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Right. A sample of she ore miflea1 cinnabar fkd minerd) collected f r m  one of 
several abandorled mercury: mines in southwestern Alaska, The mines in the 
region were studied to evaluate effects of merciq on surrounding ecosystems. 
Above. Geologists from the U.S, Geological Survey collecting water samples 
downstream from a massive sulfide deposit, northwe6tei-n Brooks Range, Alaska 
Stmam charaCteristics such as trace-element concentrations in stream sediments 
and stream waters, and stramwater pH and conductivity were measured 
downstream fimm several mineral depnsits in Alaska to evaluate effects of these 
deposits on surrounding environments. 

Front Cover. Acid-mine drainage found below the Duke mine, a massive sulfide 
deposit in the Prince William Sound area, Alaska (lower left); collecting water samples 
downstream from the Drenchwater massive sulfide deposit in the northwestern Brooks 
Range, Alaska (upper right). 
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Environmental Studies of Mineral Deposits in Alaska 

Edited by John E. Gray and Richard F. Sanzolone 

INTRODUCTION 

Mining of minerals and metals is important in all indus- 
trialized and developing countries. In the United States, min- 
ing of metallic mineral deposits is conducted in most States, 
including Alaska. In the past century, much of the mining 
has concentrated on the extraction of metals necessary for 
the economic or industrial development of societies, for 
example, gold, silver, iron, copper, lead, zinc, chromium, 
mercury, tin, cobalt, molybdenum, nickel, and uranium. 
Other metals such as arsenic, cadmium, and selenium are 
often enriched in mineral deposits and recovered as by- 
products. Because many of these metals can be toxic to 
plants. animals, and humans. their interaction with the envi- 
ronment is a national concern. To address this concern, stud- 
ies of natural and man-made environmental interactions of 
metals before, during, and after mining have become 
increasingly important to society. 

The economic success of any mineral deposit 
depends on a clear understanding of its geology, mineral- 
ogy, and geochemistry, because these characteristics aid 
in locating, developing, and extracting metals and minerals 
from ore deposits. These characteristics also affect sur- 
rounding environments. because metals can be carried 
downstream from the deposits and into local ecos~~stems.1 
With a thorough understanding of the characteristics of 
mineral deposits and their downstream effects, scientists 
can predict potential environmental problems and identify 
solutions to these problems. 

To evaluate environmental concerns, scientists measure 
metal concentrations in rock, soil, stream-sediment, water, 
plant, and sometimes fish samples collected around mines 
and mineral deposits. Metal concentrations in these samples 
are typically compared to Federal and State standards, as 
well as to local background concentmtions. These measure- 
ments are the initial steps toward identifying environmental 
contamination problems associated with mineral deposits, 
both prior to, and resulting from mining. 

lltalicized terms are defined in the Glossary; see page 39. 

The most important environmental concerns result- 
ing from weathering and mining of mineral deposits are 
increased acid and metal concentrations downstream that 
can potentially degrade drinking water and wildlife 
habitat. Thus, the primary objectives of the studies pre- 
sented here are to: 

@ determine metal and acid concentrations in samples 
collected downstream from mineral deposits, 

assess the degree of metal contamination in local 
streams due to weathering and mining of the deposits, 
and 

@ evaluate environmental effects related to the mineral 
deposits. 

Such studies are particularly important in Alaska: a 
number of known mineral deposits exist that have not yet 
been developed, and these studies may be useful for future 
mining, monitoring, and remediation programs within the 
State. These studies may also be useful for evaluation, devel- 
opment, and remediation of mineral deposits of similar type 
in similar geographic and geologic settings. 

The U.S. Geological Survey (USGS) is working with 
several agencies in Alaska, including the U.S. Fish and 
Wildlife Service, U.S. Forest Service, National Park Service, 
and Alaska native corporations, to evaluate the environmen- 
tal effects of mineral deposits and their mining. [n coopera- 
tion with these agencies, the USGS has the unique ability to 
integrate aspects of geology, mineralogy, and downstream 
geochemistry of mineral deposits in Alaska and identify any 
environmental hazards related to these deposits. Studies of 
the geology, mineralogy, and geochemistry of mineral 
deposits can be integrated with local climatic, hydrologic, 
and topographic conditions to address land use and environ- 
mental issues. This publication summarizes the results from 
some of the first environmental studies of mineral deposits in 
Alaska conducted by the USGS. Some of the text is techni- 
cal, and a glossary of some technical terms is provided. 
These technical terms are in italics when first mentioned 
throughout the text. 



ENTER ENVIRONMENTS DOWNSTREAM TING POINT 
FROM MINERAL DEPOSITS 

To determine if metal concentrations around mineral 

Rocks and minerals exposed at or near the surface of the deposits are of environmental concern, scientists collect a 

Earth undergo changes in color, form, and chemical compo- series of samples, chemically analyze these samples for 

sition. This process, called weathering, is primarily the result metal concentrations, and then determine which metal con- 
centrations are "normal or usual" and which are "high or of the action of air, wind, water, snow, ice, and biological 
unusua1,"Materials sampled for study are usually stream activity on the rocks and minerals in mined and unmined 
water, stream sediment, soil, and sometimes fish and plants. 

mineral deposits. Weathering can result in the formation of 
The initial step in mineral deposit environmental studies is to 

acid water and conversion of metals into water soluble 
collect samples upstream from such mineral deposits, or 

forms. These acid- and metal-rich waters are commonly 
from areas where mineral deposits are not known. Samples 

referred to as acid drainage. Formation of acid drainage 
collected from such unmineralized areas are referred to as 

around mineral deposits is primarily related to oxidation of 
"background" samples. When these background samples are 

sulfide minerals, especially pyrite (iron sulfide), that pro- 
chemically analyzed, they provide the chemical concentra- 

duces strong acids like sulfuric acid. Many heavy metals, tions that are considered or usual and are unaffected 
including arsenic, copper, lead, zinc, and cadmium, con- by mineral deposits or mining. These background samples 
tained within sulfide minerals in the mineral deposits. are provide scientists with a reference or starting point against 
more soluble in water containing abundant acid. When these which to chemical data from samples collected 
acid- and metal-rich waters flow downstream from a mineral downswam from mined and unmined mineral deposits. In 
deposit. they may be if they many instances, samples collected downstream from mineral 
adversely affect local wildlife habitat or human health. deposits contain high metal concentrations that greatly 

At the same time that rocks and minerals are weather- exceed those in background samples. These high concentra- 
ing, they are also being eroded, transported, and redeposited tions must be closely evaluated to determine if the environ- 
downstream. During this erosion process, the physical and ment has been adversely affected. In the following studies, 
chemical changes of the rocks and minerals continue at the data are presented to examine metal concentrations and 
site of the mineral deposit, which is the primary source of the related hazards around several types of mineral deposits. 
metals, as well as in streams below the deposits. Therefore, 
acid- and metal-rich waters will continue to form until these 
metal sources are removed by natural or human processes. 
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Figure 1. Location of silver-lead-zinc massive sulfide deposits in the northwestern Brooks Range, Alaska. 

STUDIES OF MINERAL DEPOSITS 
RICH IN HEAVY METALS 

Mineral deposits containing large amounts of sulfide 
minerals are of environmental concern because heavy 
metals such as copper, lead, zinc, and cadmium are highly 
concentrated in these deposits. Mineral deposits containing 
such large amounts of sulfide minerals are commonly 
referred to as massive sulfide deposits. The State of Alaska 
contains several types of massive sulfide deposits. The 
massive sulfide deposits studied here are (I) those found 
primarily in sedimentary rocks in the northwestern Brooks 
Range and (2) those closely associated with volcanic rocks 
or lavas in Prince William Sound. 

