to be evaluated because these fish 
are a common food source and the presence. of mercury 
lodes throughout southwestern Alaska suggests that mer- 
cury might be elevated in these fish. Thus, the objectives 
o l  this study are to measure mercury concentrations in 
samples of fish, stream-sediment, and stream-water col- 
lected (1) downstream from several mines and lodes and 
(2) from several sites where no mercury lodes are known 
in order to thoroughly evaluate regional geochemical back- 
grounds. Mercury concentrations were also measured in 
salmon and pike to determine if these food sources contain 
elevated mercury. These data were then used to evaluate 
mercury hazards of the mercury mines and lodes in south- 
western Alaska. Other heavy metals such as As, Cd, Pb, 
Cu, Sb, and Zn were also measured in the samples because 
these metals can also be of environmental concern. Sites 
were studied downstream from the Cinnabar Creek, Moun- 
tain Top, and Red Top mines, as well as a locality on the 
Kolmakof River downstream from a probable undiscov- 
ered mercury occurrence (fig. 1). These localities were cho- 
sen for study because streams draining the mines and lodes 
were large enough to support fish habitat. Samples were 
collected from background sites on Boss Creek, Egozuk 
Creek, Holokuk River, Moose Creek, and Veahna Creek 
(fig. 1). Salmon were collected from two sites along the 
Kuskokwim River (one at Aniak and one adjacent to the 
Kolmakof mine) and from the background site on the 
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Holokuk River. Northern pike were collected from a site 
on the Kuskokwim River near Sleetmute. 

GEOLOGY 

Rocks in the study area primarily consist of sedimen- 
tary and volcanic rocks of the Triassic and Cretaceous 
Gemuk Group and the Cretaceous Kuskokwim Group. The 
Gemuk Group consists of massive siltstone interbedded with 
lesser amounts of chert, volcanic rocks, graywacke, and 
limestone (Cady and others, 1955). The Gemuk Group is 
interpreted to comprise part of a volcanic-arc complex (Box, 
1985). Rocks of the Kuskokwim Group consist of thick 
sequences of intercalated sandstone and shale, with minor 
conglomerate and volcanic rocks (Cady and others, 1955; 
Miller and Bundtzen, 1994). The Kuskokwim Group con- 
sists primarily of deep-water turbidites and lesser shallow- 
shoreline-facies rocks (Miller and Bundtzen, 1994). Rocks 
of the Gemuk and Kuskokwim Groups are locally cut or 
overlain by Late Cretaceous and Tertiary intrusions and 
volcanic rocks. Mercury lodes in southwestern Alaska show 
a close spatial association to the Late Cretaceous and early 
Tertiary intrusions (Cady and others, 1955). The mercury 
lodes generally consist of small, discontinuous veins that 
rarely exceed a few meters in width and a few tens of 
meters in strike length. Mercury ores are geochernically 
simple, commonly containing over one percent each of Hg, 
Sb, and As, but are generally poor in base and precious 
metals. Most of the mercury lodes were located by tracing 
occurrences of placer cinnabar upstream Lo sources (Webber 
and others, 1947; Sainsbury and MacKevett, 1965). The 
lodes developed into mines were typically worked by a few 
individuals that operated small, on-site retorts. 

At the Cinnabar Creek mine, sedimentary rocks of the 
Gemuk Group are cut locally by Late Cretaceous and Ter- 
tiary mafic dikes (Sainsbury and MacKevett, 1965). Mer- 
cury ores there are high grade and consist of massive 
replacements, disseminations, and vug fillings of cinnabar 
in quartz-carbonate veins that cut siltstone, graywacke, and 
an altered dike. At Cinnabar Creek, native mercury and 
lesser stibnite and pyrite are also found (Sainsbury and 
MacKevett, 1965). Native mercury is common in sheared 
and brecciated sedimentary rocks. The mine is located near 
the headwaters of Cinnabar Creek and consists of a small 
open-pit about 50 m long, 15 m wide, and 10 m deep. Ore 
averaging about 3 to 4 percent mercury was retorted on 
site, and several hundred flasks of mercury were recovered 
(Sainsbury and MacKevett, 1965). Veins containing cinna- 
bar and native mercury in the open pit, and small ore piles 
at the mine site are sources of mercury that have eroded 
into Cinnabar Creek. Particulate (detrital) cinnabar grains 
and occasional beads of native mercury have been observed 
in stream-sediment samples collected from Cinnabar Creek 
(Gray and others, 1991). 
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The Red Top deposit is also underlain by sedimentary 
rocks of the Gemuk Group; a diabase dike of Late Creta- 
ceous or early Tertiary age cuts the sedimentary rocks near 
the mine (Sainsbury and MacKevett, 1965). Cinnabar is 
found in quartz-carbonate veins and vein breccias that cut 
the sedimentary rocks. Mineralized veins and breccias are 
generally a few centimeters wide with maximum lengths of 
about 50 m. Ore was removed from underground workings 
and trenches totaling a few hundred meters in length. Ore 
containing greater than 2 percent mercury was reported 
from the mine (Webber and others, 1947), but only minor 
cinnabar is present in small ore piles near adit portals. Cin- 
nabar retorted on site produced about 60 flasks of mercury 
(Sainsbury and MacKevett, 1965). 

Rocks at the Mountain Top mine consist of sandstone 
and shale of the Kuskokwim Group that are cut locally by 
small Late Cretaceous and Tertiary mafic dikes (Sorg and 
Estlund, 1972). Vuggy, quartz-carbonate veins containing 
cinnabar are found in faulted and brecciated dikes that cut 
sedimentary rocks of the Kuskokwim Group. There are 
about 15 trenches that total roughly 500 m in length at 
Mountain Top; small ore piles with visible cinnabar are 
present near the trenches. Ore containing 1 to 2 percent 
mercury was reported from Mountain Top (Sorg and 
Estlund, 1972). About 165 flasks of mercury were recov- 
ered from this locality (Miller and others, 1989). Ore was 
presumably processed in a small retort found at the mine. 

