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Abstract

The speciation of Hg is a critical determinant of its mobility, reactivity, and potential bioavailability in mine-
impacted regions. Furthermore, Hg speciation in these complex natural systems is influenced by a number of physical,
geological, and anthropogenic variables. In order to investigate the degree to which several of these variables may
affect Hg speciation, extended X-ray absorption fine structure (EXAFS) spectroscopy was used to determine the Hg
phases and relative proportions of these phases present in Hg-bearing wastes from selected mine-impacted regions in
California and Nevada. The geological origin of Hg ore has a significant effect on Hg speciation in mine wastes. Spe-
cifically, samples collected from hot-spring Hg deposits were found to contain soluble Hg-chloride phases, while such
phases were largely absent in samples from silica-carbonate Hg deposits; in both deposit types, however, Hg-sulfides in
the form of cinnabar (HgS, hex.) and metacinnabar (HgS, cub.) dominate. Calcined wastes in which Hg ore was cru-
shed and roasted in excess of 600 °C, contain high proportions of metacinnabar while the main Hg-containing phase in
unroasted waste rock samples from the same mines is cinnabar. The calcining process is thought to promote the
reconstructive phase transformation of cinnabar to metacinnabar, which typically occurs at 345 °C. The total Hg
concentration in calcines is strongly correlated with particle size, with increases of nearly an order of magnitude in total
Hg concentration between the 500-2000 pm and <45 pm size fractions (e.g., from 97-810 mg/kg Hg in calcines from
the Sulphur Bank Mine, CA). The proportion of Hg-sulfides present also increased by 8-18% as particle size decreased
over the same size range. This finding suggests that insoluble yet soft Hg-sulfides are subject to preferential mechanical
weathering and become enriched in the fine-grained fraction, while soluble Hg phases are leached out more readily as
particle size decreases. The speciation of Hg in mine wastes is similar to that in distributed sediments located down-
stream from the same waste piles, indicating that the transport of Hg from mine waste piles does not significantly
impact Hg speciation. Hg Ljj;-EXAFS analysis of samples from Au mining regions, where elemental Hg(0) was
introduced to aid in the Au recovery process, identified the presence of Hg-sulfides and schuetteite (Hgz0,SO,), which
may have formed as a result of long-term Hg(0) burial in reducing high-sulfide sediments.
© 2003 Elsevier Ltd. All rights reserved.
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surrounding environment. Mercury contamination is
particularly prevalent in the California Coast Range,
the source of the largest Hg mines in North America,
where Hg mining occurred for over 100 a. The environ-
mental impacts of Hg mining are still visible today in
the large volumes of Hg-bearing waste rock and roasted
ore (calcines) present at these mine sites, both contain-
ing high residual levels of Hg ranging in concentration
from <100 to several 1000 mg/kg (ppm). Although Hg
mining activity ended in the early 1970s, abandoned and
untreated mine wastes continue to release Hg to nearby
streams (Ganguli et al., 2000) and the atmosphere
(Gustin et al., 2000; 2002a). Much of the Hg recovered
from mining was transported to the Sierra Nevada
region and used in Au recovery through an amalgamation
and distillation process, resulting in the loss of approxi-
mately 3600 tons of elemental Hg (Churchill, 1999) which
were distributed in nearby soils and sediments. Over time,
weathering and surface water runoff have transported
Hg-bearing wastes hundreds of km from their sources
(Roth et al., 2001). The prevalence of Hg contamination
throughout these areas poses a significant challenge to
regulatory agencies attempting to limit the bioaccumula-
tion of Hg in the food web, which leads to toxic levels of
Hg in fish and poses a threat to human health.

The speciation of Hg in mine wastes is a critical factor
in determining its mobility, reactivity, and potential
bioavailability in mining regions. Since different Hg
species possess varying degrees of solubility, the parti-
cular species present and their relative proportions in a
Hg-contaminated region can greatly influence the
release and transport of Hg from its source. Prior work
using extended X-ray absorption fine structure
(EXAFS) spectroscopy has demonstrated that Hg spe-
ciation can vary from mine to mine, although Hg-sul-
fides [cinnabar, HgS (hex.) and metacinnabar, HgS
(cub.)] were found to be prevalent among calcines ana-
lyzed from five separate Hg mines in the California
Coast Range (Kim et al., 2000). However, comparison
of Hg speciation from mines with different geological
histories indicated that speciation was influenced by the
type of geological environment in which the Hg ore
formed. Specifically, Hg-chloride minerals were identi-
fied in hot-spring Hg deposits where Cl concentrations
are known to be elevated (Dickson and Tunell, 1968),
while Hg deposits that formed in a silica-carbonate
alteration rock lacked such Hg-chloride phases.