NATURAL ENVIRONMENTAL EFFECTS 
OF SILVER-LEAD-ZINC MASSIVE SULFIDE 

DEPOSITS IN THE NORTHWESTERN 
BROOKS RANGE 

Silver-lead-zinc massive sulfide deposits in the north- 
western Brooks Range consist of layers rich in sulfide min- 
erals that are dispersed in black shale and chert. The 
dominant minerals are sphalerite (zinc sulfide), silver-rich 
galena (lead sulfide), pyrite, and rnarcasite (iron sulfides). 
The deposits currently under study in the Brooks Range are 
Lik, Drenchwater, and Red Dog (Kelley, 1995) (fig. I). At 
Red Dog, one of the largest zinc deposits in the world, min- 
ing of lead and zinc began in 1990 and continues today. The 
Lik and Drenchwater deposits have not been mined. All 
three deposits are exposed at the surface and were discovered 
by the presence of orange staining on surrounding hillsides 
or by the presence of significant heavy metal concentrations 
in streams draining the deposits (fig. 2). 
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Figure 2 (right and facing page). Photographs in 
the northwestern Brooks Range. Right, Red Dog 
Creek prior to mining where it flowed through the 
mineral deposit. Red Dog Creek had significant nat- 
ural heavy-metal contamination that eliminated fish 
life in the vicinity of the deposit. The contamination 
and resulting mineral stain led to discovery of the 
Red Dog deposit (photo by C.G. Mull). Facing page, 
View looking west across Drenchwater Creek. The 
weathering of pyrite has resulted in intense red- 
weathering zones. 

What are the environmental issues of the Brooks 
Range massive sulfide deposits?-The Brooks Range 
massive sulfide deposits have the potential to form acid- 
and metal-rich waters that can carry high concentrations of 
toxic metals such as lead, zinc, and cadmium. Several 
thousand people living in the surrounding region tradition- 
ally rely on subsistence hunting and fishing for food 
sources. These silver-lead-zinc massive sulfide deposits 
can be a potential hazard to residents and wildlife, if drain- 
age from these deposits enters streams and rivers that sup- 
port local wildlife habitat. To evaluate stream water 
quality near the deposits, scientists measured concentra- 
tions of metals and pH in water collected from streams sur- 
rounding these silver-lead-zinc deposits. 
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Water quality downstream &om massive sulfide 
deposits is signifu:antly affected.-Data from the Drench- 
water deposit indicate that stream waters draining the 
deposit have low pH values (indicating that they are acidic), 
and dissolved concentrations of aluminum, arsenic, cad- 
mium, copper, iron, lead, manganese, nickel, and zinc are 
several orders of magnitude greater than that in water sam- 
ples collected upstream (backgrounds) from the deposit (fig. 
3). The most acidic waters collected range in pH from 2.8 to 
3.1 and contain as much as 95,000ppb (parts per billion) alu- 
minum, 26 ppb arsenic, 270,000 ppb iron, 8 ppb cadmium, 
260 ppb copper, 10 ppb lead, 3,400 ppb manganese, 290 ppb 
nickel. and 2,600 ppb zinc; these values are all significantly 
above background concentrations (Kelley and Taylor, 
1996). Sulfate concentrations (1,180 ppm (parts per mil- 
lion)) are also high. Although the deposits are rich in silver, 
water samples contain low silver concentrations (< 0.1 ppb). 
Locally, the iron- and sulfate-rich waters have precipitated a 
bright-orange iron-oxide layer that cements the stream peb- 
bles and cobbles on the creek bottom (fig. 4). 

Table 1, Water standards wed for mfmmc-e in -the% studies 

[Concentrations are in ppb (micrograms per liter); --, standard has not been estab- 
lished] 

Element EPA criteria State EdFAhka 
&U~IT maximum 

concentration contaminant 
(CMC)' level (MCL~' 

Arsenic 360 
htimony -- 
Mercur~ '2.4 

Cadmium4 
Iron 
Sulfate 

Chromium III 1,700 5 1 0 ~  
Chromium VI 16 -- 

1 CMC is the Environmental Protection Agency's 
water quality criteria to protect against acute effects in 
aquatic life and is the highest instream concentration of 
a toxic pollutant consisting of a 1-hour average n d  to be 
exceeded more than once every 3 years on the average. 

2 MCL is the maximum concentration allowed by 
the State of Alaska in public Mnking water systems. 
Concentrations listed for copper, zinc, iron, and sulfate 
are secondary MCL"s that are reasanable totals and 
provide a general guideline for public drinking water 
systems. 

re he CMC for mercury in seawater is 2.1 ppb. 
4 These element standards vary with water 

hardness. Values listed are for a water hardness of 
100, w W  is similar to that for streams studied here. 

'standard is for total chromium concentration. 

Although metal concentrations in waters draining the 
Drenchwater deposit are higher than streams in unmineral- 
ized areas, many metals are still present at levels below the 
State of Alaska drinking water standards. Levels of cad- 
mium, copper, and zinc exceed the instream criteria maxi- 
mum concentrations (CMC) that the U.S. Environmental 
Protection Agency (EPA) indicates may acutely affect 
aquatic life (table 1). 
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Figure 3. Plots dem 
dissolved zinc in lower Drenchwater Creek. Aluminum, cadmium, copper, iron, lead, manganese, and nickel show vari- 
ations in concentrations similar to zinc that reflect the input of water contaminated by metals naturally weathering from 
the mineralized area. In addition, the pH of water downstream from the deposit dramatically decreases (acidity increases). 
Data were collected in July 1994. 

The Red Dog massive sulfide deposit contributes high When geology differs, so does the water quality.-The 
acid and metal contents to stream waters, similar to the Lik deposit yields waters that are near-neutral to neutral, and 
Drenchwater deposit. The only significant difference concentrations of all metals except zinc are low relative to 
between the two is the higher metal concentrations in Red Drenchwater and Red Dog. Stream waters collected down- 
Dog waters relative to Drenchwater. Water quality data stream from Lik have pH values of 6.2 to 8.1. Only one sam- 
from streams draining the Red Dog deposit prior to mining ole from a small tributarv contained concentrations of 
(Dames and Moore, 1983; Runnels and others, 1992) reveal 
that the waters were acidic (as low as a pH of 3.5) and con- 
tained toxic levels of cadmium (as much as 800 ppb), lead 
(2,250 ppb), and zinc (272,000 ppb). These concentrations 
exceeded the drinking water standards recommended by the 
State of Alaska ( 5  ppb Cd; 15 ppb Pb; and 5,000 ppb Zn) 
and the EPA-CMC standards (table 1). Other metals, such 
as aluminum, chromium, copper, iron, manganese, 
mercury, nickel, and silver, slightly exceeded EPA-CMC 
standard. Streams immediately draining the Red Dog 
deposit did not support any significant biota, such as fish, 
suggesting that waters were apparently toxic to most 
aquatic life prior to mining. Stream water quality 15-20 km 
downstream of the deposit was also significantly affected: 
zinc and cadmium concentrations were well above the rec- 
ommended CMC concentrations. 

The higher metal concentrations of Red Dog waters 
relative to Drenchwater are due primarily to the greater 

A 4 

cadmium (5 ppb) and zinc (2,000 ppb) that are comparable 
to levels detected below the Drenchwater deposit. Zinc was 
the only metal that was consistently high in water samples 
below the deposit, ranging from 380 to 2,000 ppb. 

Differences in chemistry between the Drenchwater and 
Lik deposits may be attributed to the presence of carbonate 
rocks, such as limestone, surrounding the Lik deposit. Car- 
bonate rocks tend to neutralize acid in the water and, because 
metals are more soluble in water containing significant acid, 
these near-neutral waters have a lesser ability to transport 
most metals in solution. 

amount of sulfide minerals present in the Red Dog deposit 
and the greater extent of exposure of sulfide minerals to 
weathering at the surface. 
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Figure 4. A bright-orange iron-oxide layer locally covers the bot- 
tom and cements stream pebbles and cobbles along False Wager 
Creek, which drains the Drenchwater deposit on the east side. The 
orange part of the stream in this photo is about 1.5-2 m wide. 

