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Preface

Northern Neada is one of the evld’s foremost rgions of gold productiorThe
Humboldt Rier Basin (HRB) ceers 43,500 krhin northern Neada (Crompton, 1995),
and it is home to approximately 18 aetigold and siler mines (Driesner and @oer,

2001) among at least 55 significant metallic mineral deposits (Long and others, 1998).
Many of the gold mines are along the Carlin trend in the east-central portion of the HRB,
and together thehave produced 50 million ounces of gold from 1962 (when the Carlin
mine first opened) throughpril 2002 (Nevada MiningAssociation, 2002). Mining is

not nav to the rgion, havever. Beginning in 1849, mining has tak place in numerous
districts that ceer 39 percent of the land area in the HRBi@ley, 1998). In addition to

gold and siler, As, Ba, Cu, Fe, Hg, Li, Mn, Mo, Pb, S, ShW, Zn, and industrial com-
modities such as barite, limestone, fluorite, sand anetlgigypsum, gemstones, pumice,
zeolites, and lilding stone, hee been etracted from the HRB (Mckul and others,

2000).

Due to the lage amount of historical and recent mining in the HRB, the Bureau of
Land Management (BLM) in Nada askd the U.S. Geological Suaw(USGS) Mineral
Resources Program to conduct a series of mineral-deposit-relatexherental stud-
ies in the HRB. BLM required data and gedesnmental interpretations garding (1)
the chemical composition ofater soil, sediment, and mineaste in the HRB, (2) the
natural background chemistry of these materials, and @nfiaing actvities may hae
altered their chemistrirhe paper that follws describes one of the studies conducted by
the USGS Minerals Program to answer these and similar questions.

All papers within this series ofwestigations can be found as lettered chapters of
USGS Bulletin 2210, Geoerironmental Investigations of the Humboldt River Basin,
Northern Nevada. Each chapter isvailable separately online.
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Leaching, Transport, and Methylation of Mercury
in and around Abandoned Mercury Mines in the
Humboldt River Basin and Surrounding Areas, Nevada

By John E. Gray'

Abstract Introduction
Mercury and methylmercury concentrations were mea- This study is part of a lger project conducted by the
sured in mine astes, stream sediments, and streates U.S. Geological Sury (USGS) to ealuate the geologynin-

collected both proximal and distal from abandoned mer eral resources, and@ronmental geochemistry of the Hum-
cury mines toealuate mercury contamination and mercury boldt River basin (HRB), which is the longestat system
methylation in the Humboldt Rér systemThe climate in the in Nevada and an important ecosystem (fig. 1)vada is
study area is arid, and due to the lack of mirgewrunof, one of the wrld’s lagest rgions of gold production, and
waterleaching laboratoryx@eriments were used toaduate the HRB—caering about 43,500 kfrin northern Neada—
the potential of mine astes to release merculfine-waste contains at least 18 major gold and silminesAt least
calcine contains mercury concentrations as high as 14,000 1,400 t (50 million 0z) of gold as produced between 1962
po/g. Stream-sediment samples collected within 1 km of theand 2002 in the HRB, as well as significast Ba, Cu, F
mercury mines studied contain mercury concentrations as higd, Li, Mn, Pb, SY, W, and Zn. Due to the lge amount of
as 170 pg/g, Wt sediments collected from the Humboldv&i metallic and nonmetallic mineral resources in the HRB, the
and rgjional baseline sites )/ much lever mercury contents, U.S. Bureau of Land Management (BLM) edkthe USGS
less than 0.44 pg/g. Similaylynettylmercury concentra- Mineral Resources Program to conductesal enironmen-
tions in mine-vaste calcine are locally as high as 96 nglg), b tal studies in the ggon; this report is one product of these
methylmercury contents in stream sediments collecteshdo investigationsThe BLM was interested in obtaining data on
stream from the mines and from the HumboldteRare laver the chemical composition ofater soil, sediment, and mine
(<0.05-0.95 ng/g). Streamater samples collected belawo  wastes in the HRB; the natural background chemistry of geo-
mines studied contain mercury concentrations ranging from l@gic materials in the gdon; and hw mining actvities may

to 2,000 ng/L, whereas mercury contents in HumboldeiRi  have altered the local andgienal geochemistry

and Rye Rtch Resemwir water were generally Veer, ranging In addition to the laye amount of precious-metal

from 2.1 to 9.0 ng/L. Methylmercury concentrations in Hum-resources produced in iala, abndant mercury as also
boldt River system \ater were the leest in this study (<0.02— recovered in this rgion from the early 1900s until the early
0.27 ng/L) Although mercury and meglmercury concentra- 1990s. Historical production from mercury mines in western
tions were elgated in some mine-aste calcine and mercury and central Neada &ceeds 10,000 t (iMen, 1964; Johnson,
concentrations were locally high in minexste leachate 1977; Noble and others, 1988), makingvlda the second
samples, data shosignificant dilution of mercury andvier largest mercury-producinggen in the United States, rank-
mercury methylation den gradient from the mines, especiallying only behind the California Coast Ranges (Peabba3).

in the sediments andater collected from the Humboldt\Rr, Many of the mercury mines in thisg®n are located in the
which is more than 8 km from wmercury mines. Data sihvo  HRB, and because of the toxic nature of mercilng presence
only minor, local transference of mercury and methylmercuryof these mercury mines is a potential hazard to residents and
from mine-waste calcine to stream sediment, and then onto thédlife when drainage from the mines enters local streams
water column, and indicate little transference of mercury fromnd rivers, and potentially the HRB (fig. Z)hus, this study
the mine sites to the HumboldtJer system. was undertadn to determine if weathering of mercury mines
in this reggion has resulted in grsignificant erosion and trans-
port of mercury to surrounding ecosystems, speifi the

'U.S. Geological Survey, Box 25046, Federal Center, Mail Stop 973, Denver, HRB (fig. 3A)-_ )
€0 80225 USA; email: jgray@usgs.gov. Mercury is a heay metal of emironmental concern
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Figure 1. Location of mercury mines studied and sample locations from the Humboldt River, Rye Patch
Reservoir, and Rock Creek.

because it is toxic to all ganisms, including humanghe and wvater collected near andwbostream from seeral of the
most problematic forms areganic mercury compounds, mines, and (2) stream sediment arater collected from the
which are the most toxic,ater and lipid soluble, and can  Humboldt Rier and in Rye &ch Resemwir. Sediment and
biomagnify with increasing trophic position in the food chainvater samples were also collected frono tsites on Rock
Under certain conditions, some iganic mercury (such as  Creek, which is one of the ar watersheds in the geon
elemental mercunyHg’) that remains in mine astes may be and one of the fe where flaving water was obsersd in
converted to oganic mercury (most commonlgnethylmer June 2000The sample sites on Rock Creek were more than
cury, CH,Hg"). Mercury mine vastes are kivan to contain 15 km belev the Siher Cloud mine and, thus, aredll rep-

a number of mercury byproducts (Biester and others, 1999resentatie of the rgional geochemical baseline. Due to the
Kim and others, 2000), and potentially the most problematiabundance of mines and associated/siream transport of

is He that can oxidize to Hg which becomesvailable mercury in this rgion, there are probably no true background
for microbial metlylation, subsequently forming biegilable  sites (i.e., areas without anthropogenic mercury cantrib
compounds such as mglmercury Mercury metlglation tions).As a result of funding limitations, only a subset of the
is primarily a result of anaerobic microbial &d in sedi- collected samples were analyzed for methylmerdurythese
ments, which is typically enhanced invennments with results are critical foraluating mercury methylation near
high concentrations of ganic matter (Compeau and Bartha, the mercury mines, as well as in the HRB. During this study
1985). mine-water runof was rarely obseed (only two localities)

To evaluate the distriltion of mercury and mercury due to the arid climate in thisgien. Therefore, laboratory

methylation in and around these mines, the concentration of/aterleaching studies of mineaste calcine were conducted
mercury and (or) meyimercury was measured in samples to simulate mine-ater runof and to aluate the capacity of
of (1) ore, mine-vaste calcine (roasted ore), stream sedimerthe mine vastes to release mercury
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Figure 2. Location and plan-view sketch map of the Cahill mine, which outlines the sources of mercury in and around the mercury mines stud-
ied. Mercury remaining in ore, mine-waste calcine, and retorts and furnaces can be released down gradient from the mines into stream drain-
ages. Location of samples for some of the data in table 2 is also shown.