This prior study established EXAFS spectroscopy as
a viable technique for directly determining the specia-
tion of Hg in low-concentration (=100 ppm Hg),
heterogeneous, natural samples such as those from Hg-
bearing mine wastes. These results also built upon pre-
vious EXAFS spectroscopy studies of the speciation of
As (Foster et al., 1998), Pb (Cotter-Howells et al., 1994;
Manceau et al., 1996; Morin et al., 1999; Ostergren et
al., 1999), and Zn (O’Day et al., 1998; Manceau et al.,

2000; Isaure et al., 2002; Juillot et al., 2003) in similar
types of mining-impacted natural samples. Application
of the EXAFS technique to determine Hg speciation in
calibrated mixtures of model Hg compounds (Kim et
al., 2000) and a comparison with results from EXAFS
spectroscopy and sequential chemical extractions on the
same samples (Kim et al., submitted for publications)
further validated the use of EXAFS spectroscopy for
determining Hg speciation in complex samples and bet-
ter defined its limitations.

The speciation of Hg in natural environments is likely
to be influenced by many factors in addition to the
geology of the Hg deposit. These include particle size,
distance from the point source, and processes such as
ore roasting, weathering, or aging that can cause phase
transformation of the primary HgS mineral or second-
ary Hg mineralization. The objective of this study is to
determine the speciation of Hg in samples from a variety
of mine-impacted environments using EXAFS spectro-
scopy and assess the degree to which the aforemen-
tioned variables affect Hg speciation. Determining the
influence and importance of specific geological and
anthropogenic variables on Hg speciation can provide
insights about the processes of Hg release and distribu-
tion at these sites and the eventual fate of Hg in mine-
impacted regions.

2. Experimental methods

The primary sampling region is indicated in Fig. 1
and encompasses many of the inactive Hg mine sites of
the California Coast Range Hg mineral belt. Mercury-
contaminated samples from former Au mine workings
were also collected from the Carson River basin in wes-
tern Nevada (not shown in figure). The sampled media
included calcines, condenser soot, waste rock (unroasted
Hg-bearing material deemed too low in concentration to
classify as ore), distributed sediments, Hg-bearing Au
mine tailings, and an amorphous Fe-oxyhydroxide pre-
cipitate forming downstream from an acid mine drai-
nage seep at a Hg mine. Most samples contained Hg
concentrations of 100 ppm or greater, although some
samples with Hg concentrations below 100 ppm were
also successfully analyzed using EXAFS spectroscopy.
A summary of mine sites, media sampled, and total Hg
concentrations is presented in Table 1.

Between 500 g and 1 kg of material was collected at
each sampling site, with the top several cm of surficial
material removed from the waste piles prior to collec-
tion in order to avoid sampling the most weathered
material. All samples were stored in borosilicate glass
jars with Teflon lids. Splits were sent to ChemEx
Laboratories to determine total Hg concentration by
aqua regia digestion and cold vapor atomic fluorescence
spectrometry (CVAFS) according to US EPA Method
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Fig. 1.

Geologic map of Hg mining areas in the California Coast Range, distinguishing between silica-carbonate Hg deposits and hot-

spring Hg deposits. Samples were primarily collected from a variety of mine waste media at multiple sites in the encircled region. From

Rytuba (1996).

1631, which has estimated error limits of 5-10% (EPA,
2001). Wet samples (distributed sediments, Fe-pre-
cipitates) were refrigerated and dry samples maintained
at room temperature prior to compositional analysis.
Bulk calcine and waste rock samples from several Hg
mines were separated by particle size using a series of
stainless steel sieves from W.S. Tyler, Inc. Two different
sets of sieves, one from Stanford University and the
other from the US Geological Survey (Menlo Park, CA
office), were used to generate 9 or 11 separate splits,
respectively, of each bulk sample. Table 2 lists the split
number and size range of particles collected in each
sieve for the two sets. The sieves were stacked and
placed on a motorized shaker for 2 h to facilitate the
physical separation of the bulk sample, at which point a
split of each separated fraction was sent to ChemEx for
total Hg analysis. Of the size fractions collected for the
two sets of sieves, splits 3, 6 and 9 (corresponding to

particle size ranges of 500-2000, 75-125, and <45 um
for the Stanford set and 1000-1700, 125-250, and 32-45
pum for the USGS set) were prepared for EXAFS ana-
lysis. Sieving was also conducted on samples from other
mines with bulk Hg concentrations below 100 ppm,
where the finest fraction (either <45 or <20 um) was
used for EXAFS analysis as a means of enriching the
Hg content to a level sufficient for spectroscopic study.
EXAFS analysis was conducted on all samples using
the protocol reported by Kim et al. (2000). Data were
collected on wiggler-magnet beamlines 4-2, 4-3, and
11-2 at the Stanford Synchrotron Radiation Laboratory
(SSRL) using Si(111) and Si(220) monochromator crys-
tals. Hg Ljj;-edge EXAFS spectra were collected on the
samples as dry powders at room temperature in the
fluorescence-yield mode using a 13-element (beamlines
4-2 and 4-3) or 30-element (beamline 11-2), high-
throughput Ge detector. This detection method is
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Table 1