What has the Brooks Range massive sulfiae data told 
us?-These results show that the primary factors affecting 
water chemistry are the extent of exposure of the deposits, 
the amount of sulfide minerals present, and the presence or 
absence of carbonate rocks. In the absence of carbonate 
rocks, silver-lead-zinc massive sulfide deposits in the 
Brooks Range can produce significant naturally occurring 
heavy-metal concentrations in downstream waters. Carbon- 
ate rocks are not present at the Red Dog and Drenchwater 
deposits, and waters are highly acidic and metal rich. In con- 
trast, carbonate rocks are abundant at the Lik deposit, and 
waters are near-neutral and contain low concentrations of 
most metals except zinc. 

These data are useful for predicting the environmental 
effects likely to result from natural weathering of massive 
sulfide deposits and from possible future mining of such 
deposits. Furthermore, the data enable mine planners to bet- 
ter anticipate, plan for, and mitigate potential environmental 
problems, and are useful for devising realistic plans for 
remediation and monitoring programs. 

Massive sulfide deposits in Prince William Sound con- 
sist of iron-, copper-, and zinc-rich sulfide minerals in and 
near volcanic rocks. Many of the deposits were mined from 
about 1900 to 1930, but have since been abandoned. These 
abandoned mines are located in the Chugach National Forest 
and on private lands within the forest. 

Rocks in the Prince William Sound region are domi- 
nantly sandstone and slate, with some basalt. The massive 
sulfide deposits are most common in basalt, but are found 
also in nearby sedimentary rocks. The primary sulfide 
minerals are pyrite, pyrrhotite, chalcopyrite, and sphalerite 
(fig. 5). Minor galena is present in some deposits. Sul- 
fide-rich bodies range in size from a few centimeters to 90 
m wide and a few hundred meters long. 

Workings range from small prospect trenches to mines 
with tunnels hundreds of meters long. The Beatson mine 
contains more than 4 krn of tunnels and a 300 m diameter 
open pit. Small tailings piles, about 10 to 20 m high, are 
found at most mine sites (fig. 6). These tailings generally are 
bright red as a result of the weathering of sulfide minerals. 
Bright-green to black moss covers metal-rich soils where the 
landscape was stripped for mining. Mine waste piles, under- 
ground workings, and unmined ore can potentially form 
acidic and metal-rich effluent that can enter local streams 
and rivers; such effluent may eventually reach Prince Will- 
iam Sound, which could present a problem to this local 
marine environment. Prior to this study, no detailed hydro- 
geochemical data have been collected to determine the 
extent of acid-mine drainage to Prince William Sound. 

Stream waters from tailings versus mine adit 
waters.-Waters were collected within, upstream from, 
and downstream from mines located in three areas: 
LaTouche Island (Beatson, Blackbird, Duke, and Dutchess 
mines), Knight Island (Barnes Cove prospect and Rua 
Cove mine), and Port Fidalgo (Schlosser, Fidalgo, and 
Threeman mines) (fig. 7). The concentration of metals in 
surface waters collected from unmineralized areas (back- 
ground concentrations) is largely controlled by the chemis- 
try of the rocks and soils. Metal concentrations are 
generally low in waters collected from background sites 
and are 0.3 to 0.6 ppb copper, 0.8 to 1.4 ppb zinc, <0.l ppb 
cadmium, <0.5 ppb lead, <20 ppb iron, and 4 ppm sulfate. 
Background waters generally have pH values near 7. 
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Figure 5. Mineralized rock from a volcanic-rock-hosted massive sulfide deposit showing veins 
with abundant chalcopyrite and pyrrhotite, Prince William Sound 



STUDIES OF MINERAL DEPOSITS RICH IN HEAVY METALS 

Figure 6. Abandoned tailings piles (background) near the Dutchess mine. 

Figure 7. Location of massive sulfide deposits studied (crossed pick and hammer symbol), Prince 
William Sound. 
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Waters containing the highest metal concentrations in 
the Prince William Sound area were collected from the base 
of tailings piles (fig. 8). These waters contain as much as 
3,600 ppb copper, 3,300 ppb zinc, 21,000 ppb iron, 220 ppb 
lead, 10 ppb cadmium, and 3 1 1 ppm sulfate and have pH val- 
ues as low as 2.6 (Goldfarb and others, 1996). Waters col- 
lected directly from mine adits contained lower metal 
contents, and pH values of about 6: adit waters contained as 
much as 1,400 ppb copper, 3,100 ppb zinc, 3 10 ppb iron, 27 
ppb cadmium, 0.9 ppb lead, and 166 ppm sulfate, but most 
adit waters contained significantly lower metal concentra- 
tions. The much higher metal concentrations and acidity in 
waters from the tailings piles are the result of weathering of 
sulfide minerals in the tailings. 

Acid- and metal-rich waters emanating from these 
massive sulfide deposits are rapidly diluted downstream by 
larger streams. The large streams below the mines have 
near-neutral pH values, and the amount of acid-mine drain- 
age from the deposits is too small to affect the acidity, metal 
loadings, and water quality of these larger streams. 

The flooded pit at the Beatson mine is about 500 m 
from the shoreline of Prince William Sound and represents 
a potential heavy-metal source. Water discharging from the 
base of the pit (fig. 9) has a pH of 6.5, and waters in the pit 
have a pH of 7.3. Such near-neutral pH values limit the sol- 
ubility of most metals, and thus, the amount of metal that 
will be transported in water downstream to Prince William 
Sound. Water discharging from the pit contains 30 ppb 
iron, 21 ppb copper, 39 ppb zinc, and 6.5 ppm sulfate. 
Although these metal concentrations are not as elevated as 
those collected downstream from other massive sulfide 
deposits, the volume of water in the pit and the drainage 
emanating below the pit could deliver a large enough 
quantity of metal to the near-shore marine environment to 
possibly damage Prince William Sound. 

Why do we care about massive sulfide deposits in 
Prince William Sound?-Many of the iron-copper-zinc 
massive sulfide deposits in the Prince William Sound area 
produce metal-rich waters as they weather. Metal concentra- 
tions and the pH of the acid-mine drainage will depend on a 
number of factors, including the amount and type of sulfide 
minerals present, extent of weathering, local hydrology, and 
the acid-neutralizing capacity of the rocks. Our studies show 
that on a local scale, especially where surface waters flow 
through tailings piles, acid-rnine drainage is a concern in 
Prince William Sound. 

Water data show that prior to emptying into major 
stream channels, surface waters flowing away from most of 
the mine workings exceed recommended EPA-CMC con- 
centrations for copper, lead, zinc, and cadmium (table 1). 
Furthermore, much of the mine discharge exceeds the State 
of Alaska drinking water limits of 5 ppb cadmium, 1,000 ppb 
copper, and 300 ppb iron; in addition, mine effluent is often 
more acidic than the recommended drinking water pH range 
of 6.5 to 8.5. Therefore, at least locally, surface water may 
not be suitable for human consumption. 

Whether any of these abandoned mines pose a threat to 
the downstream marine life of Prince William Sound is pres- 
ently unknown. However, acid- and metal-rich waters 
clearly exit the base of the Beatson mine pit and drain into 
Prince William Sound a few hundred meters below the mine. 
Metal concentrations in these waters are about 10 times 
higher than in waters from background sites. Because marine 
life is especially sensitive to elevated heavy-metal concen- 
trations, additional analysis of near-shore waters for metal 
enrichments is warranted. 