Study Area Description surface deposition of hot-spring fluids, are also common host
rocks of mercury oreThe dominant ore mineral is cinnabar

The mercury mines studied (fig. 1) are part of a-mer (HgS, heagonal) (fg. 3B), but minor metacinnabar (HgS,

cury belt that consists of numerous deposits found in a broadbic, dimorphous with cinnabar), naimercury (Hg),

region in western and central deda.This mercury belt ws  calomel (HgCL,), and mercury oxychlorides (e.g., J&4O

first suggested toxéend from McDermitt to BeatfyNev., by  and HQCLO) are found in some depositgyripe (FeS), mar

Bailey and Phoenix (1944), who alsovidied these deposits casite (Feg), sphalerite ((Zn, Fe)S), and stibnite (Sp are

into eight diferent types based on geologic bedrock associaare (Bailgy and Phoenix, 1944). Gangue is most commonly

tions. These mercury deposits are found in a widgety quartz and calcite, with subordinate barite, mugepalunite,
of lithologies including sandstone, limestone, chert, graniticjarosite, and clay minerals (Bajland Phoenix, 1944Y.he
rocks, diabase dés, rhyolitic tufs and fows, andesites, mercury deposits in Nada are generally of Miocene age,
and metamorphic rocks such as schists antlifgh(Bailey but some are possibly youngand their formation has been
and Phoenix, 1944)illden, 1964; Johnson, 1977). Ore interpreted to be related tatensional tectonics and related

and gangue minerals are commonly found in highly silici- magmatism (Bailg and Phoenix, 1944; Noble and others,
fied rocks, eins, and gin breccias. “Opalite” is a common 1988).

host rock, which is typicallyalcanic rock that is altered Mercury mines in Neada operated between about 1907
to amorphous and cryptocrystalline quartz, including opal. and 1991, when the McDermitt mine closed. Mercury mines
Silicified veins, and siliceous-sinter deposits formed by the throughout the United States are not presently operating
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Rye Patch Reservoir

Alluvial pediment Eldorado Canyon

Condenser Furnace

Calcine

because of b prices and lov demand, although some minor
byproduct mercury is regered from a f& precious-metal
mines.As previously mentioned, mercury production in
Nevada &ceeds 10,000 t (approximately 300,0G3Ks;

1 flask = 76 Ib), about 90 percent of which came from the
McDermitt mine (Wlden, 1964; Johnson, 1977; Noble and

Figure 3 (facing column). A, View of the Humboldt River basin and
the Rye Patch Reservoir from the Eldorado mercury mine in the Hum-
boldt Range. This photograph shows that sediment or water runoff
from the mines is transported and diluted through a large volume of
alluvial pediment before it reaches Rye Patch Reservoir, which is part
of the Humboldt River system. The Eldorado mine is one of the closest
mines to the Humboldt River system and is located about 8 km from
Rye Patch Reservoir. B, Cinnabar (red mineral) in silicified sandstone
from the Cahill mine. C, Photograph of the Cahill mine in the Poverty
Peaks district. A calcine pile (left foreground) is representative of

the majority of mercury-bearing waste rock at the mines studied in
Nevada. The rotary furnace and condensation unit (far right) is where
mercury ore was burned, generating elemental mercury that was
condensed and collected.

Uses of Mercury and the
Mercury Mining Process

Mercury has mandiverse properties and has been used
historically in may products. Mercury is a liquid at room
temperature that responds to changes in temperature, which
has resulted in its well-kman use in thermometers. Mercury
also is used in mgational instruments to measure changes
in temperature and pressure. Mercury is a good metallic con-
ductor with a lav electrical resistity, and it has been used in
electrical products including electrical wiring and switches,
fluorescent lamps, mercury batteries, and thermostats (Eisler
1987). In the medical field, mercury is used as a component
in dental fillings and as a presative in maly pharmaceutical
products. Mercury has been used in industrial and agricultural
applications such as in the production of chlorine and caustic
soda, in nuclear reactors, in plastic production, as a fungicide
in seeds anduibs, and as an antifouling agent in papaper
pulp, and paint (Eisled987). Mercury fulminate is used in
munitions, such as blasting-cap detonators. Liquid mercury
has the unique property of combining or araalgting with
precious metals, and therefore, it has been used for centuries
for the etraction of gold and sikr during mining (Lacerda
and Salomons, 1998).

The recoery of mercury from its ore is a relaly simple
process and is generally kpensve, and as a result, mercury
mining has been conducted fovsral centuries (Baijeand
Phoenix, 1944; Lacerda and Salomons, 1998a result of its
simple and ingpensve recoery, mercury vas typically pro-
duced at the site of mining. Cinnabar is the most common mer
cury ore mineral wrldwide, and cinnabavearing ore is simply
crushed andurned at a temperature of 600°-~700°C, which
exceeds the stability of cinnabaeleasing mercury asgor
The mercury apor is then condensed by-air watercooling
to form liquid mercury (also kmwen as quicksiler). Lime
(CaO) is typically added prior to ore roasting to reesulfur

others, 1988). Geologic characteristics and mercury producgas (SQ), which is also released during the heating process.

tion of the districts studied are stoin table 1.

The ore is typically brned in either a retort (a smalkternally
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Table 1. Description and production of mercury mines studied.

District Mines studied Geology Approximate mercury
production (flasks/district)

Dutch Flat .......c..c..c...... Dutch Flat......cccooevenininincnciennne. Veins in Paleozoic schist and..............cccccoeviiiiiiiniinnnn. 90 1.2
phyllite cut by Tertiary granodiorite

Beowawe...................... Red Devil (Beowawe)..........c.ccceeenen Veins in Paleozoic(?) imestone..........cceceeeeveenieneeeneeneeennnens 1501
conglomerate overlain by Tertiary andesite

Spring Valley ...............Cinnabar City ........cccceceverenereeennnne. Veins in Triassic limestone and ..........ccocecevveneneniecieencnennens 5003
Quaternary volcanic tuff and basalt

S0N0Ma ...c.eeuveeeeeerenene. HOTTON o Veins in altered Paleozoic greenstone ..........coceeeveveeerennenene

Poverty Peaks .... Veins in Paleozoic and Triassic limestone ...
and sandstone, and Tertiary opalite

Imlay ..ccooveieiiiiene Eldorado (Blackjack) .......cccccevueeencnne Veins in Triassic limestone and shale..........c..c.ccoceverueennnne.

Mt. Tobin ....cccccevveeenenne Mt. TObIN....coverieriiiiieieeeeerereene Silicified Tertiary rhyolite and tuff and .........c.ccoccovevveeecncn. »3
pre-Tertiary conglomerate and shale

Ivanhoe.......c.ccoccoueueueee Silver Cloud, Butte........c..ccccoveveuneene Opalite altered Tertiary volcanic tuff...........cccceveeininenee

Goldbanks.................... Goldbanks .......ccceeceeveriineniinienieene Opalite altered Tertiary volcanic tuff ...........ccccocevinienennn.
and breccia

Bottle Creek................. White Peaks (Bottle Creek) .............. Veins in Paleozoic and Triassic tuffs and.............c..cccocc.......
sandstone and Tertiary diabase dikes

Antelope Springs ......... Pershing, Juniper ........cccocevenenenne. Veins in Triassic limestone, dolomite............cccceveeveruereennene
conglomerate, and shale

Opalite......ccccevveriennennee. McDermitt........ceeeevenerveneneenennens Opalite altered Tertiary volcanic tuffs..........ccccevcveveennennee.