Summary of mine sites, sample IDs, media sampled, and total Hg concentrations

Mine location Sample ID Sampled media Total Hg (ppm)
Aurora Mine, CA 20AUI1C Mine calcine (bulk) 700
Bessels Mill, NV BMCR Gold mill tailings 1070
Corona Mine, CA CRC0997C4 Condenser soot 550
Dawson Mine, CA 21DS8 Downstream sediments 234
Dawson Mine, CA 21DUCI10 Mine calcine (bulk) 78
Gambonini Mine, CA GM-7 Mine calcine (bulk) 230
King Mine, CA 21K 15C-S3 Mine calcine (split) 1386
King Mine, CA 21K 15C-S6 Mine calcine (split) 2532
King Mine, CA 21K 15C-S9 Mine calcine (split) 4115
Knoxville Mine, CA 21KN2C-S3 Mine calcine (split) 850
Knoxville Mine, CA 21KN2C-S6 Mine calcine (split) 2620
Knoxville Mine, CA 21KN2C-S9 Mine calcine (split) 5870
Knoxville Mine, CA 95KN4S Fe-oxyhydroxide 220
Knoxville Mine, CA MC-KNI1B Mine calcine (bulk) 277
McLaughlin Mine, CA MC-MSP2 Mine calcine (bulk) 213
New Almaden Mine, CA 20NAC3 Condenser soot 19500
New Idria Mine, CA 20NI4C Mine calcine (bulk) 310
New Idria Mine, CA NISB Mine calcine (split) 350
New Idria Mine, CA NIS3 Mine calcine (split) 690
New Idria Mine, CA NIS6 Mine calcine (split) 770
Oat Hill Mine, CA OHO0997C2 Mine calcine (bulk) 940
Ora Stimba Mine, CA 210S-ORE Waste rock (bulk) 1699
Ora Stimba Mine, CA 210RS-1C Mine calcine (bulk) 2104
Park & Bowie Mill, NV PBI Gold mill tailings 217
Reed Mine, CA MC-RD2A Waste rock (bulk) 188
San Carlos Mine, CA SCT2 Mine tailings 500
Silver Cloud Mine, NV UNRSC3>2 Mine calcine (bulk) 7240
Stulsaft Mine, CA STWR3 Mine calcine (bulk) 200
Sulphur Bank, CA SBS3 Mine calcine (split) 97
Sulphur Bank, CA SBS6 Mine calcine (split) 440
Sulphur Bank, CA SBS9 Mine calcine (split) 810
Sulphur Bank, CA SBW9S3 Waste rock (split) 1580
Sulphur Bank, CA SBW9S6 Waste rock (split) 22310
Sulphur Bank, CA SBWIS9 Waste rock (split) 8120
Sulphur Bank, CA SBO1 Mine calcine (bulk) 250
Sulphur Bank, CA TA1S3 Mine calcine (split) 230
Sulphur Bank, CA TAI1S6 Mine calcine (split) 200
Sulphur Bank, CA TAI1S9 Mine calcine (split) 300
Turkey Run Mine, CA TR0997C2 Mine calcine (bulk) 1060

optimized for low-concentration samples (Waychunas
and Brown, 1994). Six-absorption length As and Cr fil-
ters were used to attenuate elastic scattering, and Al fil-
ters served to minimize background matrix fluorescence.

The speciation of Hg in the unknown samples was
determined by comparison of their EXAFS spectra with
those from a Hg model compound spectral database.
Previously collected EXAFS spectra of homogenous,
well-characterized crystalline and sorbed Hg phases
comprise the database, which is shown in Fig. 2. An
EXAFS spectrum arises from the ejection of core-level
photoelectrons from a central absorbing atom (Hg)
which then scatter from first- and second-shells of

neighboring atoms (Brown and Parks, 1989). The inter-
ference of the scattered photoelectron waves yields an
EXAFS spectrum, which is sensitive to the arrangement
and identity of atoms in the local vicinity of the absor-
ber (up to ~6 A) and thus does not depend on long-
range order. Assuming that the local environment of Hg
in the various model compounds examined is sufficiently
different, there will be corresponding differences among
the EXAFS spectra of the different model compounds.
Such differences are evident in the model spectra com-
prising the database (Fig. 2), and therefore the indivi-
dual spectra can serve as unique fingerprints of component
phases in a heterogeneous Hg-bearing sample.
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Fig. 2. EXAFS spectra of Hg minerals and Hg(II) sorption
complexes in the model compound database used for linear
least-squares fitting of the heterogeneous Hg-bearing samples.
The horizontal axis represents the conversion of energy to
momentum space following the normalization of the EXAFS
data to a fixed point in energy space. The vertical axis is a
k-cubed weighted expression of the EXAFS function, which is
modeled as the sum of scattering contributions from each
neighboring shell of atoms.