Figure 8 (facing page). Water effluent discharging from base of 
tailings piles at the Dutchess mine. 
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Mercury mine 

I 

Figure 10. Location of mercury mines and deposits in southwestern Alaska. 

EN VIKONMENTAL GEOCHEMISTRY should we be concerned about mercury mineral 

OF MERCURY MINES IN deposits in southwestern Alaska ?-Mercury is a heavy 

u3UTHWESTERN ALASKA 
metal that has no known metabolic function and is toxic to 
living organisms. In humans, mercury adversely affects the 

Mercury-rich mineral deposits in Alaska are another 
type of deposit under investigation for natural and mining- 
related heavy-metal concentrations in the environment. 
Mercury deposits are scattered over a wide region in south- 
western Alaska covering several tens of thousands of square 
kilometers (fig. 10). The mercury sulfide mineral cinnabar 
is the most common mercury ore mineral in the deposits (fig. 
1 I), but liquid mercury also occurs naturally at some locali- 
ties. Several of the mercury deposits have been mined, but 
most of the deposits are small and undisturbed. None of the 
mercury mines in Alaska are currently operating, due to eco- 
nomic factors. Mercury is used in the manufacturing of elec- 
trical instruments, fungicides, pharmaceuticals, and 
munitions, in the production of paper, and in the extraction 
of gold (amalgamation of gold) in mining. 

central nervous system and internal organs such as the kid- 
neys. In streams and lakes, bacterial activity converts mer- 
cury in sediments from inorganic compounds (such as 
cinnabar) to organic forms (such as methylmercury). 
Organic mercury compounds are easily absorbed by organ- 
isms and are more hazardous than inorganic forms. 

The primary sources of mercury are naturally occurring 
mineral deposits, rocks, soils, and volcanic eruptions, as well 
as man-made industrial sources such as factory effluents and 
airborne incinerations. Southwestern Alaska has no major 
sources of industrial mercury; however, mercury is highly 
concentrated around mineral deposits in the region. Thus, the 
presence of mercury deposits in southwestern Alaska is a 
potential hazard to residents and wildlife because drainage 
from the deposits enters streams and rivers that are part of 
local ecosystems (fig. 12). To evaluate the environmental 
concerns of these mercury deposits, the concentration of 
mercury was measured in sediment, water, soil, vegetation, 
and fish collected around some of the mercury deposits. 
These data were then compared with those from streams in 
unrnineralized (background) areas. 
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Figure 11. Rock sample containing the mercury ore mineral cin- 
nabar (red mineral). Pencil point for scale. 

Measuring mercury levels in stream sediments, 
stream water, and fish.-Stream-sediment samples col- 
lected near some mines contain total mercury concentrations 
in excess of 5,000 pprn (Gray, 1994). Stream-sediment Sam- 
ples collected from streams in local unmineralized areas typ- 
ically contain less than 1 pprn mercury, indicating that the 
samples collected near the mines are highly enriched in mer- 
cury. These high mercury concentrations in stream sedi- 
ments near the mines are the result of erosion of cinnabar 
into the streams. Cinnabar is resistant to weathering, and 
thus, it remains in streams for long periods of time (fig. 13). 

Stream waters below the mercury mines generally are 
neutral to slightly alkaline with pH values of about 7 to 8. 
The formation of acid drainage below some mineral deposits 
containing sulfide minerals can be of concern; however, cin- 
nabar is highly insoluble in water and does not easily form 
acid drainage during weathering. Thus, acid formation in 
streams below the mercury mines and deposits in southwest- 
ern Alaska is probably insignificant. 

Samples of stream water collected below mercury 
mines contained as much as 0.75 ppb mercury, whereas 
background stream and river waters in the region typically 
contain less than 0.10 ppb. These mercury concentrations 
are below the 2.0 ppb drinking water standard recom- 
mended by the State of Alaska and the 2.4 ppb instrearn 
EPA-CMC standard (table 1). 

Although cinnabar is highly insoluble in water, the 
water data indicate that minor amounts of mercury are con- 
verted to forms that are soluble in water, probably organic 
forms of mercury, that are easily absorbed by organisms, 
such as fish, living in the stream environment. For this rea- 
son, fish were collected throughout southwestern Alaska and 
analyzed for mercury to evaluate the potential for mercury to 
enter local food sources and the food chain. Mercury concen- 
trations were measured in fish muscle samples (edible fillets) 
and livers. Maximum mercury concentrations in the muscle 
samples of freshwater fish collected downstream from mer- 
cury mines were about 0.6 pprn (wet weight) and about 1.3 
pprn in the liver samples (fig. 14) (Gray and others, 1994, 
1996). These concentrations are considered elevated because 
similar fish collected from background streams in southwest- 
em Alaska contained only about 0.2 pprn mercury. Most of 
the mercury in the fish (> 90 percent) was the highly toxic 
organic form of mercury, methylmercury. Although the fish 
collected downstream from the mines contain mercury con- 
centrations higher than background levels, mercury contents 
in the edible portions of the fish were below the 1.0 pprn limit 
established by the Food and Drug Administration (FDA). 

Mercury concentrations were also measured in salmon 
collected from large rivers in the region because these fish 
are foods of local residents and sportsmen. Mercury concen- 
trations in salmon muscle samples were low, less than 0.1 
ppm (Gray and others, 1996), well the recommended 
FDA limit. These low mercury are under- 

ocean and are in contact with st 
Alaska only when hatching and 
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Figure 12. Schematic diagram of mercury cycle showing the most important sources of mercury-industrial, volcanoes, and mineral de- 
posits such as those in southwestern Alaska. When mercury from mineral deposits erodes into streams. toxic mercury compounds can be 
absorbed by fish and eventually consumed by humans. 
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Levels of mercury in soil and vegetation around 
mines.-Soil and vegetation samples collected around 
mines also contained higher mercury concentrations than 
local background samples. Soils around mines contained as 
much as 1,500 ppm mercury, whereas background soil 
samples generally contained less than 1 ppm mercury. 
Alder leaves collected near mines contained from 0.03 to 
0.97 ppm mercury (dry weight), compared to alder leaves 
from background sites containing less than 0.2 ppm. Scien- 
tists were most interested in the amount of the toxic 
methylmercury in plants that could be consumed by 
browsing animals in areas near the mines. Unlike fish, 
where the highly toxic methylmercury represents the large 
majority of the total mercury, only a small fraction of the 
mercury in vegetation is methylmercury, generally less than 
5 percent. It is unlikely that mercury contents in such minor 
amounts represent a significant health concern to wildlife 
that consume such vegetation. 

What are the answers to environmental questions 
about the mercury deposits?-Stream-sediment, stream- 
water, soil, vegetation, and fish samples collected near the 
mines have elevated concentrations of mercury. Cinnabar in 
the mines is the dominant source of this mercury. Erosion of 
the cinnabar around the mines results in highly elevated 
mercury concentrations in stream sediments, soils, and veg- 
etation. The elevated mercury concentrations in fish down- 
stream from the mines indicate that mercury is being 
converted from inorganic mercury, such as cinnabar, to 
organic mercury that is more biologically available. The 
mercury is then transferred to water and to food sources for 
the fish. such as larvae. insects, and other small aquatic 
organisms that live in the streams. Mercury or other contam- 
inant can concentrate in tissues of organisms when it is taken 
up more rapidly than the organism can eliminate it, a process 
called bioaccumulation. When mercury enters the food 
chain it tends to concentrate in the highest predators, a pro- 
cess called biomagnification; thus, mercury concentrations 
in fish are useful for evaluating levels of mercury in the food 
chain that can eventually affect humans. The results of this 
study suggest that, although samples of stream sediment, 
water, soil, and vegetation collected near the mines contain 
elevated mercury concentrations, concentrations of mercury 
in fish indicate minor, local effects on food chains. 
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Figure 14. Plot of mercury in fish muscle versus mercury in fish liver for fish collected throughout south- 
western Alaska. 
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Figure 15. Location of gold vein deposits of the Pacific Gulf Coastal Forest Ecoregion. 