IBailey and Phoenix (1944), 2Willden (1964), *Johnson (1977), “Noble and others (1988).

heated, gen-like furnace) or in a lge rotary furnace (i 3C) especially for public roads. Furthermore, studiestshovn

in which ore is heated internally and continuously rotated. In elevated mercury gas emissions from mercury mines in
Nevada, retorts generally processed as much ag tfes of Nevada and California (Gustin and others, 2000), indicating
ore daily and were generally used at smaller mines, whereasthat ectended humanx@osure to mercury mine calcine is not
rotary furnaces processeddar wlumes of ore, as much as 10Gdvisable (i.e., iilding houses on abandoned mercury mine
t of ore daily (Bailg and Phoenix, 1944At the lager mines in  sites should bevaided).

Nevada, both retorts and rotary furnaces are found, and retorts

were often used to reger mercury from smallerolumes of

high-grade ore or from mercury-rich soot that typically col- Methods

lected in condensers (Bajland Phoenix, 1944Jhis method
of heating ore toaporize mercury is a type of calcination
process, and thus, resultant mercury miastes are termed
calcine or mine-waste calcine.

Mercury mine-vaste calcine is typically red-bsm in
color (fig. 3), which results from theitming and oxidation of The 14 mercury mines studied are located in 12 districts
iron-sulfide minerals typically contained in the orelléwing  (fig. 1) and represent a range in deposit size (mercury produc-
ore roasting, mine astes are discarded on the ground, genertion) and geological characteristics (table 1). Most of the sites
ally at the mine site. Hwever, the roasting process to remeo  studied were within the HRB including the Eldorado, Dutch
mercury at mines @rldwide is not totally efficient and is oftenFlat, Cahill, Cinnabar CityGoldbanks, Siler Cloud, Butte,
incomplete, and thus, mineaste calcine contains elemental Mt. Tobin, Red Deil, and Horton mines, which were studied
Hg, elemental mercury sorbed onto particulates, cinnabar to evaluate ay adwerse influence of mercury to the HRB. In
metacinnabarand seeral watersoluble mercury compounds addition, localities outside of the HRB such as the McDermitt,
such as sudftes, chlorides, and oxychlorides, which are pres-Bottle Creek, Junipeand Pershing mines were studied as
ent een after may years follaving cessation of mining (Bies- analogs for mercury-transport processes within the HRB.
ter and others, 1999; Kim and others, 2000). Due to the presnost important mine studied outside of the HumboldeRi
ence of elemental mercury and soluble mercury compoundshasin vas McDermitt, the layest mercury mine in Nada.
mine-waste calcine is not an appropriate construction material, Stream-sediment samples consisted of channel-bed

Field Studies and Sample Collection
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alluvium. Lale-sediment samples were collected along the spikes, matrix spiks, certified reference materials, and sample
shoreline belw the waterline of Rye Btch Resewir. Sedi- duplicates. Rearies on blank and matrix sgi& were

ment samples were composited by collecting and mixing re@0-120 percent, and the relatistandard déation was <15
resentatie material from sgeral localities at each site. Mine- percent on reference standards. Method blanks were ledo
waste calcine as collected as grab samples. Sediment and limits of determination. Sample duplicates arevaiin tables
mine-waste samples were alried and ground prior to analy- 2 and 3The sediment andater samples were analyzed for

sis. Unfiltered ater samples for mercury and mdthercury  additional major and trace elements usingesal methods, lt
analysis were collected in precleafedlon bottles and were these results are not discussed in this pdperse additional
shipped within 48 hours to a commercial laboratory for analygeochemical data areailable in Gray and others (1999).

sis; at the laboratorgamples were acidified with ultrapure

hydrochloric acidAn additional set of fiered and unfiered

water samples were collected at each locality for mercury |t

analysis; these samples were collected to compare suspenoﬁc?su S

(unfiltered) and dissobd (filtered) mercury concentrations in
water This set of vater samples as collected in precleaned Ore and Mine Wastes
glass bottles and presed/with ultrapure nitric acid saturated

with sodium dichromate; samples were subsequently analyzed

by the USGSAII filtered water samples were passed through a  Significant mine stockpiles of unprocessed ore were not
0.45-um sterile membrane. Streamater characteristics such found, and only minor fragments of mineralized rock contain-
as pH, conductity, alkalinity, turbidity, temperature, P& and ing cinnabar were obsesa near shafts or adits, indicating that
dissoled oxygen were measured in the field at each sampleore was efficiently mined and processed at the sites studied.

site. At the Silver Cloud, Cahill, Butte, Goldbanks, and Mcber
Laboratory vaterleaching studies were conducted on  mitt mines, finely disseminated cinnabaasifound in bedded
samples of mine-aste calcine using a modifiedrgion of opalite in open cuts and rock fragments. In addition, metacin-
the U.S. Emironmental ProtectioAgeng/ (EFA) 1312 syn- nabar vas obsered in opalite ore from the Sév Cloud mine,
thetic precipitation leaching procedure (U.SviEsnmental and a probable mercury oxychloride (a bright-y&lloineral

ProtectiomrAgengy, 1986). Twenty-two mine-waste samples  that darlened uponsgosure to sunlight) as found along
were airdried and sieed to minus 9.5 mm prior to laboratory with vein cinnabar at the Cahill mine. Mercury concentra-
waterleaching studies.dlowing the ER-1312 method, 2 L  tions in grab samples of oraned widely from a lw of 20

of deionized vater acidified to pH 4.2 &s added to 100 g of pg/g (Dutch Flat mine) to cinnabech samples containing
sample; these samples were leached gsvileee rotated at as much as 6.9 percent (McDermitt mine) (Gray and others,
28 rpm for 18 hoursThe only modification to the BP1312 1999).The mean mercury concentration of ores collected in
method vas that the leachateaw extracted and filtered at 0.45 this study vas about 1.4 percent, which is similar to thera
pum, rather than with a Oy filter. This procedural modifa- age content of mercury ore mined throughoutddia (Baily
tion was made so that the same filtration methad used for and Phoenix, 1944)illden, 1964; Johnson, 1977).

both leachates and sace-vater samples collected in theld. Mine-waste calcine obsezd at most of the mines studied
Conductvity, pH, Fé*, and alkalinity were also measured in in Nevada is similar to calcine foundonidwide, which is typi-
leachates. cally red-brevn due to the presence of fine-grained iron oxide

and minor cinnabaiHowever, where opalite &s the dominant
host rock of ore (e.g., the SdvCloud mine), mine astes

Chemical Analysis are bleached white or light pink, which is consistent with the
silica-rich nature of opalite at such sites. Mercury concentra-
Measurement of mercury folleed ERA method 1631, tions are highly &riable in samples of mineaste calcine

and ERA method 1630 for analysis of methylmercury (Bloom collected from &rious mines. & example, calcine collected
1989).The concentration of mercuryas determined in the  from the Eldorado mine contains mercury concentratiemg-v

mine-waste, sediment, ater and leachate samples using ing from 25 to 1,300 pg/g, whereas calcine from thee®ilv
cold-vapor atomic absorption spectrophotometry AB%) Cloud mine contains mercury ranging from 3.0 to 180 ug/g
methods modified from &nnedy and Crock (1987), or by a (table 2). Methylmercury concentrations in minaste cal-
cold-vapor atomic fluorescence spectrometry AES) tech-  cine collected from the mines studied alsoywvidely—from
nique deeloped by Bloom and Fitzgerald (1988). Methylmer<0.05 to 96 ng/g (table 2gfi4).

cury was determined in samples usingAR% (Bloom, 1989). In addition to measuring the concentration of mercury
During methylmercury analysis, sediment and mirgeste in the mine-vaste calcine, theolume of calcine at the sites

samples werext¢racted into methylene chloride during diges- studied vas also estimated in the field using compass and tape
tion to avoid possible methylation aré€t efects (Bloom and  mapping.The amount of calcine remaining at these mercury
others, 1997). Quality control for mercury and methylmercurgnines is ariable lut is consistent with the general size and
analysis vas addressed with field blanks, method blanks, blamercury production as shvo in table 1. Calcine as estimated
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Table 2. Mercury data for mine-waste calcines and sediment samples collected from selected mercury mines, the Humboldt
River, Rye Patch Reservoir, and Rock Creek.