Table 2

Particle size ranges of mine waste size separations

Split # Size range, Size range,
Stanford (um) USGS (um)

1 >2783 > 2830

2 20002783 1700-2830

3 500-2000 1000-1700

4 250-500 5001000

5 125-250 250-500

6 75-125 125-250

7 53-75 75-125

8 45-53 45-75

9 <45 32-45

10 20-32

11 <20

Two separate sets of sieves with slightly different size ranges
were used. For both sets, splits 3, 6 and 9 (bold) were selected
for EXAFS analysis to investigate the particle size dependency
of Hg speciation. For samples with Hg concentrations <100
ppm, the finest size fraction (either <45 pm or <20 pum) was
collected and prepared for EXAFS analysis.

While a model compound spectrum represents the
spectral fingerprint of a single pure Hg phase, the
EXAFS spectrum of a heterogeneous natural sample
represents a composite of the EXAFS contributions
from all Hg phases present, weighted according to the
atom percent of Hg in the sample and influenced by the
degree of structural order around Hg in each sample. In
general, because EXAFS spectroscopy is sensitive only

to the local structural environment around an absorbing
atom, it can provide quantitative structural information
about crystalline and even certain amorphous Hg-con-
taining samples. However, when the radial disorder
around Hg is sufficiently great [e.g. elemental Hg(0)], or
if the first- and second-neighbor atoms in the local vici-
nity of Hg backscatter the ejected photoelectron too
weakly (e.g., C atoms), the EXAFS spectrum will be
damped in intensity. In either of these cases, the EXAFS
spectrum may not be particularly useful in identifying
such Hg phases, especially when in the presence of more
structured crystalline Hg compounds. Assuming no
such problems, the EXAFS spectrum collected from a
natural sample containing multiple Hg phases can be
decomposed using a linear least-squares fitting method
into the sum of its individual components through direct
comparison with the model compound spectra. Fur-
thermore, determining the relative proportion of each
model compound’s contribution to the best possible
linear combination fit allows quantification of the var-
ious phases present in a sample.

Using this protocol, the linear least-squares fitting
program DATFIT, a component of the data analysis
package EXAFSPAK (George and Pickering, 1999),
was utilized to fit Hg Lj;-EXAFS spectra of natural
samples with the Hg Lj;;-EXAFS spectra in the model
compound database over the k-range of 1-9 A= for the
lowest concentration samples or over the k-range of 1—
12 A-! for the highest concentration samples. This dif-
ference in k-range is caused by the weak signal at higher
k-values for low concentration samples, which makes
EXAFS data collection at k>9 A~ infeasible for low
concentration samples. Single-component fits were first
attempted in order to identify significant contributors
(i.e., =10% of the overall spectrum) to the final fit. This
subset of significant components was then used to gen-
erate two-component fits and so on, repeating the pro-
cess until no more significant contributors could be
identified. The phases classified as contributing to the
overall fit and the relative proportions in which they
contribute, scaled to 100%, represent the final specia-
tion of Hg in the sample. An example of such a linear fit
of the Hg Lj;;-EXAFS spectrum of a Hg calcine sample
from the Turkey Run Mine, CA is shown in Fig. 3. A
residual value is assigned to each fit and represents the
amount of the spectrum not accounted for by the linear
combination procedure.

3. Results and discussion
3.1. Geological background
A comparison of Hg speciation as a function of Hg

ore depositional environment is shown in Table 3. Pre-
viously published results (Kim et al., 2000) have been
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Fig. 3. Linear fitting results for the Turkey Run calcine, showing the natural EXAFS spectrum (black line), the linear combination fit
(gray line), and the components which contribute to the linear fit (dashed lines). In this case, the calcine is found to consist of cinnabar
and metacinnabar in proportions of 58 and 42%, respectively, when scaled to a total of 100%.

included in this table so that a wider geographical range
of samples could be represented. Briefly, there are two
primary types of Hg deposits in the California Coast
Range, both associated with the impingement of the
Mendocino Triple Junction (MTJ) off the coast of cen-
tral California at 29 Ma, converting the region south of
the MTJ from a subduction zone to a transform-fault
system. This northwesterly-moving tectonic shift resul-
ted in a slab window environment, allowing the hot
aesthenosphere to upwell into the area formerly occu-
pied by the subducting slab and inducing several epi-
sodes of magmatism and ore deposition which grow
progressively younger moving from SE to NW (Fig. 1)
(Rytuba, 1996).