Rocks along the Kolmakof River site studied also con- 
sist of sandstone and shale of the Kuskokwim Group that 
are cut locally by small Late Cretaceous and Tertiary dikes 
(Cady and others, 1955). This site was selected for study 
because stream-sediment samples collected from an up- 
stream tributary contain as much as 5.6 ppm Hg, and asso- 
ciated heavy-mineral-concentrate samples contain as much 
as 50 percent cinnabar (Gray and others, 1993). These re- 
sults indicate the possible presence of undiscovered cinna- 
bar lodes upstream, although none have been identified yet 
in this drainage basin. 

Basins selected for background study on Boss Creek, 
Egozuk Creek, Holokuk River, Moose Creek, and Veahna 
Creek are underlain by sandstone and shale of the 
Kuskokwim Group that are cut locally by small Late Creta- 
ceous and Tertiary intrusions (Cady and others, 1955; Miller 
and others, 1989). No cinnabar-bearing lodes or significant 
geochemical anomalies are known in these drainage ba- 
sins. 

METHODS 

SAMPLE COLLECTION 

lected from most sites. All samples were collected from the 
active stream channel. Most fish were collected with spin- 
ning rods equipped with artificial lures, but those collected 
downstream from the Red Top mine were captured in gill 
net traps. Several fish (usually 5-10) were generally col- 
lected from a single site on a given stream or river; how- 
ever, fish were collected from two sites on Chineekluk 
Creek downstream from the Mountain Top mine. The most 
commonly observed fish at the sites studied was Arctic 
grayling (Thymallus arcticus), and thus grayling represent 
the majority of the fish sampled. However, Dolly Varden 
(Salvelinus malma) were collected from some streams when 
grayling were rare or not present. Both Arctic grayling and 
Dolly Varden are freshwater fish that are common foods of 
residents and sportsmen in southwestern Alaska, and there- 
fore they were appropriate to evaluate mercury contents in 
fish that are commonly consumed. Chum salmon 
(Oncorhynchus keta), coho salmon (Oncorhynchus kisutch), 
and northern pike (Esox lucius) are also common foods; 
these are migratory fish that were collected from large riv- 
ers in the study area to evaluate regional mercury hazards. 
Sculpin (Scorpaena guttata) were collected downstream 
from the Red Top mine to evaluate mercury concentrations 
in a bottom-feeding fish. Collected fish were dissected and 
muscle (edible fillets) and liver samples were saved for 
analysis. Muscle samples were analyzed for mercury be- 
cause they are a common food source in the region. Livers 
generally concentrate heavy metals, and thus concentra- 
tions of mercury in livers help identify trends in the data. 
Sculpin collected were too small for dissection and were 
analyzed whole. 

Stream-sediment samples were collected from stream- 
channel detritus for measurement of trace-metal concentra- 
tions. Collected stream-water samples included (1) an 
unfiltered sample collected in a glass bottle, acidified with 
nitric acid and potassium dichromate, for total mercury con- 
centration; (2) a sample filtered through a 0.45-pm mem- 
brane into a glass bottle, acidified with nitric acid and 
potassium dichromate, for dissolved mercury concentration; 
(3) an unfiltered sample collected in a polypropylene bottle, 
acidified with nitric acid, for other total trace-metal con- 
centrations; and (4) a sample filtered through a 0.45-pm 
membrane into a polypropylene bottle, acidified with nitric 
acid, for other dissolved trace-metal concentrations. 

Stream-water pH, conductivity, alkalinity, and turbid- 
ity were also measured at the sites studied, but there was 
little variation in these measurements. The pH of the stream 
waters are neutral to slightly alkaline and varied between 
7.1 and 8.4. These results are consistent with the mineral- 
ogy of the mercury deposits since cinnabar has an extremely 
low solubility in water (Hem, 1970) and does not readily 
fomi acid drainage because of its chemical and physical 
resistance during weathering. Thus, acid mine drainage 

Samples collected for study were primarily fish, but downstream from abandoned mercury mines is probably 
stream-sediment and stream-water samples were also col- not of environmental concern. 
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Table 1. Data for Arctic grayling (gyl) and Dolly Varden (doly) collected from background sites on Boss Creek (BS), Egozuk 
Creek (EZ), Holokuk River (HK), Moose Creek (MC), and Veahna Creek (VH) 

[Analysis of Hg by cold-vapor atomic absorption spectrophotometry (CVAAS); Sb. As, Ag, Bi, Cd, Cu, Mo, Pb, and Zn by inductively coupled plasma-mass 
spectromeey (ICP-MS); fish weights are whole body measured on site; concentrations are in parts per million wet weight; n.d., not determined] 

Sample Tissue Fish Hg Sb As Ag Bi Cd Cu Mo Pb 2n 
weight (g) ppm ppm ppm ppm ppm P P ~  P P ~  PPm PPm PPm 

BSlgylM 
BS2gylM 
BS3gylM 
BS4gylM 
BSSgylM 
BSlgylL 
BS2gylL 
BS3gylL 
BS4gylL 
BSSgylL 

EZlgylM 
EZ2gylM 
EZ3gylM 
EZ4gylM 
EZSgylM 
EZ6gylM 
EZl gylL 
Ez2gylL 
EZ3gylL 
EZ4gylL 
EZSgylL 
EZ6gylL 

muscle 
muscle 
muscle 
muscle 
muscle 
liver 
liver 
liver 
liver 
liver 

muscle 
muscle 
muscle 
muscle 
muscle 
muscle 
liver 
liver 
liver 
liver 
liver 
liver 

muscle 
muscle 
muscle 
muscle 
muscle 
muscle 
muscle 
11 ver 
liver 
liver 
liver 
liver 
liver 
liver 