[Sample-number prefixes indicate collection date, e.g., 99 = 1999. % replicate analyses; n.a., not analyzed]

Sample number Location/description Hg (ng/g) Methyl-Hg (ng/g)
99DFLIlca Dutch Flat mine-waste calcines 320 n.a.
99DFL2ca Dutch Flat mine-waste calcines 110 n.a.
99DFLl1ca Dutch Flat mine-waste calcines inside small retort 680 n.a.
0OORDIca Red Devil mine-waste calcines 26 n.a.
00RDI1ca Red Devil mine-waste calcines 320 n.a.
0OORDI1ca Red Devil mine-waste calcines 2.4 n.a.
0O0RD1s Red Devil mine, stream sediment 300 m below mine 0.21 n.a.
00RD2s Red Devil mine, stream sediment 500 m below mine 0.80 n.a.
00RD3s Red Devil mine, stream sediment 1,000 m below mine 0.23 n.a.
00CClca Cinnabar City mine-waste calcines 12 n.a.
00CC2ca Cinnabar City mine-waste calcines 1.3 n.a.
00CC3ca Cinnabar City mine-waste calcines 6.2 n.a.
00CCl1s Cinnabar City mine, stream sediment 100 m below mine 7.8 n.a.
00CC2s Cinnabar City mine, stream sediment 300 m below mine 3.5 n.a.
00CC3s Cinnabar City mine, stream sediment 1,500 m below mine 0.8 n.a.
00HNO3ca Horton mine-waste calcines 610 n.a.
O1HNIca Horton mine-waste calcines 380 0.80
01HN2ca Horton mine-waste calcines 220 0.99
00HNO1s Horton mine, stream sediment 300 m below mine 0.90 n.a.
00HNO2s Horton mine, stream sediment 800 m below mine 0.90 n.a.
00HNO3s Horton mine, stream sediment 5,000 m below mine 0.17 n.a.
99CAHOIca Cabhill mine-waste calcines 680 n.a.
01CAHI1rt Cahill mine-waste calcines inside small retort 27,282 0.87
01CAHO3ca Cahill mine-waste calcines 64,622 0.31
99CAHI1s Cahill mine, stream sediment 500 m below mine 170 n.a.
99CAH2s Cahill mine, stream sediment 800 m below mine 2.0 n.a.
00BJKO1ca Eldorado mine-waste calcines 1,000 7.7
00BJKO2ca Eldorado mine-waste calcines 25 <0.05
01BJKOlca Eldorado mine-waste calcines 1,300, 1,2002 35,422
00BJKO1s Eldorado mine, stream sediment 100 m below mine 1.7 0.95
00BJKO02s Eldorado mine, stream sediment 500 m below mine 1.4 0.26
00BJKO03s Eldorado mine, stream sediment 2000 m below mine 0.87 0.23
01TBOl1ca Mt. Tobin mine-waste calcines 520, 5402 0.073
01TB02ca MLt. Tobin mine-waste calcines 290 <0.05
01TB03ca Mt. Tobin mine-waste calcines 1,200 2.9
00TBO1s Mt. Tobin mine, stream sediment 50 m below mine 40 0.18
00TBO02s Mt. Tobin mine, stream sediment 400 m below mine 60 0.21
00TBO03s Mt. Tobin mine, stream sediment 1,500 m below mine 22 0.12
00TBO04s Mt. Tobin mine, stream sediment 6,000 m below mine 0.16 n.a.
00TBO5s Mt. Tobin mine, stream sediment 8,000 m below mine 0.23 n.a.
99SLVlca Silver Cloud mine-waste calcines 3.0 n.a.
99SLV2ca Silver Cloud mine-waste calcines 17 n.a.
99SLV1rt Silver Cloud mine-waste calcines inside small retort 180 n.a.
99SLVOls Silver Cloud mine, stream sediment 150 m below mine 18 n.a.
99SLVO01s Silver Cloud mine, stream sediment 2,000 m below mine 8.8 n.a.
00BUOlca Butte mine-waste calcines 79 0.07
00BUO2ca Butte mine-waste calcines 14 <0.05
00BUO3ca Butte mine-waste calcines 45 n.a.
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Table 2. Mercury data for mine-waste calcines and sediment samples collected from selected mercury mines, the Humboldt
River, Rye Patch Reservoir, and Rock Creek—Continued.

Sample number Location/description Hg (na/g) Methyl-Hg (ng/g)
99GLBIca Goldbanks mine-waste calcines 2.5 n.a.
99GLB2ca Goldbanks mine-waste calcines 10 n.a.
99GLBI1s Goldbanks mine, stream sediment 300 m below mine 2.6 n.a.
99GLB2s Goldbanks mine, stream sediment 1,000 m below mine 22 n.a.
99GLB3s Goldbanks mine, stream sediment 4,000 m below mine 0.24 n.a.
99GLB4s Goldbanks mine, stream sediment 5,000 m below mine 0.60 n.a.
99BCKlca Bottle Creek mine-waste calcines 7.8 n.a.
99BCK2ca Bottle Creek mine-waste calcines 54 n.a.
99BCK3ca Bottle Creek mine-waste calcines 210 n.a.
99PER1ca Pershing mine-waste calcines 11 n.a.
99PER2ca Pershing mine-waste calcines 9.3 n.a.
99PER3ca Pershing mine-waste calcines 13 n.a.
99PER 11t Pershing mine-waste calcines 310 n.a.
99ANTIca Juniper mine-waste calcines 3.6 n.a.
99ANT2ca Juniper mine-waste calcines 43 n.a.
99ANT2ca Juniper mine-waste calcines 100 n.a.
00McDlca McDermitt mine-waste calcines 1,200 88,92,962
00McD2ca McDermitt mine-waste calcines 40 6.8,6.02
00McD3ca McDermitt mine-waste calcines 1,400 0.58
01McDlca McDermitt mine-waste calcines 1,400 19
01McD2ca McDermitt mine-waste calcines 200 0.88
01McD3ca McDermitt mine-waste calcines 330 0.19
01McD4rt McDermitt mine-waste calcines inside small retort 14,000 4.3
01HMBI1 Humboldt River, stream sediment 0.008 0.072
01HMB2 Humboldt River, stream sediment 0.05 n.a.
01HMB3 Humboldt River, stream sediment 0.05 n.a.
01HMB4 Humboldt River, stream sediment 0.01 n.a.
01HMB5 Humboldt River, stream sediment 0.01 n.a.
00HMB6 Humboldt River, stream sediment 0.017 <0.05
00HMB7 Humboldt River, stream sediment 0.014 <0.05
00HMBS8 Humboldt River, stream sediment 0.016 0.077
00HMB9 Humboldt River, stream sediment 0.080 n.a.
00HMB10 Humboldt River, stream sediment 0.010 <0.05
00HMBI11 Humboldt River, stream sediment 0.017 <0.05
00HMB12 Humboldt River, stream sediment 0.019 <0.05,<0.052
01HMBI13 Humboldt River, stream sediment 0.10 n.a.
00HMB 14 Humboldt River, stream sediment 0.28 n.a.
00HMBI15 Humboldt River, stream sediment 0.021 <0.05
99RYPI Rye Patch Reservoir, lake sediment 0.15 n.a.
99RYP2 Rye Patch Reservoir, lake sediment 0.05 n.a.
99RYP3 Rye Patch Reservoir, lake sediment 0.07 n.a.
99RYP4 Rye Patch Reservoir, lake sediment 0.09 n.a.
99RYP5 Rye Patch Reservoir, lake sediment 0.09 n.a.
01RYP6 Rye Patch Reservoir, lake sediment 0.004 0.090
00RCO1 Rock Creek, baseline stream sediment 0.44 n.a.
00RCO02 Rock Creek, baseline stream sediment 0.27 n.a.
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Table 3. Geochemical data for water samples collected from two mercury mines, the Humboldt River, Rye Patch Reservoir, and Rock Creek.