The initial Hg ore deposits resulting from this thermal
anomaly are termed silica-carbonate Hg deposits, in
which Hg is deposited in the highly fractured zones of a
brittle alteration rock consisting of silica and carbonate
minerals. This silica-carbonate rock was initially formed
by hydrothermal alteration of serpentinite bodies
emplaced along fault zones such as the San Andreas
Fault. The second type of Hg deposit is termed hot-
spring Hg deposits, where Hg is deposited in low-
temperature, near-surface active hydrothermal systems
enriched in Cl~ and SO3~. Occasional overprinting of
both silica-carbonate and hot-spring Hg emplacement
may occur, since the former is characterized by the
initial high thermal flux of the slab window environment
and the latter follows once this flux has subsided. Gen-
erally, however, the two types of deposits are fairly dis-
tinct from one another, as indicated in Fig. 1.

The majority of Hg in all samples is present as Hg-
sulfides (Table 3), cither as cinnabar or metacinnabar.
Corderoite (Hg;S,Cl,), a Hg-sulfide-chloride, was also
observed in two samples from hot-spring Hg deposits.
In addition, minor proportions of non-Hg-sulfide
phases, such as mercuric chloride (HgCl,), montroydite
(HgO), schuetteite (Hg30,S04), and terlinguite
(Hg,OCl), were identified in several of the samples. The
high solubility of many of these phases compared to the
extremely insoluble Hg-sulfides indicates that, although
comprising a smaller percentage of the total Hg in the
sample, these species may be disproportionately larger
contributors of ionic Hg to the surrounding environment.

The influence of the Hg depositional environment on
Hg speciation in mine wastes discussed earlier is also
observed in the results of Table 3. Specifically, Hg-
chloride phases are more common in samples collected
at hot-spring Hg deposits, and are largely absent in
samples collected at silica-carbonate Hg deposits. Some
exceptions exist, such as the presence of mercuric chlo-
ride in samples from two silica-carbonate Hg mines (the
San Carlos and Stulsaft mines), although this could be
due to the aforementioned overprinting of a silica-
carbonate Hg deposit with later hot-spring hydro-
thermal systems. Nevertheless, based on the range of
samples analyzed, a general distinction in Hg speciation
can be observed, with the presence of Hg-chloride phases
as the primary difference between the two deposit types.

The prevalence of Hg-chloride phases in wastes from
hot-spring Hg environments is thought to be linked to
the local salinity levels in hot-spring depositional
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Table 3

Hg speciation of mine wastes as a function of Hg ore depositional environment

Sample location (ID) Locale Material Hg conc. (ppm) EXAFS Speciation Residual
Aurora Mine, CA Si-carbonate Mine calcines 700 56% Metacinnabar, HgS (cub) 0.045

(20AUIC)

Corona Mine, CA?
(CRC0997C4)

Si-carbonate Condenser soot

Gambonini Mine, CA?
(GM-7)

McLaughlin Mine, CA
(MC-MSP2)

Si-carbonate Mine calcines

Si-carbonate Mine calcines

New Almaden Mine, CA Si-carbonate Condenser soot

(20NAC3)

New Idria Mine, CA Si-carbonate Mine calcines
(20NI4C)

Reed Mine, CA Si-carbonate Waste rock
(MC-RD2A)

San Carlos Mine Si-carbonate Mine tailings
(SCT2)

Stulsaft Mine, CA Si-carbonate Mine calcines
(STWR3)

Turkey Run Mine, CA? Si-carbonate Mine calcines
(TR0997C2)

Oat Hill Mine, CA® Hot-spring Mine calcines
(OH0997C2)

Silver Cloud Mine, NV Hot-spring Mine calcines
(UNRSC3>2)

Sulphur Bank, CA® Hot-spring Mine calcines
(SBO1)

26% Montroydite, HgO
18% Cinnabar, HgS (hex)
550 50% Cinnabar, HgS (hex) 0.052
39% Metacinnabar, HgS (cub)
11% Schuetteite, Hgz0,SO,4

230 58% Metacinnabar, HgS (cub) 0.036
42% Cinnabar, HgS (hex)
213 48% Cinnabar, HgS (hex) 0.162

27% Montroydite, HgO
25% Metacinnabar, HgS (cub)

19500 75% Metacinnabar, HgS (cub) 0.064
25% Cinnabar, HgS (hex)
310 61% Cinnabar, HgS (hex) 0.101
39% Metacinnabar, HgS (cub)
188 61% Cinnabar, HgS (hex) 0.408

20% Metacinnabar, HgS (cub)
19% Schuetteite, Hgz0,SO,4

500 76% Cinnabar, HgS (hex) 0.427
24% Mercuric chloride, HgCl,
200 48% Metacinnabar, HgS (cub) 0.074

39% Cinnabar, HgS (hex)
13% Mercuric chloride, HgCl,

1060 58% Metacinnabar, HgS (cub) 0.036
42% Cinnabar, HgS (hex)
940 58% Cinnabar, HgS (hex) 0.281

19% Mercuric chloride, HgCl,
13% Corderoite, Hg;S,Cl,
10% Terlinguite, Hg,OCl

7240 84% Cinnabar, HgS (hex) 0.270
16% Mercuric chloride, HgCl,
250 46% Metacinnabar, HgS (cub) 0.186