MClgylM muscle 375 .16 < .01 < .I < 1 < .1 < .01 .2 < .01 .02 6 
MClgylL liver 375 .20 < .4 < .4 < .4 < .7 < .5 2 < .4 < .5 22 

VHlgylM muscle 110 .07 <.01 .I  < 1 < .l < .01 .4 < 0 < .01 11 
VHldolyM muscle 680 .14 < .01 1.2 < 1 < .1 < .01 1 < 0 1  < .01 5 
VH2dolyM muscle 55 < .02 .01 .1 < .I < .1 < .01 .6 < .01 < .01 4 
VHlgylL liver 110 . l l  < .4 .1 <.4 c . 7  < .5  .8 <.4 < .5 10 
VHldolyL liver 680 .01 < .4 .4 < .4 < .7 < .5 a0 < .4 < .5 42 

ANALYTICAL METHODS method of O'Leary (in press). Fish tissues were also ana- 
lyzed for a multielement suite by an inductively coupled 
plasma-mass spectrometry (ICP-MS) technique modified 

Mercury was measured in the fish samples using the from Meier and others (1994). All concentrations in fish 
cold-vapor atomic absorption spectrophotometry (CVAAS) are reported on a wet-weight basis (tables 1-4). 
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Table 3. Data for sculpin and coho salmon collected downstream 
from the Red Top mine 

[Analysis of Hg by cold-vapor atomic absorption spectrophotometry (CVAAS); 
fish weights are whole body measured on site; Hg concentrations are in parts 
per million wet weight] 

Sample Tissue Fish weight (g) Hg (ppm) 

RTsculpA 
RTsculpB 
RTsculpC 
RTsculpD 
RTsculpF 
RTsculpG 
RTsculpH 
RTsculpI 
RTsculpJ 
RTsculpK 
RTsculpL 
RTsculpM 
RTsculpN 
RTsculpO 
RTsculpP 
RTsculpQ 
RTsculpR 
RTsculpS 
RTsculpT 
RTsculpU 

RTcohoE 
RTcoho lA 
RTcoho 1 B 
RTcoho 1 C 
RTcohol D 
RTcoho lE  
RTcohol F 
RTcoholG 
RTcoho l H  
RTcoho 1 I 

whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 
whole body 

muscle 
muscle 
muscle 
muscle 
muscle 
muscle 
muscle 
muscle 
muscle 
muscle 

the low concentrations of mercury observed in natural sur- 
face waters, commonly less than 0.1 ppb (Wershaw, 1970). 
Other trace metals in the stream-water samples from back- 
ground sites are also low and generally below limits of 
determination (table 5 ) .  Stream-sediment samples collected 
from background sites generally contain less than 0.5 pprn 
Hg. Mercury concentrations in fish, stream-water, and 
stream-sediment samples collected from these sites are simi- 
lar, but slightly more variable, than those reported from 
other studies in the region (Crayton, 1990; Snyder-Conn 
and others, 1992; Gray and others, 1994). 

CINNABAR CREEK MINE 

Fish collected from Cinnabar Creek, about 10 km down- 
stream from the mine, contain the highest mercury concen- 

trations in this study (table 2, fig. 2). Four Dolly Varden 
samples collected from Cinnabar Creek contain 0.08 to 0.62 
pprn Hg in muscle and 0.10 to 1.3 pprn Hg in liver (table 
2). One Arctic grayling collected from Cinnabar Creek in 
this study contains 0.15 pprn Hg in muscle and 0.26 pprn 
Hg in liver. The muscle sample of Dolly Varden contain- 
ing 0.62 pprn Hg exceeds mercury concentrations in muscle 
samples of grayling (0.47 ppm) previously collected from 
Cinnabar Creek (Gray and others, 1994), but the fish col- 
lected for this study were larger (ranging from 230 to 710 g 
in weight) than the grayling collected by Gray and others 
(1994), which ranged from 9 to 45 g. In addition, Dolly 
Varden are higher in trophic position than grayling, and the 
higher mercury concentrations in the Dolly Varden are pos- 
sibly a result of biomagnification. Dolly Varden are also 
migratory fish and probably feed along portions of the 
stream closer to the mine, where mercury concentrations 
are much higher. Other trace-metal concentrations in fish 
collected from Cinnabar Creek are considered low, and 
most are below analytical limits of determination (table 2). 

The stream-sediment sample collected from Cinnabar 
Creek contains 1.0 pprn Hg, which is higher in mercury 
than the background sites (table 5). Previous studies have 
reported mercury concentrations in excess of 36 pprn in 
stream-sedimcnt samples collected within about 7 km from 
the Cinnabar Creek mine (Gray and others, 1991). These 
results indicate that stream sediments in Cinnabar Creek 
contain abundant mercury. 

The stream-water samples collected from Cinnabar 
Creek contain low concentrations of mercury and other trace 
metals. Mercury concentrations in the stream-water samples 
are 0.19 ppb (unfiltered) and <0.10 ppb (filtered). Anti- 
mony concentrations in the filtered stream-water sample 
were 0.4 ppb and 0.8 ppb in the unfiltered sample. All 
other trace metals in the stream-water samples are below 
analytical limits of determination. The presence of trace 
amounts of mercury and antimony in these stream waters is 
consistent with the presence of cinnabar, native mercury, 
and stibnite in the upstream Cinnabar Creek deposit. 