[Sample-number prefixes indicate collection date, e.g., 99 = 1999. NTU, nephelometric turbidity units; n.a., not analyzed; ?, replicate analyses]

9

Sample number Location/description Hg Methyl-Hg pH Conductivity ~ Turbidity
(ng/L) (ng/L) (nS/cm) (NTU)
99BJK1  Eldorado mine, unfiltered stream water 100 m below mine 8.0 n.a. 8.6 350 5
99BJK2  Eldorado mine, unfiltered stream water 500 m below mine 6.0 n.a. 8.7 330 8
01BJK1  Eldorado mine, unfiltered stream water above mine 3.1 0.039 8.3 350 10
01BJK2  Eldorado mine, unfiltered stream water 100 m below mine 13 0.11 8.6 350 10
01BJK3  Eldorado mine, unfiltered stream water 500 m below mine 8.7 0.89 8.7 380 10
99BJK 1 Eldorado mine, filtered stream water 100 m below mine <50 n.a. 8.6 n.a. n.a.
99BJK2  Eldorado mine, filtered stream water 500 m below mine <50 n.a. 8.7 n.a. n.a
00TBO1  Mt. Tobin mine, unfiltered stream water 50 m below mine 80 n.a. 8.5 440 2
00TB0O2  Mt. Tobin mine, unfiltered stream water 400 m below mine 130 n.a. 8.4 485 5
00TB0O3  Mt. Tobin mine, unfiltered stream water 1,500 m below mine 120 n.a. 8.6 510 7
01TBO1  Mt. Tobin mine, unfiltered stream water 50 m below mine 55 0.20 8.5 440 2
01TB0O2  Mt. Tobin mine, unfiltered stream water 400 m below mine 388 0.49 8.4 450 5
01TB0O3  Mt. Tobin mine, unfiltered stream water 1,500 m below mine 330, 305 2 0.60 8.6 450 10
01TB04  Mt. Tobin mine, unfiltered stream water 6,000 m below mine 2,000 0.92,0.892 8.2 470 20
00TBO1  Mt. Tobin mine, filtered stream water 50 m below mine <5.0 n.a. 8.5 n.a. n.a
00TB0O2  Mt. Tobin mine, filtered stream water 50 m below mine <50 n.a. 8.4 n.a. n.a.
00TB03  Mt. Tobin mine, filtered stream water 50 m below mine <50 n.a. 8.6 n.a. n.a
01HMB1 Humboldt River, unfiltered stream water 6.0 0.19,0.212 8.7 550 40
99HMB2 Humboldt River, unfiltered stream water <5.0 n.a. 8.2 600 90
99HMB3 Humboldt River, unfiltered stream water 8.0 n.a. 8.4 630 150
99HMB4 Humboldt River, unfiltered stream water 9.0 n.a. 8.3 660 150
99HMBS5 Humboldt River, unfiltered stream water <50 n.a. 8.6 840 50
01HMB6 Humboldt River, unfiltered stream water 5.0 <0.02 8.5 400 40
O0HMB7 Humboldt River, unfiltered stream water <5.0 n.a. 8.5 400 50
01HMB8 Humboldt River, unfiltered stream water 22,234 0.19 8.6 480 40
00HMB9 Humboldt River, unfiltered stream water <50 n.a. 8.5 420 70
01HMB10 Humboldt River, unfiltered stream water 6.9 <0.02,0.022 8.6 1000 150
O00OHMB11 Humboldt River, unfiltered stream water <50 n.a. 8.5 810 150
00HMB12 Humboldt River, unfiltered stream water 6.0 n.a. 8.5 800 120
00HMB13 Humboldt River, unfiltered stream water <5.0 n.a. 8.6 770 140
00HMB 14 Humboldt River, unfiltered stream water <5.0 n.a. 8.5 860 150
00HMB15 Humboldt River, unfiltered stream water <50 n.a. 8.4 490 100
01HMB1 Humboldt River, filtered stream water <50 n.a. 8.7 n.a. n.a.
99HMB2 Humboldt River, filtered stream water <50 n.a. 8.2 n.a. n.a.
99HMB3 Humboldt River, filtered stream water <5.0 n.a. 8.4 n.a. n.a.
99HMB4 Humboldt River, filtered stream water <5.0 n.a. 8.3 n.a. n.a.
99HMBS5 Humboldt River, filtered stream water <5.0 n.a. 8.6 n.a. n.a.
O0HMB6 Humboldt River, filtered stream water <50 n.a. 8.5 n.a. n.a.
O0HMB7 Humboldt River, filtered stream water <50 n.a. 8.5 n.a. n.a.
O0HMBS8 Humboldt River, filtered stream water <50 n.a. 8.6 n.a. n.a.
00HMB9 Humboldt River, filtered stream water <5.0 n.a. 8.5 n.a. n.a.
O00HMB10 Humboldt River, filtered stream water <5.0 n.a. 8.6 n.a. n.a.
O00HMB11 Humboldt River, filtered stream water <5.0 n.a. 8.5 n.a. n.a.
00HMB12 Humboldt River, filtered stream water <50 n.a. 8.5 n.a. n.a.
00HMB13 Humboldt River, filtered stream water <50 n.a. 8.6 n.a. n.a.
00HMB14 Humboldt River, filtered stream water <50 n.a. 8.5 n.a. n.a.
00HMB15 Humboldt River, filtered stream water <50 n.a. 8.4 n.a. n.a.
99RYP1  Rye Patch Reservoir, unfiltered lake water 8.0 n.a. 8.5 730 140
99RYP2  Rye Patch Reservoir, unfiltered lake water 8.0 n.a. 8.5 730 140
99RYP3  Rye Patch Reservoir, unfiltered lake water 5.0 n.a. 8.6 740 80
99RYP4  Rye Patch Reservoir, unfiltered lake water <5.0 n.a. 8.6 780 40
99RYP5 Rye Patch Reservoir, unfiltered lake water <5.0 n.a. 8.6 820 50
OORYP6  Rye Patch Reservoir, unfiltered lake water 5.5 <0.02 8.6 800 100
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Table 3. Geochemical data for water samples collected from two mercury mines, the Humboldt River, Rye Patch Reservoir, and Rock Creek—

Continued.

Sample number Location/description Hg Methyl-Hg pH Conductivity  Turbidity
(ng/L) (ng/L) (nS/cm) (NTU)
01RYP6 Rye Patch Reservoir, unfiltered lake water 2.1 0.27 8.6 780 80
99RYP1  Rye Patch Reservoir, filtered lake water 5.0 n.a. 8.5 n.a. n.a.
99RYP2  Rye Patch Reservoir, filtered lake water <5.0 n.a. 8.5 n.a. n.a.
99RYP3  Rye Patch Reservoir, filtered lake water <50 n.a. 8.6 n.a. n.a.
99RYP4  Rye Patch Reservoir, filtered lake water <50 n.a. 8.6 n.a. n.a.
99RYPS5  Rye Patch Reservoir, filtered lake water <5.0 n.a. 8.6 n.a. n.a.
0O0RCO1  Rock Creek baseline, unfiltered stream water <50 n.a. 9.4 350 5
0O0RCO02 Rock Creek baseline, unfiltered stream water <50 n.a. 9.8 360 5

to vary from approximately 300 hfat Dutch Flat, the smallest Stream- and Lake-Sediment Samples

mine studied) to greater than 1,000,000(at McDermitt, the
largest mine studied). Using thesglumes and the mercury

Stream-sediment samples collected within 1 km of the

concentrations determined in samples of calcine collected mines studied contain mercury concentrations as high as 170
from the mines, there is about 1 t of mercury remaining in theg/g (Cahill mine, table 2). Such samples are highlyatel
calcine at the Dutch Flat mine, and greater than 1,000 t of marmercury when compared to stream sediments collected

cury in calcine at the McDermitt min€hus, there is a lge
amount of mercury remaining in the minaste piles that is
potentially aailable for leaching, denstream transport, and
possible cowversion to other forms of mercury

@ Mine-waste calcines O Mine drainages

A Humboldt River sediments

100,000 3

1000 3

Hg (ng/g)

0.14 Alaska mine drainages
] A
YN
0.001 L e L L Tt
0.001 0.01 0.1 1 10 100 1,000
Methylmercury (ng/g)

Figure 4. Mercury versus methylmercury concentration in mine-
waste calcine, mine-drainage sediments, and Humboldt River
sediment samples. The range of data for mine-drainage sediments
collected from mercury mines in Alaska (Gray and others, 2000) are
shown for reference.