34% Corderoite, Hg;S,Cl,
20% Cinnabar, HgS (hex)

4 Data from previous study (Kim et al., 2000).

systems relative to those of silica-carbonate deposits.
During the deposition and mining of Hg in hot-spring
environments, Hg-chloride phases may form during (1)
initial Hg ore deposition, (2) the roasting process, and/
or (3) later chemical weathering reactions. The low to
moderate salinity levels in these regions, which average
between 0.5 and 2.5 wt.% NaCl based on fluid inclusion
studies (Henley, 1985; Sherlock et al., 1995), may be
sufficient to produce minor amounts of Hg-chloride
phases, particularly if hydrothermal boiling generates
localized areas of elevated salinity and subsequent
supersaturation of Hg-chlorides (Drummond and
Ohmoto, 1985). In comparison, studies of hydrothermal
fluids associated with silica-carbonate Hg deposits show
that silica and CO, are the dominant components in
solution (Barnes et al., 1973a,b; Peabody and Einaudi,
1992; Sherlock and Logan, 1995), implying that asso-
ciated chloride levels were low. These differences aside,

the possibility of Hg-chloride formation during initial
ore deposition in hot-spring environments is unlikely
due to the relatively low salinity levels, the infrequency
of high-salinity regions due to boiling (Sherlock et al.,
1995), and the lack of identifiable Hg-chlorides in these
deposits based on both field studies and EXAFS ana-
lyses (see the analyses of Sulphur Bank waste rock
samples in Tables 4 and 5).

The high-temperature roasting of Hg ores and sub-
sequent cooling of the volatilized phases in a series of
columns designed to condense elemental Hg(0) for col-
lection is a more likely process by which Hg-chloride
phases may form. Due to the inefficiency of the Hg cal-
cining procedure, residual Hg present in the calcines
(ranging in concentration from the 100s to 1000s of ppm
Hg) could have reacted with available Cl~ to form Hg-
chloride phases during roasting. Chloride could become
available during roasting by the vaporization of
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Table 4

Hg speciation of calcine and waste rock samples from the same mine to compare potential effects of ore roasting on speciation

Sample location (ID) Materials Hg conc. (ppm) EXAFS Speciation Residual

Ora Stimba Mine, CA

(210S-ORE) Waste rock 1699 81% Cinnabar, HgS (hex) 0.042
19% Metacinnabar, HgS (cub)

(210RS-10) Mine calcines 2104 89% Metacinnabar, HgS (cub) 0.039
11% Cinnabar, HgS (hex)

Sulphur Bank, CA

(SBW9S6) Waste rock 22310 100% Cinnabar, HgS (hex) 0.107

(SBO1) Mine calcines 250 46% Metacinnabar, HgS (cub) 0.186

34% Corderoite, Hg;S,Cl,
20% Cinnabar, HgS (hex)

remnant water or the decomposition of the abundant
hydrothermal alteration products, particularly clays
(White and Roberson, 1962; Dickson and Tunell, 1968),
which had been bathed in saline fluids and likely
retained elevated concentrations of ClI~. Upon disposal
of the calcines in large tailings piles, exposure to
weathering processes and repeated wetting and drying
cycles may also have induced dissolution and reprecipi-
tation of soluble Hg-chlorides over time. Although it is
not possible to conclusively determine the process(es)
of formation for the Hg-chlorides detected by
EXAFS spectroscopy, the general distinction in Hg
speciation between the two types of deposits is compa-
tible with the different geochemical environments of
these systems.

3.2. Roasting process

As previously mentioned, Hg-sulfides in the form of
cinnabar and metacinnabar constitute the highest pro-
portion of Hg-containing phases in all of the samples
analyzed, consistent with the fact that cinnabar is the
primary ore mineral in Hg deposits. However, the pro-
portions of metacinnabar detected in several calcine
samples (Table 3), where up to 75% metacinnabar was
identified, are much higher than anticipated based on
field studies of Hg ore deposits, which only rarely report
minor proportions of metacinnabar. Although the pre-
sence of metacinnabar may have been overlooked in
field studies due to its black color compared to the deep
red hue of cinnabar, the transformation of cinnabar to
metacinnabar during the roasting process is a likely
explanation for the elevated metacinnabar levels detec-
ted in these calcines.