MOUNTAIN TOP MINE 

The Mountain Top mine is located at the headwaters 
of a tributary of Chineekluk Creek, about 15 km upstream 
from the two collection sites (fig. 1). Five Arctic grayling 
collected from Chineekluk Creek contain mercury concen- 
trations varying from 0.07 to 0.26 pprn in muscle and 0.13 
to 0.35 pprn in liver (table 2). The grayling muscle contain- 
ing 0.26 pprn Hg is slightly higher in mercury than gray- 
ling from background sites (fig. 2). The elevated mercury 
in the grayling suggests that, as in Cinnabar Creek, mer- 
cury from the Mountain Top deposit has been converted to 
a form of mercury (probably methylmercury) that is 
bioavailable to fish in Chineekluk Creek. Other trace-metal 
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Table 4. Data for chum salmon, coho salmon, and northern pike collected from the Kuskokwim River (AN-at Aniak, KR-at the 
Kolmakof mine, and SL-near Sleetmute) and the Holokuk River (HK) 

[Analysis of Hg by cold-vapor atomic absorption spectrophotornetry (CVAAS); Sb, As, Ag, Bi, Cd, Cu, Mo, Pb, and Zn by inductively coupled plasma-mass 
spectrometry (ICP-MS); fish weights are whole body wet weights measured on site; concentrations are in parts per million wet weight] 

Sample Tissue Fish Hg Sb As Ag Bi Cd Cu Mo Pb 2n 
weight (kg) P P ~  ppm P P ~  P P ~  P P ~  P P ~  P P ~  P P ~  P P ~  P P ~  

ANlchumM muscle 
AN2chumM muscle 
AN3chumM muscle 
AN4chumM muscle 
ANSchumM muscle 
ANlchumL liver 
AN2chumL liver 
AN3chumL liver 
AN4chumL liver 
ANSchumL liver 

HKlchumM muscle 27 .a < .4 .6 < .4 <1 < .6 2 <.5 <.6 8 
HK2chumM muscle 23 .08 < .4 < .4 < .4 <1 < .6 .9 < .5 < .6 9 
HKlchumL liver 27 .C6 < .5 .7 3 <1 2 140 <.5 < . 6  41 
HK2chumL liver 23 .05 < .5 < .4 3 <1 2 120 < .5 < .6 31 

KRcoho 1 M muscle .92 .03 .01 .4 < .4 <1 < .6 .6 < .5 < .6 6 
KRcoholL liver .92 .04 < .4 < .4 < .4 <1 < .6 30 < .5 < .6 30 

SLlpikeM muscle .75 .28 < .4 .2 < .4 < .1 < .1 .2 < .1 < .1 17 
SL2pikeM muscle .98 25 < .4 .3 <.4 < .1  < . l  .I c .1  < .1 6 
SL3pikeM muscle .96 .19 < .4 .3 <.4 <.1 <.1 .1 < .1 < 1 4 
SL4pikeM muscle 1.5 31 < .4 .3 <.4 < .1  < .1  .2 < .l < . l  5 

concentrations in these fish are similar to those from back- 
ground sites and are not of environmental concern. 

Stream-sediment and stream-water samples were not 
collected from Chineekluk Creek for this study because 
such samples were previously collected about 5 krn down- 
stream from the Mountain Top mine (Gray and others, 1991). 
In the Gray and others (1991) study, mercury concentra- 
tions were 12 pprn in a stream-sediment sample and 0.10 
ppb in a stream-water sample. Although these samples were 
collected about 10 km upstream from the site sampled in 
this study, the results indicate significant concentrations of 
mercury in the stream-sediment sample but low-level mer- 
cury concentrations in the stream-water sample. 

rally occurring mercury concentrations (baselines) can be 
reported prior to any mining. A stream-sediment sample 
collected from this site contains 5.7 pprn Hg, but the stream- 
water sample contained less than 0.10 ppb Hg (table 5). 
Six Arctic grayling collected from the Kolmakof River con- 
tain mercury concentrations from 0.08 to 0.42 pprn in muscle 
and 0.14 to 0.92 pprn in liver (table 2). The grayling con- 
taining 0.42 pprn Hg in muscle is elevated above mercury 
concentrations in fish muscle samples collected from back- 
ground sites (fig. 2). Other trace-metal concentrations in 
fish, stream-sediment, and stream-water samples collected 
from the Kolmakof River are similar to those from back- 
ground sites. 

KOLMAKOF RIVER RED TOP MINE 

Fish, stream-sediment, and stream-water samples were Study of the Red Top mine was conducted in coopera- 
collected from the Kolmakof River about 5 km downstream tion with Carol Outwater and Ward Jones, residents of 
from a tributary where stream-sediment samples contain as Dillingham. Only fish were collected for this part of the 
much as 5.6 pprn Hg (Gray and others, 1993). No mercury study because equipment was not available for stream-sedi- 
lodes have been discovered in this drainage basin, perhaps ment and stream-water sampling. Fish collected downstream 
because of the low, poorly exposed terrain. This site was from the Red Top mine contain low concentrations of mer- 
selected for study because it represents an area where natu- cury, ranging from 0.01 to 0.12 pprn in whole-body samples 
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Table 5. Geochemical data for stream-sediment and stream-water samples collected from Cinnabar Creek (CC), Kolmakof River 
(KF), Kuskokwim River (KR-at the Kolmakof mine and AN-near Aniak), Boss Creek (BS), Egozuk Creek (EZ), Holokuk River 
(HK), Moose Creek (MC), and Veahna Creek (VH) 