ENVIRONMENTAL 
GEOCHEMISTRY OF 

ALASKAN GOLD DEPOSITS 

Mining of gold deposits has been a major industry in 
Alaska since the early 1900's. Both large gold vein deposits 
such as the Alaska-Juneau mine, near Juneau, and large 
placer gold districts, such as those near Fairbanks and Nome, 
have been economically important in the past and will con- 
tinue to be important in the future. Heavy metals such as 
arsenic, copper, lead, zinc, and cadmium are associated with 
many of the gold deposits. The following two studies evalu- 
ate environmental concerns of heavy metals in streams and 
rivers downstream from Alaskan gold deposits. 

GOLD-BEARING QUARTZ VEINS 
IN THE PACIFIC GULF 

COASTAL FOREST ECOREGION 

The Pacific Gulf Coastal Forest Ecoregion, as defined 
by the U.S. Forest Service, includes the coastal regions of 
south-central and southeastern Alaska along the Gulf of 
Alaska. In south-central Alaska, these lands are composed 
of the Kodiak Mountains, Kenai-Chugach Mountains, and 
the Gulf of Alaska coastal plain. In southeastern Alaska, 
geographic provinces of the ecoregion include the Bound- 
ary Ranges, Coastal Foothills, and Chilkat-Baranof Moun- 
tains (fig. 15). 

Rocks in this region are predominantly marine sand- 
stone and shale that are intruded by minor granitic rocks. 
Gold-bearing quartz veins are the most widespread mineral 
deposit in the region (fig. 15). The veins contain less than 3 
percent sulfide minerals (fig. 16) and cut both the sedimen- 
tary and granitic rocks. The sulfide minerals are typically 
pyrite, arsenapyrite, chalcopyrite, galena, sphalerite, and 
stibnite. Calcite and other carbonate alteration minerals are 
adjacent to the veins. Veins range in length from a few tens 
of meters to more than a kilometer, with maximum widths of 
about 5 m. More than 100 of these gold vein deposits were 
mined in the early 1900's. Mines range from open cuts and 
short tunnels at the smaller deposits, to large open pits (glory 
holes) at the largest deposits, such as the Alaska-Juneau 
deposit (fig. 17). 
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Fignre 17. Open-pit cut at the largest gald vein deposit in Alaska, h Nadca-Juneau mine, m m  J u n ~ ~ u .  

The Alaska-Juneau mine was the largest gold lode in 
Alaska, with more than 109,000 kg (3,500,000 oz) of gold 
produced from 1893 to 1944. Unlike many of the other gold- 
bearing vein deposits in the region, the Alaska-Juneau 
deposit contains abundant sphalerite and galena. Most mine 
drainage emanates from one tunnel, and this water has a 
measured pH of 8 and concentrations of <0.5 ppb silver, 0.6 
to 2.7 ppb arsenic, ~ 0 . 2  ppb cadmium, <2 ppb copper, 4 0 0  
ppb iron, <2 ppb lead, <0.2 ppb mercury. 39 to 52 ppb zinc, 
and 230 to 340 ppm sulfate. Except for sulfate and zinc, these 
data are similar to those of background waters collected from 
unmineralized areas. 

What are the environmental issues related to the gold 
vein deposits?-Compared to mine-drainage waters associ- 
ated with other mineral deposit types, waters emanating 
from gold-bearing quartz veins contain low metal concentra- 
tions due to the low abundance of sulfide minerals in these 
gold-bearing vein deposits and mines. In addition, carbonate 
minerals that form adjacent to the veins tend to neutralize the 
minor amount of acid produced during weathering of the sul- 
fide minerals. Water pH is consequently maintained near 
neutral. In waters of near-neutral pH, most metals have low 
solubilities and are not easily transported from the deposits. 
Even waters that drain Alaska's largest lode gold mine con- 
tain total base metal concentrations (copper+lead+zinc+cad- 
mium) of less than 100 ppb. 

Arsenic and iron are the most commonly enriched met- 
als in waters emanating from mines, and their presence is 
related to the sulfide mineralogy of the deposits; but these 
metal concentrations in the waters rarely exceed the State of 
Alaska maximum levels for drinking water of 50 ppb arsenic 
and 300 ppb iron. Although higher concentrations have been 
measured in water samples from some localities, effluent 
throughout this ecoregion is rapidly diluted when discharged 
into larger stream channels. Metal concentrations in waters 
that drain Alaska's largest gold mine are consistently below 
the drinking water maximum allowable levels; only sulfate 
occasionally exceeds the State limit of 250 ppm. 
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Placer mining has been an important industry in Alaska 
since the late 1800%. Although some placer gold mines are 
currently uperatirig in Alaska, m y  are now abandoned. 
Placer mining has produced about 730,000 kg (23,490,700 
oz) of gold, which represents more than 70 percent of all 
gold produced in Alaska (Swainbank and others, 1995). The 
two largest Alaskan placer gold districts, Fairbanks and 
Nome, produced about 247,000 kg (7,971,000 oz) and 
149,900 kg (4,822,500 oz) of gold, respectively. Because 
placer mining has been widespread in Alaska (fig. 19), envi- 
ronmental concerns related to placer mining are addressed 
by evaluating the water geochemistry of samples collected 
from these two major gold districts. 

Wi!zat are placmP-Placer deposits form in stream 
beds, on beaches, in deltas, and in marine sediments w h e ~  
the action of water erodes rocks and minerals, separating 
heavy minerals from lighter ones. Stream placer deposits, 
like those in the Fairbanks district, are surficial accumula- 
rions of stream rock, gravel, and sediment containing con- 
centrated. heavy minerals (fig. 20). Beach and marine 
placers, like those found in the Nome district, form near the 
mouths of rivers, and similar to stream placers, gold and 
other heavy minerals are transported to the seas in rivers 
and streams. After the gold and stream sediment are depos- 
ited in the marine environment, ocean currents rework the 
sediments, concentrating the heavy minerals in deposits 

Environmental issues of placer deposits in 
Alaska.-The primary environmental concern from placer 
mining is the potential for the generation of acid and metal- 
rich water, but increased water turbidity or the addition of 
toxic materials (such as liquid mercury) into the streams may 
also degrade stream water quality. Enrichment of metals in 
streams below placer mines can affect water quality. Heavy 
metals such as arsenic, copper, lead, zinc, and cadmium can 
be carried downstream when they are dissolved in water dur- 
ing weathering or can be transported downstream as fine 
sediment. These heavy metals can be toxic to life forms 
when concentrations are exceedingly high. 

along beaches and in shallow marine settings. Minerals 
common in most placer deposits include free gold, and 
oxide and sulfide minerals of tin, tungsten, antimony, cop- 
per, zinc, lead, mercury, and arsenic. 

During placer mining, water is used to separa 
from the sediment. During this process, the water 
turbid and muddy, Present-day placer operation 
this turbid waste water in nearby, man-made 
enough of the finely suspended sediment and mu 
out, and the water can be reused or discharge 
streams or other water bodies. Because the objective %i 
placer mining is to remove small amounts of gold from large7 
volumes of sediment, a significant amount of unwanted or 
waste material remains. This waste is composed mostly of 
rocks, boulders, coarse gravel, and other heavy minerals 
(placer tailings) that are commonly mounded and left in 
stream valley bottoms. 

4 Figure 18 (facing page). Sampling waters draining an adit from 
an abandoned gold mine in southern Alaska. 
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Figure 19. Location of gold placers in Alaska. 