Table 4 shows Hg speciation results for Hg-bearing
mine wastes from the Sulphur Bank and Ora Stimba
mines. At both mines, a calcine pile and waste rock pile
were sampled to assess potential effects of ore roasting
on Hg speciation. The results show that cinnabar is the
dominant Hg phase in the unroasted waste rock samples

(present in proportions from 81 to 100%), while meta-
cinnabar is more prevalent in the calcines (46-81%).
This suggests that ore roasting converts cinnabar to
metacinnabar by heating it above the cinnabar-meta-
cinnabar inversion temperature of 345 °C (Kullerud,
1965). Mercury ore was crushed and then roasted in
excess of 600 °C to release Hg as volatile elemental
Hg(0) gas (Rytuba, 2000), thereby providing tempera-
tures sufficient to cause the conversion of non-released
cinnabar to metacinnabar. Such a process may also have
introduced impurities such as Fe, Se, and Zn that
impeded the conversion back to cinnabar upon cooling
and are more common to the metacinnabar structure
(Dickson and Tunell, 1959; Tauson and Akimov, 1997).
This origin of metacinnabar is consistent with the noted
high levels of metacinnabar in the calcines analyzed
(Table 3) and supports the proposed formation of
metacinnabar through ore roasting.

The presence of corderoite in the Sulphur Bank cal-
cine sample implies that this phase may also have
formed through secondary processes, either as a result
of ore roasting or the prolonged weathering of the
exposed material. The generation of volatile HgCl, and
H,S gases during roasting, for example, would provide
the reactants necessary for corderoite formation as
demonstrated experimentally (Carlson, 1967). Addi-
tionally, the high Cl~ and low pH environment of the
Sulphur Bank mine is conducive to corderoite formation
(Foord and Berendsen, 1974; Parks and Nordstrom,
1979; Paquette and Helz, 1995), indicating that it could
also be a primary Hg mineral in the initial hot-spring
ore deposit.

3.3. Particle size

Mercury speciation results of selected sieved fractions
from mine calcine and waste rock samples are shown in
Table 5. As particle size decreases within each bulk
sample the total Hg concentration generally increases, in
some cases by nearly an order of magnitude (e.g., a
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Table 5
Hg speciation of selected sieved fractions of Hg mine waste samples, including particle size range from sieving, total Hg concentration,
and proportion of Hg-sulfides

Mine Size range Hg conc. EXAFS Speciation % Hg-sulfides (%) Residual
(nm) (ppm)

King

(21K 15C-S3) 1000-1700 1386 49% Metacinnabar, HgS (cub) 83 0.103

34% Cinnabar, HgS (hex)
17% Montroydite, HgO
(21K15C-S6) 125-250 2532 58% Metacinnabar, HgS (cub) 82 0.091
24% Cinnabar, HgS (hex)
18% Tiemannite, HgSe
(21K 15C-S9) 32-45 4115 59% Metacinnabar, HgS (cub) 100 0.059

41% Cinnabar, HgS (hex)

Knoxville

(21KN2C-S3) 1000-1700 850 43% Cinnabar, HgS (hex) 76 0.075
33% Metacinnabar, HgS (cub)
24% Montroydite, HgO

(21KN2C-S6) 125-250 2620 48% Cinnabar, HgS (hex) 75 0.051
27% Metacinnabar, HgS (cub)
25% Montroydite, HgO

(21KN2C-S9) 32-45 5870 55% Cinnabar, HgS (hex) 83 0.044
28% Metacinnabar, HgS (cub)
17% Montroydite, HgO

New Idria

(NISB) 500-2000 350 56% Cinnabar, HgS (hex) 56 0.138
22% Montroydite, HgO
22% Eglestonite, Hg;Cl;0,H

(NIS3) 75-125 690 59% Cinnabar, HgS (hex) 69 0.061
31% Montroydite, HgO
10% Metacinnabar, HgS (cub)

(NIS6) <45 770 48% Cinnabar, HgS (hex) 69 0.086
21% Corderoite, Hg;S;Cl,
16% Eglestonite, Hg;C130,H

Sulphur Bank 15% Montroydite, HgO

(SBS3) 500-2000 97 89% Metacinnabar, HgS (cub) 89 0.091
11% Mercuric chloride, HgCl,

(SBS6) 75-125 440 82% Metacinnabar, HgS (cub) 100 0.043
18% Cinnabar, HgS (hex)

(SBS9) <45 810 85% Metacinnabar, HgS (cub) 100 0.029

15% Cinnabar, HgS (hex)

Sulphur Bank

(TA1S3) 1000-1700 230 68% Metacinnabar, HgS (cub) 90 0.137
28% Cinnabar, HgS (hex)
10% Mercuric chloride, HgCl,

(TA1S6) 125-250 200 77% Metacinnabar, HgS (cub) 100 0.081
23% Cinnabar, HgS (hex)
(TA1S9) 32-45 320 83% Metacinnabar, HgS (cub) 100 0.042

17% Cinnabar, HgS (hex)
Sulphur Bank®

(SBWIS3) 500-2000 1580 78% Cinnabar, HgS (hex) 100 0.422
22% Metacinnabar, HgS (cub)

(SBW9S6) 75-125 22310 100% Cinnabar, HgS (hex) 100 0.107

(SBW9IS9) <45 8120 78% Cinnabar, HgS (hex) 100 0.110

22% Metacinnabar, HgS (cub)