[Analysis of Hg by cold-vapor atomic absorption spectrophotometry; Sb, As, Ag, Au, Bi, Cd, Cu, Mo, Pb, and Zn determined by inductively coupled plasma 
atomic emission spectrometry (ICP-AES) in stream-sediment samples and by inductively coupled plasma-mass spectromehy (ICP-MS) in stream-water 
samples; concentrations for sediments are in pans per million (ppm) and for waters are in pans per billion (ppb); n.d., not determined; sample suffix RA, raw 
water; sample suffix FA, filtered water] 

Sediments Hg Sb As Ag Au Bi Cd Cu Mo Pb Zn 
(ppm) (ppm) (ppm) (ppm) ( P P ~ )  ( P P ~ )  ( P P ~ )  ( P P ~ )  ( P P ~ )  ( P P ~ )  ( P P ~ )  

waters a Sb As 4 3  Au Bi Cd Cu Mo & p H  
(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) ( P P ~ )  ( P P ~ )  (ppb) (ppb) ( P P ~ )  

CC4200RA 0.19 0.8 Q 0 . 1  d . 1  <0.6 <1 <1 <0.4 d . 6  Q 7.1 
CC4200FA < .10 .4 Q c . 1  c . 1  < . 6  <I <1 c . 4  c . 6  Q 
KF4304RA < .I0 .2 Q < .I < .1 < .6 <1 1 < .4 .9 9 7.5 
KF4304FA nd < .2 Q < .I < .1 < .6 c1 .9 .2 < .6 Q 
KR4306RA < .10 .3 Q < . I  < . 1  c . 6  <1 2 .6 1 7 7.7 
KR4306FA nd .2 Q < .1 < .1 < .6 <I .8 .7 < .6 Q 
BS4301RA* < . l o  < .2 Q c . 1  c . 1  c . 6  <I <1 < .4 < .6 Q 7.1 
BS4301FA* < . l o  < .2 Q < .1 < .1 < .6 <1 <1 c . 4  c . 6  Q 
EZ4302RA* < .10 < .2 Q < .1 < .1 < .6 <1 <1 c . 4  c . 6  Q 8.4 
EZ4302FA* < .10 < .2 Q < . 1  c . 1  < . 6  <I <1 c . 4  c . 6  Q 
HK4300RA* < .10 c .2 Q < .1 c .I < .6 c1 <I < .4  < . 6  Q 7.4 
HK4300FA* < .10 < .2 Q < .1 < .1 < .6 <1 <1 <.4 < . 6  Q 
MC4100RA* < . lo  c . 2  Q < .1 c .1 < .6 <1 <1 < .4 < .6 Q 8.1 
MC4100FA* < .10 < .2 Q c . 1  < . I  c . 6  <1 <1 <.4  < . 6  Q 
V H ~ ~ O ~ R A *  < .10 < .2 Q 1 c . 1  < . 6  <1 1 < .4  < . 6  Q 7.6 
VH4303FA* < .10 < .2 Q c . 1  c . 1  c . 6  <1 <I c . 4  c . 6  Q 
AN4308RA* < .10 < .2 Q < . I  < .1 < .6 <1 <I < .4 < .6 Q 7.1 
AN4308FA* < .10 < .2 Q I < . I  c . 6  <1 2 c.4 c . 6  Q 

'Indicates background sites. 

of sculpin, and from 0.03 to 0.14 ppm in muscle samples 
of coho salmon (table 3). These mercury concentrations are 
similar to those in fish collected from background sites 
throughout the region. 

ADDITIONAL SITES 

Sites along the Kuskokwim and Holokuk Rivers were 
studied to evaluate possible mercury bioaccumulation in 
fish that constitute major food sources. Salmon collected 
from the Kuskokwim and Holokuk Rivers have the lowest 

concentrations of mercury in fish muscle samples collected 
in this study (table 4). Chum salmon collected from the 
Kuskokwim and Holokuk Rivers contain mercury concen- 
trations ranging from 0.03 to 0.08 in muscle, and 0.03 to 
0.06 in liver. Similarly, mercury in the stream-water and 
stream-sediment samples collected from these two sites is 
also low (table 5). One coho salmon collected from the 
Kuskokwim River adjacent to the Kolmakof mercury mine 
also contains low mercury concentrations, 0.03 ppm in 
muscle and 0.04 ppm in liver (table 4), even though the 
stream-sediment sample contains 28 ppm Hg. The high 
mercury concentration in this stream-sediment sample is a 
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result of erosion of cinnabar from the deposit into the stream 
channel at this site. 

Northern pike (also a local food source) collected 
from the Kuskokwim River, about 4 km upstream from 
Sleetmute and about 12 krn upstream from the Red Devil 
mine, contain mercury concentrations ranging from 0.19 
to 0.3 1 ppm in muscle samples (table 4). Although these 
mercury concentrations are higher than those in back- 
ground Arctic grayling and salmon collected in the re- 
gion, they are much lower than mercury found in fish 
collected near the abandoned mercury mines. Pike are 
large, predatory fish (that is, higher in trophic position 
than grayling), and the mercury results for pike suggest 
some mercury biomagnification. Other trace-metal con- 
centrations in the pike are not of environmental concern. 

INTERPRETATIONS 

Some stream-sediment, stream-water, and fish 
samples collected below mercury mines contain mer- 
cury concentrations elevated above background values. 
A stream-water sample collected below the Cinnabar 

Creek mine contains 0.19 ppb Hg, whereas background 
stream waters in the region typically contain less than 
0.10 ppb Hg. Mercury concentrations in all stream-wa- 
ter samples is below both the Zppb drinking-water maxi- 
mum-contaminant level recommended by the State of 
Alaska (Alaska Department of Environmental Conser- 
vation, 1994) and the 2.4 ppb maximum instream con- 
centration recommended by the U.S. Environmental 
Protection Agency (EPA) (Environmental Protection 
Agency, 1992). However, mercury concentrations in 
some stream-water samples exceed the 0.012 ppb level 
that the EPA indicates may result in chronic effects to 
aquatic life. To evaluate possible aquatic life effects in 
the study area, edible portions of fish were analyzed to 
determine if mercury concentrations exceed the 1.0 ppm 
(wet weight) action level established by the Food and 
Drug Administration (FDA) (Federal Register, 1979). 