Metal concentrations in waters below placer 
mines.-To evaluate the adverse effects, metal concentra- 
tions in waters collected downstream from placer mines 
were measured and then compared to local backgrounds and 
State and Federal water quality standards. Stream water sarn- 
ples collected upstream (backgrounds) and downstream 
from two placer mines in the Fairbanks district (Fairbanks 
and Porcupine Creeks) were analyzed for arsenic. zinc, cad- 
mium, copper, and lead to address these environmental con- 
cerns (Ray and others, 1992). Arsenic concentrations in 
stream waters on Fairbanks Creek range from 22 to 64 ppb 
upstream, and from 62 to 1 12 ppb below the placer. Arsenic 
concentrations in stream water samples from Porcupine 
Creek range from <I to 15 ppb upstream, and from <1 to 20 
ppb below the placer deposit (Ray and others, 1992). 

Of most significance are the elevated arsenic concen- 
trations in stream waters collected below the placer on Fair- 
banks Creek compared to the arsenic levels in the 
background stream water samples. These elevated arsenic 
concentrations are probably related to the weathering of 
arsenopyrite, which is common in the placer tailings. 
Although the stream water concentrations of arsenic are 
below the EPA-CMC standard of 360 ppb (table I), some 
water samples collected from Fairbanks Creek exceed the 
50 ppb maximum level of arsenic recommended for drink- 
ing water by the State of Alaska (table 1). Acid-water for- 
mation around placer deposits in the Fairbanks district does 
not appear to be a significant problem because pH values 
for the two stream waters are near neutral, ranging from 6.5 
to 8.1. Concentrations of other heavy metals in stream 
waters are below the EPA-CMC standard and appear to be 
of minor concern. 
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Environmental effects related to water turbid- Conclusions of the placer studies.-Placer deposits 
i0.-Highly turbid waters often reduce light transmitted to contain minerals with heavy metals that are potentially 
the stream bottom, reducing photosynthesis. Excessively tur- toxic to humans and wildlife, but water quality degrada- 
bid waters can smother plant life, destroy habitats for benthic tion downstream from placer mines is relatively minimal. 
organisms, and clog the gills in fish, Prior to the mid 198OYs, For example, although arsenic concentrations in stream 
waste water was not held in settling ponds, but was often dis- waters sampled below placers in the Fairbanks district 
charged directly back into streams. Today, turbid water dis- exceed the State drinking water standard, these arsenic 
charges from placer operations are closely monitored, and concentrations are also below the EPA-CMC standard. In 
the downstream effects are generally fairly minor. addition, acid-water formation below placer deposits in the 

M~~~~ invoduced during pher mining.-liquid Fairbanks district is minor because measured water pH is 

mercury has been used for the extraction of gold (amalgam- generally near neutral* Mercury concentrations in 
of gold) for many ~ ~ ~ l ~ ~ ~ ~ ~ i ~ ~  of gold has seawater near the Nome placer district are higher than in 

been most often used in placer operations because often the background seawater, but are the EPA- 

gold is fine grained. Although gold amalgamation is rarely CMC standard. Most other heavy-metal concentrations in 

used today, some liquid mercury may remain in streams waters near the placers studied here are low and of minor 

near old placer operations because it was sometimes concern. Continued study of the environmental effects of 

spilled, lost, or discarded. placer deposits is important, especially in streams that sup- 
port wildlife, or in populated areas. 

During the 15180's and 1990's. hi& concentratians of 
mercury md other heavy metals were found in marine waters 
near the Nme p l m s  &psi&. Mercury cmerns  scientists 
the most because it is toxic to life farms and em enter the 
food chain md affect the health of wildlife and humms, Mer- 

centmfians ate con~ideM high for ~eawater, %hey ~IE b1aw 
the 2.1 ppbr EPA-m@ atmdmd far se-bwaier (table 1). The 
source of m e r c q  was traced to up- saurcles g f  chit.- 
bar and liquid mercury used for gold amalgamation in the 
area (U.S. Minerals Management Service, 1989). 
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Figure 21. The Red Mountain chromium deposit, showing the color and vegetation contrast 
between the bare, light-orange ultramafic rock (center background), and vegetated soil (left 
background). 

GEOCHEMISTRY OF SURFACE 
WATERS DRAINING ALASKAN 

CHROMITE DEPOSITS 

Most of the world's chromium is found in ultrama$c 
rocks. These ultramafic igneous rock complexes consist of 
dark, layered rocks that are rich in silica, magnesium, iron, 
and calcium, as well as the mineral chromite. These ultrama- 
fic rocks generally weather to an orange-brown color due to 
the formation of iron oxides, and these rocks typically do not 
support vegetation (fig. 21). Chromium ore consists of black 
layers or seams that are rich in chromite. Although these 
seams vary in thickness from the width of a few chromite 
grains to nearly 2 m, only thick seams are mined (fig. 22). 
Chromium is used in the manufacturing of steel alloys, met- 
als plating, pigments and dyes, wood preservatives, and as a 
catalyst in chemical processes. 

There are several chromite deposits throughout Alaska 
that are associated with ultramafic rocks. USGS scientists 
studied two of these chromite-bearing occurrences (fig. 23). 
Red Mountain, located 16 krn from the town of Seldovia, 
was the largest chromite mine in Alaska, where over 35,000 
t of chromium ore was recovered through 1976. Drainage 
from the Red Mountain mine enters streams that eventually 
run into a saltwater fishery in Kachemak Bay. Siniktanneyak 
Mountain (fig. 23), in the western Brooks Range, was the site 
of USGS study of a second, small. unmined chromite seam. 
At both locations scientists collected water samples down- 
stream from the mineralized areas (fig. 24), as well as from 
local unmineralized (background) areas to determine water 
pH, chromium concentrations, and other major- and trace- 
metal concentrations= ' - = r 



ENVIRONMENTAL STUDIES OF MINERAL DEPOSITS IN ALASKA 

Figure 22. Photograph showing a 60 cm thick seam of black chromite ore layered within the ultramafic rocks at 
Red Mountain. 

Potential hazards related to chromium depos- 
its.-Weathering of ultramafic rocks produces two types 
of surface waters (Barnes and O'Neil, 1969). The most 
common type is alkaline with pH values of about 8.3 to 
8.6 and is enriched with magnesium bicarbonate. The sec- 
ond and much less common type is a highly alkaline, cal- 
cium hydroxide water with pH values of about 11.2 to 
11.8. Because most chromium deposits are found in ultra- 
mafic rocks, it is important to understand how waters 
flowing from such rocks interact with chromite. Although 
chromite is resistant to chemical and physical weathering 
and highly insoluble in near-neutral surface water, in some 
cases, small amounts of chromium can be found in water 
as either a trivalent or the highly oxidized hexavalent form 
(Hem, 1992). Trivalent chromium is the dominant form in 
most surface waters, but in highly oxygenated, alkaline 
waters of pH greater than 9, hexavalent chromium pre- 
dominates. This hexavalent chromium poses the most 
environmental concern because it is toxic to humans and 
animals (Simon and others, 1994). 

Chromium concentrations in surface waters draining 
the Alaskan deposits.-Waters flowing from the two Alas- 
kan chromite localities studied are the alkaline, magnesium 
bicarbonate type. Measured pH values of 7 to 8 at both 
deposits indicate that the streams draining the deposits are 
neutral to slightly alkaline. Stream water samples collected 
downstream from the Red Mountain mine contain between 
0.5 and 1.0 ppb chromium, well below the State of Alaska 
drinking water standard of 100 ppb (table 1). Water samples 
collected downstream from the Siniktanneyak locality con- 
tain chromium below the 0.5 ppb lower limit of determina- 
tion. Other heavy metals measured in the waters, such as 
nickel. copper, lead, and zinc, are also below drinking water 
standards and similar in concentration to waters collected 
from background sites. 
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Figure 23, Location map of the Alaskan chromium occurrences studied. 