distant from the mines (geral kilometers), such as the Rock
Creek rgional geochemical baseline site and the Humboldt
River, both of which hee mercury concentrations of less than
0.44 pg/g (table 2,di 5A). Fav structures were obset to
keep on-site mine-aste materials from erodingwno gradi-
ent, and as a result, calcine and ore-bearing detritus were
visible in streambeds belomost mines. Hwever, the con-
centration of mercury in stream sediments collectednbtie
mines is generally lwer than that in calcine material from the
corresponding mine.df example, although calcine material
from the Eldorado mine contains as much as 1,300 ug/g mer
cury, stream sediment collected about 100 mvrkiream from
the mine contains only 1.7 pg/g mercuamd sediment col-
lected about 2 km balthe mine contains 0.87 pg/g mercury
(table 2, fgy. 5B). The Eldorado mine is located about majw
along Eldorado Creek, which is adardrainage basin with
a stream length of about 10 kirhus, sediment transported
downstream from the Eldorado mine is significantly diluted by
barren (unmineralized) detritus in thisdardrainage basin, as
evidenced by the mercury data for stream-sediment samples
collected from Eldorado Creek. Stream-sediment samples col-
lected davnstream from the MiTobin mine shw a similar
pattern (fg. 5C). Perhaps most importantsediment samples
collected from the Humboldt Rer and Rye &ch Resemir
contain mercury concentrations of less than 0.28 pg/g (table
2). These results are noterly surprising because the mercury
mines are located more than 8 km from the HumbolaRi
and Rye Rtch Resemwir, and as a result, mercury is dispersed
and significantly diluted before it reaches the HumboldéeRi
system.

Methylmercury contents in sediment samplesasho
pattern similar to that of mercury in sedimeriise only
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Figure 5. Mercury in sediments versus distance from mines for A4, all
mine drainages; B, the Eldorado mine; and C, the Mt. Tobin mine. The
distance plotted in A for samples collected from the Humboldt River
and Rye Patch Reservoir is that to the nearest upstream mercury
mine. These data document dilution of mercury below the mercury
mines in this study.

mine-drainage sediments analyzed for methylmercury were
those collected from the Eldorado and Wibin mines, bt
methylmercury content in these samples are generatlrio

(0.12 to 0.95 ng/g) than that found in the upstream miastav
calcine (<0.05-7.7 ng/g). Sediment samples collected from the
Humboldt Rver and Rye &ch Resemir generally contain

the lovest metlglmercury contents (<0.05—-0.090 ng/g) of the
sediments collected in this study

Stream- and Lake-Water Samples

Stream vater was found flaving at only the Eldorado
and Mt.Tobin mine sites. During fieldovk in the summers
of 1999-2001, Eldorado Creelas/dry about 1 km belothe
mine, whereas ater flaved for about 6 km denstream from
the Mt.Tobin mine. Mercury concentrations in utgredwater
collected davnstream from these mines range from 6.0 to
2,000 ng/L; all filtered mine-ater samples lva mercury con-
tents of <5.0 ng/L (table 3Jhese results suggest transport of
mercury primarily as finely suspended matter (probabhyi
particulate cinnabar or mercury adsorbed to suspended matter)
downstream from these mines for short distances until #terw
flow dissipates. Mercury contents actually increase irtergd
water collected donstream from the Miobin mine, which
is probably due to almdant domestic animal agty (graz-
ing livestock) in this area, resulting in significant disruption of
the stream bed, more suspendeghaic particulates, and an
increase in donstream \ater turbidity Mercury concentra-
tions in all of the unfiltered stream- andéakater samples col-
lected from the Humboldt Rér system were generallywer
(£5.0t0 9.0 ng/L) than those in the minaters (fig. 6); all f
tered vater samples collected from the HumboldteRisystem
had mercury concentrations of less than 5.0 ng/L ltdrdd
water samples collected from the Rock Creek baseline sites had
mercury contents of less than 5.0 ng/L (table 3).

Methylmercury concentrations in ultdired water col-
lected davnstream from the Eldorado and Miabin mines
varied from 0.11 to 0.92 ng/L (table 3, fig. 6). Methylmercury
concentrations in unfilteredater samples collected from the
Humboldt Rver and Rye &ch Resemir ranged from <0.02
to 0.27 ng/L; these concentrations are generalgtdhan
those obserd in water collected donstream from the mer
cury mines studied.

Water-Leach Studies

Highly variable and eleted concentrations of mercury
were found in some of the leachates obtained from the mine-
waste calcine samples (fig. 7prFexample, three leachates
of calcine samples obtained from the 8ilCloud mine con-
tained from 0.2 to 1,500 pg/L mercury—this represents leach-
ates with the highest and one of thevdst mercury concentra-
tions determined in this study (table 4). Leachates obtained
from three calcine samples collected from the McDermitt mine
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Figure 6. Mercury versus methylmercury concentration in unfiltered
water samples collected downstream from the Eldorado and Mt. Tobin
mines, and from the Humboldt River and Rye Patch Reservoir. The
range of data for unfiltered water samples collected from mercury
mines in Alaska (Gray and others, 2000), the State of Nevada drinking-
water standard, and the EPA criterion continuous-concentration
standard established to protect against chronic effects of mercury to
aquatic wildlife are shown for reference.

contained somehat laver mercury concentrations (0.2—-21
ug/L). The concentration of mercury in these leachates is
highly elezated when compared to that found in the natural
surface vaters gamined in this studyrhere is no consistent

Figure 7. Mercury concentration versus pH in filtered water samples
of leachates from mine-waste calcine and filtered water samples col
lected from the Humboldt River, Rye Patch Reservoir, and mine drain-
ages. Mercury concentrations in the leachates are highly variable;
some plot in the near-neutral, extreme-metal field. All natural surface-
water samples collected plot in the near-neutral, low-metal field.

methylmercuryAt the mines studied, there is minor cinnabar
visible in the area of the open-pit cuts, adits, trenches, im a fe
outcrops, and in mine-aste calcine. Fine-grained and encap-
sulated cinnabar obsed in maw of the calcine piles, and the

correlation between leachate mercury concentrations and mieigh variability of mercury within samples of calcine from indi-
cury contents in the corresponding calcine leached, or betwe&lual mines, probably indicates that retortingsmot totally or
leachate mercury concentrations and the type of ore processaiformly efficient and that mercury byproduct compounds are

from the \arious mines (Gray and others, 2002). Leaching
of soluble mercury from these mineaste calcines is most

present in calcine. Detrital cinnabar and mireste calcine are
clearly visible in stream drainages beltihe mines, indicating

likely due to the presence of soluble mercury salts, which wénat mercury is eroding #mstream from the mines. Mercury
reported in préous studies that identified mercury chlorides concentrations in stream-sediment samples were signify

and oxychlorides at seral mines in this ggon (Bailey and
Phoenix, 1944).

Conductvity (25-3,800 uS/cm) and pH (3.2-9.9) mea-
sured in the leachates alsaried widely (table 4)Although
the two leachates with the highest conduities, 3,800 and

lower than those in mine-aste calcine collected from the €or
responding mine, and thus, sedimentsssiabstantial disper
sion of mercury denstream from the minealthough mercury
contents in mine-aste calcine (as much as 14,000 pg/g) and
stream-sediment samples (as much as 170 pg/g) collected at

3,400 uS/cm, also contain high mercury concentrations (1,500near the mines are highly edted, the dominant form of

and 81 ug/L, respecitly) the werall correlation between
high conductiity and mercury concentration is weak (table

the mercury is cinnabar (HgS), which is generally resistant to
chemical and pysical weathering (Gray and others, 2000). In

4). There is also a poor correlation between leachate mercuigddition, acid-vatergenerating sulfide minerals, such gste,
concentration and pH (fig. 7), indicating that mercury concerare rare in the mercury ores and mirestesThus, the poten-
tration is not solely controlled by the capacity of the calcine tial for acid-water generation near these mines is minimahe

samples to generate acid.