Mercury concentrations in samples of freshwater fish 
collected downstream from the Cinnabar Creek and 
Mountain Top mercury mines, as well as those from the 
site on the Kolmakof River, exceed background values. 
Fish containing the highest mercury concentrations were 
0.62 ppm in muscle and 1.3 ppm in liver samples from 

FDA action level for edible fish 1 0 l............ --.-... " .............. ' .... ........... .. .................. .... .. .. ....... . .... ........ 

EXPLANATION 
Cinnabar Creek Dolly Varden and Arctic grayling 

A Kolmakof River Arctic grayling 
0 Chineekluk Creek Arctic grayling 

Background Arctic grayling 

P MERCURY, IN PARTS PER MILLION WET WEIGHT IN FISH LIVER 

Figure 2. Plot of mercury in fish muscle versus mercury in fish liver from samples collected in 
this study. 
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Dolly Varden collected from Cinnabar Creek. Mercury con- 
centrations as much as 0.47 pprn in muscle samples were 
also found in Arctic grayling collected from Cinnabar Creek 
(Gray and others, 1994). Mercury concentrations in the 
Dolly Varden and Arctic grayling collected from Cinnabar 
Creek are several times greater than those in fish collected 
from background sites in this study (fig. 2). Although the 
fish collected downstream from abandoned mercury mines 
and lodes contain elevated mercury concentrations in com- 
parison to regional backgrounds, all mercury concentra- 
tions in samples of fish muscle are below the 1-ppm action 
level for edible fish established by the FDA. This is the 
concentration at which mercury advisories are listed and 
sale of fish is restricted by the FDA. A Dolly Varden liver 
sample collected from Cinnabar Creek contains 1.3 pprn 
Hg, but fish liver is not usually eaten by humans, and this 
concentration does not violate the FDA action level. 

The elevated mercury concentrations in fish are inter- 
preted to be a result of upstream mercury mines in the case 
of Cinnabar Creek and Mountain Top, and of undiscovered 
mercury lodes upstream from the site studied on the 
Kolmakof River. Mercury concentrations in these fish indi- 
cate that mercury introduced from the mines is bioavailable 
to the fish. In the stream environment, inorganic mercury 
(mostly cinnabar) is probably converted to organic mer- 
cury (methylmercury) and then passed onto fish through 
stream water, as well as through food sources such as in- 
vertebrate animals and other smaller fish that live in these 
streams. Such transfer of mercury to fish through food 
sources has been noted in freshwater ecosystems (Huckabee 
and others, 1979; Boudou and others, 1991). Mercury con- 
centrations in water are low, even downstream from sources, 
because of the high volatility of mercury and its tendency 
to be sorbed by clays, microcrystalline oxides, sediment, 
and organic matter (Jenne, 1970). Although mercury con- 
centrations in stream waters are generally less than 0.10 
ppb, mercury is readily accumulated by fish when it is in a 
form that is biologically available in water. 

Sculpin and coho salmon were collected downstream 
from the Red Top mine near Dillingham. Mercury concen- 
trations in these fish were low, ranging from 0.01 to 0.12 
pprn in samples of whole-body sculpin and 0.03 to 0.14 
pprn in coho salmon muscle samples. These mercury con- 
centrations are similar to those in freshwater fish reported 
in other studies (Crayton, 1990; Snyder-Conn and others, 
1992; Gray and others, 1994). Results for the sculpin and 
coho salmon collected downstream from the Red Top mine 
suggest that (1) mercury has not had time to bioaccumulate 
because these fish are small and young; (2) there is little 
mercury in the stream environment, even though the stream 
drains a mercury mine; or (3) mercury in the stream drain- 
ing the mine is not in a form that is biologically available 
to fish. 

Salmon are an important subsistence and sport fish in 
southwestern Alaska, but salmon collected from the 

Kuskokwim and Holokuk Rivers contain the lowest mer- 
cury concentrations of all the fish-muscle samples collected 
in this study. These results were not unexpected because 
salmon have a long ocean cycle and only return to fresh- 
water streams and lakes for a short time to spawn. North- 
ern pike (also a local food source) collected from the 
Kuskokwim River near Sleetmute contains mercury con- 
centrations slightly elevated above background values but 
significantly lower than fish collected downstream from 
mercury mines. The salmon and pike were collected from 
large rivers and streams, and these data suggest that the 
influx of mercury from the naturally occurring mines and 
lodes is not large enough to adversely affect these fish. 
However, additional studies of salmon and pike need to be 
conducted because the sample population and distribution 
were not large enough to reach firm conclusions concern- 
ing mercury concentrations in these fish. 

SUMMARY 

All concentrations of mercury in stream-water samples 
collected in this study are below the 2-ppb drinking-water 
maximum-contaminant level. Field measurements of pH 
indicate that stream waters draining mercury mines are neu- 
tral to slightly alkaline and are similar to background val- 
ues. The dominant ore mineral in the mercury deposits is 
cinnabar, which is highly insoluble in water, resistant to 
physical and chemical weathering, and does not easily form 
acid drainage during weathering. Such near-neutral pH val- 
ues are important because significant acid-drainage prob- 
lems can result downstream from some sulfide-bearing 
mineral deposits and mines. However, acid formation in 
streams below the mercury mines in southwestern Alaska 
is probably insignificant environmentally. 