Stream waters cormin low corzcentrations of chro- 
miam.-The low chromium concentrations in waters col- 
lected from the Red Mountain mine and the Siniktanneyak 
Mountain complex are consistent with the low solubility of 
chromium in slightly alkaline surface water. Concentrations 
of trivalent and hexavalent chromium were not determined 
in these studies because the total chromium contents of the 
waters were law and because the water pH values were 
below 9. Such waters are unlikely to contain chromium in 
the toxic hexavalent form. Results for these two Alaskan 
chromite deposits suggest no adverse effect on the quality 
of waters emanating from the deposits. In addition, chro- 
mium concentrations entering streams below the Red 
Mountain deposit are probably not high enough to 
adversely affect the fishery near Seldovia. although chm- 
mium accumulation in bottom sediments and possible 
transference to fish were not evaluated. 
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Figure 24, Water flowing from an adit af an abandoned ~ h m i u r n  mine. 



URANIUM AND THORIUM DEPOSITS AT BOKAN MOUNTAIN, SOUTHEASTERN ALASKA 

RADIOACTIVITY CONCERNS OF 
URANIUM AND THORIUM DEPOSI1 n 

AT BOKAN MOUNTAIN, 
SOUTHEASTERN ALASKA 

Naturally occurring uranium and thorium mineral 
deposits are of environmental significance because they 
produce radon and radium through radioactive decay. The 
associated radioactivity is a health concern because exces- 
sive exposure to radioactivity can produce cancer in 
humans. A few small uranium deposits are scattered 
throughout Alaska, but the only uranium mine (Ross- 
Adams) is on Bokan Mountain at the south end of Prince of 
Wales Island about 60 krn southwest of the town of Ketchi- 

Human hazards of radioactive deposits.-In certain 
conditions, radioactivity associated with uranium and tho- 
rium deposits can be of environmental concern. The major 
health concerns for humans are long-term exposure to: 

Radon in confined air spaces. Radon concentrations 
3uld be high near any radioactive deposit. 

Uranium, radium, and radon in drinking water. 
Uranium is easily oxidized by air and water, and 
oxidized uranium compounds, as well as by-products 
radium and radon, are soluble in water. Thorium in 
water is generally of lesser concern because it occurs 
in low concentrations in most surface waters, and 
thorium minerals do not dissolve easily in water. 
- Surface radiation and inhalation or ingestion of 

radioactive dust. 
kan (fig. 25). Uranium and thorium are most widely used in In all these cases, long-term exposure to radioactivity 
the nuclear Power industry and for nuclear weapons, but must be considered unlikely because the mines on Bokan 
current social and political issues have depressed the prices Mountain are closed and the area is so remote. For example, 
and demand for uranium. For these reasons, many uranium surface and ground waters near the Bokan deposits could 

, mines. including the Ross-Adams, are presently closed, and have high concentrations of dissolved uranium, radium, and 
uranium deposits in Alaska are not currently under study. radon, but the area is distant from any major water supply. 
However, because of the health concerns associated with 
radioactivity, potential hazards of deposits like those on 
Bokan Mountain are summarized here. 

Uranium deposits on Bokan Mountain.-In 1955, 
prospectors found radioactive uranium- and thorium-bearing 
quartz-rich veins in granite over a 30 krn2 area on Bokan 
Mountain (fig. 26) (Roppel, 1991). These veins are highly 
radioactive and widespread in this area, but most of the veins 
are small, generally 2 cm or less in width. Primary radioac- 
tive minerals in the prospects include uraninite, thorianite, 
and uranothorite. Some of the veins at Bokan Mountain 
exceed 10 percent thorium ore (Tho2) and 1 percent uranium 
ore (U3O8), which are considered high concentrations 
(Thompson, 1988). Although several of the veins have been 
prospected, only the Ross-Adams deposit has been mined 
(fig. 27). Initially at Ross-Adams, a 110 m long, 15 m wide, 
and 10 m deep open pit was developed (MacKevett, 1963), 
but later underground workings were driven along a 1 10 m 
long pipe. The deposit was mined intermittently from 1957 
to 1971 until the ore was exhausted. Altogether, about 
85,000 t of high-grade uranium ore averaging about 1 per- 

open pit still contains some stockpiles of radioactive rock. 
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Figure 25, Location of Bokan Mountain uranium dep~si* 
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Figure 26. View of the granitic intrusion (center) at Bokan Mountain. 

Figure 27. Photograph from the 1960's showing mining of ' uranium ore at the Ross-Adams mine. 





SUMMARY 

SUMMARY 

The studies of Alaskan mineral deposits presented 
herein show that various types of mineral deposits have very 
different geochemical characteristics that influence the 
chemistry of waters draining the mineral deposits. These 
characteristics are directly related to the mineralogy, 
geochemistry, and geology of each mineral deposit. For 
some deposits, downstream water geochemistry may present 
environmental problems for the local ecosystems. For exarn- 
ple, the most adverse effects were observed downstream 
from the massive sulfide deposits in the northwestern Brooks 
Range and in Prince William Sound, where water samples 
contain the highest concentrations of metals and lowest pH 
values of the deposits studied here (fig. 28). Such acid- and 
metal-rich waters result from the weathering of pyrite and 
other base-metal sulfide minerals in these deposits that form 
acid and release heavy metals during the process. Water 
samples collected near the massive sulfide deposits may con- 
tain heavy metal concentrations in excess of State and Fed- 
eral water standards (table 2). Although waters emanating 
from these deposits are high in acid and metal content, these 
waters are rapidly diluted downstream, usually within a few 
kilometers below the deposits (for example, deposits in the 
Brooks Range). 

Most of the other Alaskan deposits studied contain low 
acid and metal concentrations in water collected downstream 
from the deposits (fig. 28). For example, stream waters col- 
lected downstream from mercury deposits in southwestern 
Alaska have near-neutral pH values and contain low mercury 
contents, suggesting that these deposits produce only minor 
amounts of acid and heavy metals upon weathering. The low 
dissolved mercury concentration is due to the presence of 
cinnabar, which is resistant to physical and chemical weath- 
ering and does not easily form acid water. A greater environ- 
mental problem of the mercury deposits is the elevated 
mercury concentrations in stream sediment samples and fish 
that were collected downstream from the mines and deposits; 
however, the mercury concentrations in the fish are below 
the recommended FDA level for mercury in edible fish, sug- 
gesting only minor effects on local food chains. Alaskan 
gold veins and gold placer deposits contain pyrite and other 
sulfide minerals capable of producing acid water, but the 
amount of these sulfide minerals is generally small. Thus, 
weathering of such deposits does not produce water with sig- 
nificant concentrations of acid or heavy metals. Similarly, 
the chromium-bearing deposits contain little or no pyrite, 
and waters draining these deposits contain low-metal con- 
centrations and have near-neutral pH values. 

The case studies presented herein summarize the envi- 
ronmental effects of several types of mineral deposits. The 
results emphasize the need for additional, well-designed 
geochemical studies, which are necessary for the classifica- 
tion and understanding of any mineral deposit, but which 
will also address potential environmental concerns. Environ- 
mental geochemical studies are now a common practice in 
the mining industry, before, during, and subsequent to the 
mining of mineral deposits. These studies help predict 
unique effects of mineral deposits on the surrounding envi- 
ronments. Environmental geochemistry can be useful in all 
phases of mineral exploration, as well as in mine planning, 
development, and remediation. 
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Figure 28. Plot of dissolved metal concentrations in water versus water pH for several Alaskan deposit types. This plot shows that the 
waters emanating from Alaskan mercury. gold, and chromium deposits have near-neutral pH and low dissolved metal contents, whereas 
Alaskan massive sulfide deposits form waters that are often high in acid and metal contents. 