Discussion

The primary evironmental concernsgarding mercury

during high-flav runoff, which is important because cinnabar

is more soluble in acidic conditions (Gray and others, 2003).
During this studyelemental mercurwvhich is more chemi-

cally reactve than cinnabawas not obseed around retorts or
rotary furnaces at grof the mines studiedhe absence of ele-
mental mercury at these sites may be related to the hot, arid cli-
mate and relate age of these mines (i.e., most of these mines

mines in Ngada are donstream transport of mercury and conhave been inacte for s&eral decades), and thus, elemental
version of mercury to ater soluble, bioailable forms such as mercury may hee ezaporated wer time.
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Table 4. Geochemical data for filtered water leachates of mine-waste samples collected from several mercury mines.

Sample number Location/description Hg pH Conductivity
(ng/L) (nS/cm)
99DFLI1ca Dutch Flat mine-waste calcines, leachate 175 7.4 270
99DFLI1rt Dutch Flat mine-waste calcines inside small retort, leachate 0.10 3.2 1,500
99CAHIlca  Cahill mine-waste calcines, leachate 0.10 9.7 160
99CAH3ca  Cahill mine-waste calcines, leachate 0.30 9.4 100
99CAH 11t Cahill mine-waste calcines inside small retort, leachate 2.0 9.3 1,700
99BJKl1ca Eldorado mine-waste calcines, leachate 5.0 9.2 130
99BJK?2ca Eldorado mine-waste calcines, leachate 0.10 8.9 70
99BJK 1rt Eldorado mine-waste calcines inside small retort, leachate 0.30 9.2 390
99SLVlca Silver Cloud mine-waste calcines, leachate 0.20 5.4 25
99SLV2ca Silver Cloud mine-waste calcines, leachate 0.80 9.3 40
99SLVIrt Silver Cloud mine-waste calcines inside small retort, leachate 1,500 7.9 3,800
99GLBIca  Goldbanks mine-waste calcines, leachate 0.20 9.5 85
99GLB2ca  Goldbanks mine-waste calcines, leachate 0.10 8.0 80
99BCKlca  Bottle Creek mine-waste calcines, leachate 7.0 7.8 95
99BCK3ca  Bottle Creek mine-waste calcines, leachate 290 9.2 80
99PERIca  Pershing mine-waste calcines, leachate 0.20 9.8 290
99PER 11t Pershing mine-waste calcines inside small retort, leachate 81 9.0 3,400
99ANTIca  Juniper mine-waste calcines, leachate 1.1 9.9 940
99ANT3ca  Juniper mine-waste calcines, leachate 22 6.4 2,100
99MCDIlca McDermitt mine-waste calcines, leachate 21 8.8 65
99MCD2ca  McDermitt mine-waste calcines, leachate 0.20 4.3 190
99MCD3ca  McDermitt mine-waste calcines, leachate 0.20 3.2 1,700

Methylmercury concentrations in mineste, vater
and sediment collected from in and around the mines are
more erironmentally important than total mercury contents
because methylmercury is highly toxic t@anisms (National
Academy of Sciences, 1978; Eisl#B87; U.S. Evironmental
ProtectiomrAgengy, 2001). Similar to the results for mercury
methylmercury contents in stream sediments collecteah-do
stream from mines are generallyvier than methylmercury
in corresponding mine-aste calcine (table 2). More impor
tantly, methylmercury contents in sediments collected from
the Humboldt Rier were the lavest found in the study fi

drinking-water standard for mercury (&eda Dvision of Ervi-

ronmental Protection, 2001), (2) the 2,400-ng/L mercury stan-

dard recommended by the &£ protect aginst acute efects
to aquatic wildlife, and (3) the 12-ng/L mercury standard
recommended by the BRo protect againstronic effects

to aquatic wildlife (U.S. Bvironmental ProtectioAgency,
1992) (fig. 6)The concentration of mercury irater samples
collected devnstream from the Eldorado and Miabin mer
cury mines is generally higher than that in the HumbobhdRi
(fig. 6). Mercury concentrations in the mineter samples
was equal to or less than the State ofddia drinking-vater

4). Methylmercury results for mine-drainage sediment and tlstandard and less than thedEfeute aquatic-life standard for

Humboldt Rver indicate significantly lwer mercury metyla-

mercury However, mercury concentrations inal of the

tion in stream erironments both proximal and distal from the mine-water samplesxeeed the 12-ng/L EPmercury standard

mercury mines when compared to nydthercury in mine-
waste calcine.

Mercury concentrations in unfilterecater samples col-
lected from the Humboldt Rér and Rye &ch Reserwir
(2.1-9.0 ng/L) are beloseseral important evironmental and
health standards including (1) the 2,000-ng/L State géble

to protect againstheonic effects to aquatic wildlife, especially
stream vater collected from the Mtobin mine (fig. 6). Simi-
larly, leachates obtained from calcine samples contaiged v
able and some highly el@ted mercury concentrationgy(fv),

and some of these concentrations are significantly higher than

the 2,000 ng/L State of Nada drinking-vater standard for
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mercury The leachate data indicate that there aatepsoluble  Nevada, the transference of significant methylmercury from
forms of mercury in some mineaste calcine samples or that mine-waste calcine to stream sediments, to streatemand
finely particulate mercury-bearing material passed through thiben to biota such as fish, is uslik Presentlythere are no
0.45-um filter during leachate filtration. Leachates produced iadvisories for elated mercury in fish on girwater body in

this study probably represent the maximum mercury concenttiae Humboldt Rier system. Data presented here, which gener
tions that can be obtained byter leaching of the mineagte  ally shav low mercury and methmercury contents in sam-
calcine because the ER312 method is a rigorous leaching ples collected from the Humboldt\Rrr are consistent with the
technique that includes rotation and agitation and a 28tdrw lack of advisories on the Humboldtver.

to-sample ratio.

Methylmercury concentrations in ultdired water samples
collected from the Humboldt Rer and Rye &ch Resemir
generally had the Weest methylmercury contents in this study
(fig. 6). Cowersely results for the sediment an@tgr samples

Summary

indicate significant local methylation at mine siteswideer, Results in this study indicate minimal a&dse ewiron-

downstream transport of mgtimercury in this arid rgion is mental efects to the Humboldt Rér ecosystem from mercury

limited by the lack of mine-ater runof. Of all the mines stud- mines in Ngada because

ied, stream ater was obsered only at the Eldorado and Mt. e The primary mercury ore mineral is cinnabahich is

Tobin mines, and both of these streams were ephemeral and resistant to physical and chemical weathering. Elemen-

dry within a fav kilometers of these mineBhus, mine-vater tal mercurywhich is more reaate than cinnabawas

runoff is hydrologically disconnected from the Humboldué&i not obsered at ag of the mines studied.

system because suclaigr does not fle directly into the Hum- e The climate in the study area is arid, and there is rarely

boldt River. Surface-vater runof from all mercury mines in this runoff from the mines. Mine drainageaw found at

region is rapidly diluted and infiltrates into broad areas of desert only 2 of the 14 mines studied, and drainage from

pediment before reaching the HumboldidRi(fig. 3A). This these mines dissipated avf&ilometers danstream.

is true @en during periods of high precipitation, such as storm e Samples of mine-aste calcine contain locally high

events or spring rungfbecause the mines are distant from the concentrations of mercury and methylmerc¢iot

Humboldt Rver (fig. 1). In addition, streamaier belav the stream-sediment samples collected/dstream from

mines studied and that from the HumboldtdRiis alkaline (pH the mines had generallyder mercury and meyf

8.2-8.7), and under such conditions, cinnabar generally has a mercury contents; these results indicate only minor

low solubility. Proximal to most cinnab@ominant mercury local davnstream transference of mercury and methyl-

mines, mercury transport is mostly as finely suspended particu- mercury Sediments collected from the Humboldv&ti

late cinnabar (Gray and others, 2000; Gray and others, 2002). and Rye Btch Resewir had the lavest mercury and
The concentrations of mercury and nyétiercury in methylmercury contents in this study

mine-waste calcine and mine-drainage sediments collected in e Leachates from calcine collected fronvesl of the

this study are similar to those found in other mercury mines mines generatedaviable, It in some instances signifi

in the United States, foxample inAlaska (Gray and others, cant, mercury concentrations (as much as 1,500 ug/L)