Samples of muscle from Dolly Varden and Arctic gray- 
ling collected downstream from southwestern Alaska mer- 
cury mines and lodes contain mercury concentrations 
elevated above background values. The highest mercury 
concentration in fish is 0.62 pprn in a muscle sample and 
1.3 pprn (wet weight) in a liver sample from a Dolly Varden 
collected below the Cinnabar Creek mine. However, all 
mercury concentrations in fish are below the 1 pprn wet- 
weight action level for edible fish established by the FDA 
as the concentration at which sale of fish is restricted. 

Concentrations of mercury were also measured in 
salmon from large rivers to evaluate mercury levels in fish 
that constitute major food sources in the region. Chum 
salmon collected from the Kuskokwim and Holokuk Riv- 
ers contain the lowest mercury concentrations in muscle 
samples in the study, ranging from 0.03 to 0.08 pprn wet 
weight. Northern pike is another common food in the re- 
gion, and samples collected from the Kuskokwim River 
near Sleetmute contain 0.19 to 0.31 pprn Hg wet weight in 
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muscle. All of these mercury concentrations are also well 
below the FDA action level. 

Subsistence and sport fishing are common in south- 
western Alaska, but the area is sparsely populated. The 
sites with the highest mercury concentrations in fish are 
distant from towns and unlikely to be frequent fishing sites. 
Mercury concentrations in fish collected in this study are 
below levels considered to be toxic to humans, but effects 
on organisms higher in the food chain remain to be ad- 
dressed. 

Acknowledgments.-The authors  thank Mol l ie  
Malcolm, Jerry Motooka, and Joel Sadler (USGS) for chemi- 
cal analyses. Jim Acker (Alaska Helicopters), Mike Balen 
(U.S. Bureau of Mines), Marti Miller (USGS), and Dr. 
Isadore Yablon (sport fisherman) assisted with sample col- 
lection. Discussions with Elizabeth Bailey (USGS), Tom 
Bundtzen (State of Alaska Geological and Geophysical Sur- 
veys), Elaine Snyder-Conn (U.S. Fish and Wildlife Ser- 
vice), and June McAtee and Rob Retherford (Calista 
Corporation) were helpful in the development of this study. 
Calista Corporation also provided access to their lands and 
encouraged these studies. Special thanks goes to Ward Jones 
for initiating studies with Carol Outwater around the Red 
Top mercury mine near Dillingham; without his assistance, 
this part of the study would not have been possible. 

REFERENCES CITED 

Alaska Department of Environmental Conservation, 1994, Drink- 
ing water regulations: State of Alaska, Department of Envi- 
ronmental Conservation report 18-ACC-80, 195 p. 

Boudou, A., Delnomdedieu, M., Georgescauld, D., Ribeyre, F., 
and Saouter, E., 1991, Fundamental roles of biological bar- 
riers in mercury accumulation and transfer in freshwater eco- 
systems (analysis at organism, organ, cell, and molecular 
levels): Water, Air, and Soil Pollution: v. 56, p. 807-822. 

Box, S.E., 1985, Mesozoic tectonic evolution of the northern 
Bristol Bay region, southwestern Alaska: Santa Cruz, Calif., 
University of California, Ph.D. dissertation, 199 p. 

Bundtzen, T.K., Kline, J.T., Clautice, K.H., and Adams, D.D., 
1986, Minerals potential, Department of Natural Resources 
Kuskokwim planning block, Alaska: Alaska Division of Geo- 
logical and Geophysical Surveys, Public Data File 86-53e, 
44 P. 

Cady, W.M., Wallace, R.E., Hoare, J.M., and Webber, E.J., 1955, 
The central Kuskokwim region, Alaska: U.S. Geological 
Survey Professional Paper 268, 132 p. 

Crayton, W.M., 1990, Report of findings, placer mining impacts- 
Tuluksak River: U.S. Fish and Wildlife Service, Anchorage, 
Alaska, unpublished report, 20 p. 

Eisler, Ronald, 1987, Mercury hazards to fish, wildlife, and in- 
vertebrates: a synoptic review: Fish and Wildlife Service 
Biological Report 85(1.10), 90 p. 

Environmental Protection Agency, 1992, Water quality standards; 
establishment of numeric criteria for priority toxic pollut- 
ants; states' compliance; final rule: Federal Register, 40 CFR 

Part 131, v. 57, no. 246, p. 60847-60916. 
Federal Register, 1979, Action level for mercury in fish, shell- 

fish, crustaceans, and other aquatic animals: comment from 
the Department of Health, Education, and Welfare, Food 
and Drug Administration, v. 44, no. 14, p. 3990-3993. 

Fenchel, T., and Blackburn, T.H., 1979, Bacteria and mineral 
cycling: London, England, Academic Press, 225 p. 

Friberg, Lars, and Vostal, Jaroslav, 1972, Mercury in the envi- 
ronment: CRC Press, Cleveland, Ohio, 215 p. 

Gough, L.P., Shacklette, H.T., and Case, A.A., 1979, Element 
concentrations toxic to plants, animals, and man: U.S. Geo- 
logical Survey Bulletin 1466, 80 p. 

Gray, J.E., Goldfarb, R.J., Detra, D.E., and Slaughter, K.E., 1991, 
Geochemistry and exploration criteria for epithermal cinna- 
bar and stibnite vein deposits in the Kuskokwim River re- 
gion, southwestern Alaska: Journal of Geochemical 
Exploration, v. 41, p. 363-386. 

Gray, J.E., Theodorakos, P.M., Bradley, L.A., and Bullock, J.H., 
Jr., 1993, Favorable areas for metallic mineral resources in 
and near the Horn Mountains, Sleetmute quadrangle, south- 
western Alaska, in Dusel-Bacon, Cynthia, and Till, Alison, 
eds., Geologic studies in Alaska by the U.S. Geological Sur- 
vey, 1992: U.S. Geological Survey Bulletin 2068, p. 79-90. 