Table 2. Geochemical data summary of mineral deposits studied. 

Deposit type Elements of Element concentrations in water pH range in 
environmental concern exceeding EPA-CMC standards' stream water 

Massive sulfides Pb, Zn, Cd, Cu 2,250 ppb Pb, 272,000 ppb Zn, 2.8-8.1 
(sedimentary rock 800 ppb Cd, 360 ppb Cu 
hosted) 

Massive sulfides Cu, Pb, Zn, Cd 3,600 ppb Cu, 3,300 ppb Zn, 
(volcanic rock 220 ppb Pb, 27 ppb Cd 
hosted) 

Gold veins As, Pb, Zn, Cd, Sb 
Gold placers As, Pb, Zn, Cd, Hg 
Mercury Hg, Sb, As 
Chromium Cr 

'CMC is the Environmental Protection Agency's water quality criteria to protect against 
acute effects in aquatic life and is the highest instream concentration of a toxic pollutant consisting 
of a 1-hour average not to be exceeded more than once every 3 years on the average. 
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amalgamation of gald. A process used for the separation 
of gold, Gold, especially fine grained gold, can be 
recovered using liquid mercury, which has the ability 
to blend or s t i~k  to gold, thereby effectively extracting 
gold particles from stream-sediment samples. Amal- 
gamation of gold was widely used in the early l9QO2g 
for gold extraction in many gold deposits, especially 
placer deposits. 

add drahagtz. The formation of acid water principally by 
surface oxidation of rocks containing sulfide minerals, 
swh as pyrite (iron sulfide). When surface water 
comes in contact with the sulfide minerals, sulfuric 
acid is pwrducad, which fi-irther dissolves surrounding 
rocks and minerals. Metals are often more soluble in 
acid solutions, and thus, acid drainage generally car- 
ries high concentrations of dissolved metals. Such 
wid waters found downstream b m  mines are called 
acid-mine drainage. 

arsmopyrite, Iron-arsenic sulfide FeAsS), steel gray to sil- 
ver white in color, common in vein gold deposits and in 
s m e  massive sulfide deposits. 

backgsound coneen tmtirrns. In geochemistry, thf s refers to 
chemical concentrations in natural materials that have 
not been influenced by the activities of humans. In 
studies of mineral deposits, background samples are 
those collected from unmineralized areas, generally 
upstream from mines or dist-ant from mineralized areas. 
Thus, geochemical backgrounds represent concentra- 
tions that are considered "normal or usual'bnd are 
unaEected by mineral deposits or mining. 

bisaccumulation, Increase of metal concentrations in 
organisms through uptake from water or food saurces. 

b 
biamagnificati~n~ Increasing element con~entrations with 

ascending position in the food chain. 

chalcopyrite. Copper-iron sulfide (FeCuS2), brass yellow in 
color, is common in a variety of mineral deposits and is 
an important ore of copper. 

chromite. Iron-chromium oxide (FeCr2O4) is a hard, heavy 
mineral, typically black or dark brown. Chromite is 
found in mafic and ultramafic rocks and is a common 
ore of chromium. 

cinnabar. Mercury sulfide (HgS) is most commonly a bril- 
liant red color. Cinnabar contains 86 percent mercury 
and is an important ore of mercury. 

ecmystem. An area consisting of the physical environmen t 
and its living elements (such as plants and animals) and 
nonliving elements (such as water, rocks, and soils) 
that might affect this area. 

galena. Lead sulfide (PbS) that commonly contains signifi- 
cant amounts of silver. Galena is usually silver gray to 
blue gray in color, forms cubes, and is common in 
many vein and massive sulfide deposits. Galena is an 
important ore of lead and silver. 

heavy metals. These are among the most toxic of the metals. 
Copper, lead, zinc, cadmium, mercury, and iron are 
common heavy metals, and such metals have high 
atomic weights, and therefore are commonly called 
"heavy metals." These metals have a high affinity for 
sulfur and often form sulfur compounds, and because 
sulfur is easily oxidized by air and water, these metals 
can be transported in water downstream from mineral 
deposits that contain them. 

marcasite. An iron sulfide (FeS2) mineral, commonly light 
gray to brassy in color, that has a radiating fibrous 
form, is dimorphous with pyrite, and often resembles 
pyrite in appearance; but marcasite has a lower specific 
gravity. Marcasite is common in sedimentary rocks 
and some ore deposits. 
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pH. A measure of the amount of acid or base in a solution, 
pH is related to the concentration of the hydrogen ions. 
Neutral solutions have a pH of 7, whereas the pH of 
acid solutions is less than 7 and alkaline solutions have 
pH values greater than 7. Acids generally have an 
excess of hydrogen ions (H+) and bases have an excess 
of hydroxyl ions (OH-). Sulfuric acid (H2SO4) is an 
example of a strong acid, and sodium hydroxide 
(NaOH), a type of lye, is a strong base. 

ppb. Abbreviation for parts per billion. This is a concentra- 
tion measured as micrograms per liter or as micro- 
grams per kilogram. 

ppm. Abbreviation for parts per million. This is a concen- 
tration measured as milligrams per liter or as milli- 
grams per kilogram. 

pyrite. Iron sulfide (FeS2) is one of the most widespread 
sulfide minerals and is common in metallic mineral 
deposits. Pyrite is typically cubic in form and pale- 
bronze or brass-yellow in color; it is often called 
"fools gold." The primary concern of pyrite in min- 
eral deposits is its tendency to form strong acid (sulfu- 
ric acid) upon oxidation. 

pyrrhotite. An iron sulfide mineral. generally bronze to red- 
brown in color, commonly massive and not often found 
as crystals. Pyrrhotite is common in massive sulfide 
deposits and may contain significant amounts of nickel; 
it is therefore a source of nickel in some deposits. 

sphalerite. Zinc-iron sulfide ((ZnFe)S), yellow, brown. or 
black in color. Sphalerite often contains minor amounts 
of cadmium, arsenic. and manganese, and is a wide- 
spread zinc ore. 

stibnite. Antimony sulfide (Sb2S3), silver-gray sulfide 
mineral with a bright metallic luster that commonly 
forms bladed crystals containing striations. Stibnite 
is the principal ore of antimony and often contains 
some silver and gold. 

sulfide minerals. Minerals containing the reduced form of 
sulfur (s2-), which is bound with common metals, such 
as iron in pyrite (FeS2), lead in galena (PbS), zinc in 
sphalerite (ZnS), mercury in cinnabar (HgS), among 
others. Sulfide minerals are common in many types of 
metallic mineral deposits. Many of these minerals can 
be of environmental concern because they can produce 
acid during oxidation. When acid is formed, it can dis- 
solve metals in surrounding minerals and rocks, releas- 
ing them into surface waters of streams and rivers. 

thorianite. Thorium oxide (Tho2), a thorium ore, generally 
cubic in form and highly radioactive, containing impu- 
rities or rare earth elements such as cerium. 

ultramafic rock. A rock composed primarily of minerals 
such as pyroxene and olivine. Ultramafic rocks are typ- 
ically of igneous origin, dark in color, and consist of 
peridotite, pyroxenite, and dunite rock types. 

uraninite. Uranium oxide (U02), commonly called pitch- 
blende, is black, brown or steel gray in color, and 
commonly contains thorium, radium, cerium, and 
lead impurities. Uraninite is highly radioactive, eas- 
ily oxidized. and common in vein mineral deposits 
in granites. 

uranothorite. Thorium-uranium silicate ((Th, U)Si04), 
highly radioactive, typically brown, or black, and is an 
ore of uranium and thorium found most commonly in 
vein deposits in granites. 
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