2000), although the methylmercury concentrations in calcine during waterleaching gperiments. Hwever, natural

from the McDermitt mine are as much agesal times those runoff from the mercury mines has little inéinceon

obsened in samples frorAlaska.The climatic settings of the major vatersheds because mercury concentrations

Nevada andhlaska are clearly diérent (arid ersus subarctic), in water samples from the HumboldtvRr are much

but the mercury mines in bothgiens are mineralogically lower (<9.0 ng/L).

similar because tlyeboth are hot-springs mineral deposits e The mines are distant from the Humboldtéri and

where ore is dominantly cinnabar (Gray and others, 1997). mine runof does not flav directly into the Humboldt

High local metlglmercury concentrations in mercury-bearing River. In addition, mercury in ater and sediment is

mine wastes in Neada suggest higher mgthtion in this transported and diluted through a significasitime of

climate where annual temperatures are highigh possibly pediment before it reaches the HumboldieRi

more microbial actity, resulting in greater megtation. Con-
centrations of mercury and methylmercury in mirsgex col-
lected in this study are also comparable to those found in m
waters fromAlaska. InAlaska, seeral of the mercury mines
are located proximal to aquatic ecosystems that support fre
water fish and salmon, and in some instancgscdillected
from such streams contain ed¢ed concentrations of mercury
(>0.5 ug/g, Gray and others, 2000).w#wer, in Nevada, Biester, H., Gosar, M., and Muller, G., 1999, Mercury speciation in
streams proximal to the mercury mines studied are small and tailings of the Idrija mine: Journal of Geochemical Exploration,
ephemeral and do not contain fighus, in this rgion of v. 65, p. 195-204.

References

SEnl-iley, E.H., and Phoenix, D.A., 1944, Quicksilver deposits in Nevada:
Nevada Bureau of Mines, Geology and Mining Series No. 41, 206 p.



Leaching, Transport, and Methylation of Mercury, near Abandoned Mercury Mines, Humboldt River Basin, Nevada 15

Bloom, N.S., 1989, Determination of picogram levels of methylmercury
by aqueous phase ethylation, followed by cryogenic gas
chromatography with cold vapor atomic fluorescence detection:
Canadian Journal of Fisheries and Aquatic Science, v. 7, p. 1131—
1140.

Bloom, N.S., Colman, J.A., and Barber, L., 1997, Artifact formation
of methylmercury during aqueous distillation and alternative
techniques for the extraction of methylmercury for environmental
samples: Fresenius Journal of Analytical Chemistry, v. 358, p. 371—
371.

Bloom, N.S., and Fitzgerald, W.F., 1988, Determination of volatile
mercury species at the picogram level by low-temperature gas
chromatography with cold-vapour atomic fluorescence detection:
Analytica Chimica Acta, v. 208, p. 151-161.

Compeau, C.C., Bartha, R.A., 1985, Sulfate reducing bacteria: Principal
methylators of mercury in anoxic estuarine sediment: Applied
Environmental Microbiology, v. 50, p. 498-502.

Eisler, R., 1987, Mercury hazards to fish, wildlife, and invertebrates: A
synoptic review: U.S. Fish and Wildlife Service Biological Report 85
(1.10), 90 p.

Gray, J.E., Adams, M.G., Crock, J.G., and Theodorakos, P.M., 1999,
Digital geochemical data for environmental studies of mercury
mines in Nevada: U.S. Geological Survey Open-File Report 99-576,
CD-ROM, [or at URL http://greenwood.cr.usgs.gov/pub/open-file
reports/ofr-99-0576/].

Gray, J.E., Crock, J.G., and Fey, D.L., 2002, Environmental geochemistry
of abandoned mercury mines in west-central Nevada, USA:
Applied Geochemistry, v. 17, p. 1069-1079.

Gray, J.E., Gent, C.A., Snee, LW., and Wilson, F.H., 1997, Epithermal
mercury-antimony and gold-bearing vein deposits of southwestern
Alaska: Economic Geology Monograph 9, p. 287-305.

Gray, J.E., Greaves, |.A., Bustos, D.M., and Krabbenhoft, D.P., 2003,
Mercury and methylmercury contents in calcine, water, and
sediment collected from the Palawan Quicksilver mine, Palawan,
Philippines: Environmental Geology, v. 43, p. 298-307.

Gray, J.E., Theodorakos, P.M., Bailey, E.A., and Turner, R.R., 2000,
Distribution, speciation, and transport of mercury in stream
sediment, stream water, and fish collected near abandoned
mercury mines in southwestern Alaska, USA: Science of the Total
Environment, v. 260, p. 21-33.

Gustin, M.S., Lindberg, S.E., Austin, K., Coolbaugh, M., Vette, A., and
Zhang, H., 2000, Assessing the contribution of natural sources
to regional atmospheric mercury budgets: Science of the Total
Environment, v. 259, p. 61-71.

Johnson, M.G., 1977, Geology and mineral deposits of Pershing
County, Nevada: Nevada Bureau of Mines and Geology, Bulletin 89,
115 p.

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.

Kim, C.S., Brown, G.E., Jr., and Rytuba, J.J., 2000, Characterization and
speciation of mercury-bearing mine wastes using X-ray absorption
spectroscopy: Science of the Total Environment, v. 260, p. 157—-168.

Lacerda, L.D., and Salomons, W., 1998, Mercury from gold and silver
mining: A chemical time bomb?: Berlin, Springer-Verlag.

National Academy of Sciences, 1978, An assessment of mercury in
the environment: Washington, D.C., National Academy of Sciences,
National Research Council.

Nevada Division of Environmental Protection, 2001, Water pollution
control: Nevada Bureau of Water Quality Planning, Chapter 445A,
[URL http://www.state.nv.us.ndep/bwqp].

Noble, D.C., McCormack, J.K., McKee, E.H., Silberman, M.L., and
Wallace, A.B., 1988, Time of mineralization in the evolution of the
McDermitt caldera complex, Nevada-Oregon, and the relation
of middle Miocene mineralization in the northern Great Basin to
coeval regional basaltic magmatic activity: Economic Geology,
v. 83, p. 859-863.

Peabody, C.E., 1993, The association of cinnabar and bitumen in
mercury deposits in the California Coast Ranges, in Parnell, J.,
Kucha, H., and Landais, P, eds., Bitumens in ore deposits: Berlin,
Springer-Verlag, p. 179-209.

U.S. Environmental Protection Agency, 1986, Test methods for
evaluating solid waste: v. | and Il (SW-846) (3rd ed.) November,
1986, [updates available through revision 2V, April 4, 1995].

U.S. Environmental Protection Agency, 1992, Water quality standards;
establishment of numeric criteria for priority toxic pollutants;
states’ compliance; final rule: Federal Register, 40 CFR Part 131,

v. 57, no. 246, p. 60847-60916.

U.S. Environmental Protection Agency, 2001, Water quality criterion
for the protection of human health: Methylmercury: U.S.
Environmental Protection Agency Report EPA-823-R-01-001.

Willden, Ronald, 1964, Geology and mineral deposits of Humboldt
County, Nevada: Nevada Bureau of Mines and Geology Bulletin 59,
154 p.

Manuscript approved for publication June 23, 2003

Published in the Central Region, Denver, Colorado

Editing, page layout, photocomposition—Richard W. Scott, Jr.
Graphics by the author



	Cover
	Title page
	Backstitle page
	Preface
	Contents
	Contents2
	Abstract
	Introduction
	Study Area Description
	Uses of Mercury and the Mercury Mining Process
	Methods
	Field Studies and Sample Collection
	Chemical Analysis

	Results
	Ore and Mine Wastes
	Stream- and Lake-Sediment Samples
	Stream- and Lake-Water Samples
	Water-Leach Studies

	Discussion
	Summary
	References
	Figures
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

	Tables
	Table 1
	Table 2 (1 of 2)
	Table 2 (2 of 2)
	Table 3 (1 of 2)
	Table 3 (2 of 2)
	Table 4