Gray, John, Theodorakos, Peter, Budahn, James, and O'Leary, 
Richard, 1994, Mercury in the environment and its implica- 
tions, Kuskokwim River region, southwestern Alaska, in Till, 
Alison B., and Moore, Thomas, E., eds., Geologic studies in 
Alaska by the U.S. Geological Survey, 1993: U.S. Geologi- 
cal Survey Bulletin 2107, p. 3-13. 

Hem, J.D., 1970, Chemical behavior of mercury in aqueous me- 
dia, in Mercury in the Environment: U.S. Geological Survey 
Professional Paper 713, p. 19-24. 

Hoare, J.M., and Coonrad, W.L., 1959, Geology of the Russian 
Mission quadrangle, Alaska: U.S. Geological Survey Mis- 
cellaneous Geologic Investigations Map 1-292, scale 
1 :250,000. 

Huckabee, J.W., Elwood, J.W., and Hildebrand, S.G., 1979, Ac- 
cumulation of mercury in freshwater biota, in Nriagu, J.O., 
ed., The Biogeochemistry of mercury in the environment: 
New York, ElsevierINorth-Holland Biomedical Press, p. 277- 
302. 

Jenne, E.A., 1970, Atmospheric and fluvial transport of mercury, 
in Mercury in the environment: U.S. Geological Survey Pro- 
fessional Paper 713, p. 40-45. 

Kennedy, K.R., and Crock, J.G., 1987, Determination of mercury 
in geological materials by continuous flow, cold-vapor, 
atomic-absorption spectrophotometry: Analytical Letters, v. 
20, p, 899-908. 

Lindqvist, O., ed., 1991, Mercury as an environmental pollut- 
ant-Proceedings from the International Conference, Gavle, 
Sweden, June 11-13, 1990: Water, Air, and Soil Pollution, 
v. 56, 847 p. 

Meier, A. L., Grimes, D.J., and Ficklin, W.H., 1994, Inductively 
coupled plasma mass spectrometry-a powerful analytical 
tool for mineral resource and environmental studies [abs.], 
in Carter, L.M.H., Toth, M.I., and Day, W.C., eds., USGS 
research on mineral resources-1994, Part A-Program and 
Abstracts, V.E. McKelvey Forum on Mineral and Energy 
Resources, 9th, Tucson, Ariz., February 22-25, 1993: U.S. 
Geological Survey Circular 1103-A, p. 67-68. 



ENVIRONMENTAL GEOCHEMISTRY OF MERCURY DEPOSITS, SOUTHWESTERN ALASKA 

Miller, M.L., Belkin, H.E., Blodgett, R.B., Bundtzen, T.K., Cady, 
J.W., Goldfarb, R.J., Gray, J.E., McGimsey, R.G., and 
Simpson, S.L., 1989, Pre-field study and mineral resource 
assessment of the Sleetmute quadrangle, southwestern Alaska: 
U.S. Geological Survey Open-File Report 89-363, 115 p., 3 
plates, scale 1:250,000. 

Miller, M.L., and Bundtzen, T.K., 1994, Generalized geologic 
map of the Iditarod quadrangle, Alaska, showing potassium- 
argon, major-oxide, trace-element, fossil, paleocument, and 
archaeological sample localities: U.S. Geological Survey 
Miscellaneous Field Studies Map MF-2219-A, 1 sheet, scale 
1:250,000. 

Motooka, J.M., 1988, An exploration geochemical technique for 
the determination of preconcentrated organometallic halides 
by ICP-AES: Applied Spectroscopy, v. 42, no. 7, p. 1293- 
1296. 

National Academy of Sciences, 1978, An assessment of mercury 
in the environment: National Academy of Sciences, Wash- 
ington, D.C., 185 p. 

O'Leary, R.M., in press, The determination of mercury and sele- 
nium in eight Argonne Premium coal samples by cold vapor 
and hydride atomic absorption spectrometry, in Palmer, C.A., 
ed., The chemical analysis of Argonne Premium coal samples: 
U.S. Geological Survey Bulletin, p. J1-Jll. 

Sainsbury, C.L., and MacKevett, E.M., Jr., 1965, Quicksilver 
deposits of southwestern Alaska: U.S. Geological Survey 
Bulletin 1187, 89 p. 

Snyder-Conn, E., Patton, T., Bertram, M., Scannell, P., and 
Anthony, C., 1992, Contaminant baseline data for water, 
sediments, and fish of the Nowitna National Wildlife Ref- 
uge, 1985-1988: U.S. Fish and Wildlife Service, 
Fairbanks, Alaska, Ecological Services Technical Report 
NAES-TR-92-02. 

Sorg, D.H., and Estlund, M.B., 1972, Geologic map of the 
Mountain Top mercury deposit, southwestern Alaska: U.S. 
Geological Survey Miscellaneous Field Studies Map MF- 
449. 

Webber, B.S., Bjorklund, S.C., Rutledge, F.A., Thomas, B.I., 
and Wright, W.S., 1947, Mercury deposits of southwest- 
em Alaska: U.S. Bureau of Mines Report of Investiga- 
tions 4065, 57 p. 

Wershaw, R.L., 1970, Sources and behavior of mercury in 
surface waters, in Mercury in the environment: U.S. Geo- 
logical Survey Professional Paper 713, p. 29-31. 

Wood, J.M., 1974, Biological cycles for toxic elements in the 
environment: Science, v. 183, no. 4129, p. 1049-1052. 

Reviewers: Ronald Severson and Richard Goldfarb 