2 Unroasted waste rock sample
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calcine from the Sulphur Bank mine shows an increase
in Hg concentration from 97 ppm in the 500-2000 um
size fraction to 810 ppm in the <45 pum size fraction).
This trend agrees with other studies (Nelson et al., 1977;
Harsh and Doner, 1981) which showed elevated con-
centrations of Hg-sulfides in very fine sand and silt
fractions among Hg-mine wastes in northern California
and Alaska. The increase in total Hg concentration with
decreasing particle size is also reflected in the residual
values associated with the linear combination fits
(Table 5), which become smaller as particle size decrea-
ses due to increasing signal-to-noise ratios and subse-
quently higher quality data. The exception to this trend
is the Sulphur Bank waste rock sample (SBW9), where
the maximum Hg concentration is obtained at the
intermediate particle size range.

In addition to total Hg concentration, the relative
proportions of Hg-sulfides (cinnabar, metacinnabar and
corderoite) in the sieved fractions of calcines also
increase with decreasing particle size as seen in Table 5.
This trend is slight, increasing between 8-18% among
the samples studied, yet in most cases the increase is
greater than the operationally defined +10% accuracy
limit of EXAFS analysis, indicating that it is a sig-
nificant and detectable phenomenon. The Sulphur Bank
waste rock consists entirely of Hg-sulfides in all size
fractions, so this trend cannot be discerned in this sam-
ple. However, the two samples from separate calcine
piles at the Sulphur Bank mine both show an increase in
Hg-sulfides with decreasing particle size and have very
similar speciation results.

Heavy metal enrichment with decreasing particle size
has been documented in marine sediments (Turekian,
1977) and contaminated floodplain sediments (Moore et
al., 1989) and is typically attributed to enhanced metal
sorption processes (due to both higher proportions of
strongly-sorbing Fe/Mn (hydr)oxides and organic mat-
ter (Krauskopf, 1956) as well as increased reactive sur-
face areas as particle size diminishes). However, the
speciation results in Table 5 show that there is no
detectable sorbed Hg present in any of the sieved frac-
tions, indicating that enhanced sorption is not an
explanation of the increases in total Hg and Hg-sulfides
with decreasing particle size.

Instead, these trends may be linked to the low solu-
bility and low hardness of cinnabar and metacinnabar.
As Hg-sulfides feature K, values in the range of 10736
(Schwarzenbach and Widmer, 1963) and hardness levels
of 2.5-3 (Klein and Hurlbut, 1985), physical weathering
processes are expected to dominate over chemical
weathering processes, i.e. dissolution, and additionally
should weather at more rapid rates than the harder
matrix minerals such as quartz and metal oxides that
comprise the bulk of the samples. Preferential mechan-
ical weathering over chemical weathering in this man-
ner would yield the observed enrichment in total Hg

among the finer-grained size fractions. Furthermore,
with decreasing particle size the increased exposure of
soluble Hg minerals such as Hg-chlorides, oxides and
sulfates would facilitate dissolution of these phases,
resulting in the increased proportions of highly insoluble
Hg-sulfides observed in the finest-grained fractions. A
study of Hg speciation in stream sediments of the
Almaden cinnabar mining region in Spain described a
similar relationship between the proportion of Hg pre-
sent as Hg-sulfides and total Hg concentration (Mar-
tin-Doimeadios et al., 2000). The results of the
present study together with those previously mentioned
indicate that these trends are common in cinnabar mine
environments.

The Sulphur Bank waste rock sample does not exhibit
the patterns of increasing total Hg concentration and
proportion of Hg-sulfides with decreasing particle size
as observed in the calcines. The maximum in total Hg
concentration in an intermediate particle size range may
instead reflect the initial size of cinnabar particles
formed during Hg ore deposition in this system. Addi-
tionally, the high Hg concentrations and dominance of
Hg-sulfides in waste rock may mask the presence of
minor proportions of non-Hg-sulfide phases, so possible
trends in Hg speciation with particle size are not detect-
able in waste rock. The fact that waste rock does not
undergo the crushing and roasting procedures asso-
ciated with calcines implies that calcining is a critical
process that may be responsible for the relationships
observed between particle size, total Hg concentration,
and proportion of Hg-sulfides. These trends appear to
extend to the colloidal size fraction as well. Column
experiments using Hg calcines from the New Idria and
Sulphur Bank mines show substantial release of parti-
culate Hg in the effluents (Lowry et al., submitted for
publication). EXAFS spectroscopy, CVAFS, and trans-
mission electron microscopy (TEM) analysis of these
fine-grained particles, many as small as 20 nm, indicate
that essentially all of the released Hg is particle-bound
and consists dominantly of Hg-sulfides (Shaw et al., in
review).

3.4. Distance from source

The speciation of Hg in calcines and distributed
sediments or precipitates located downstream from
the calcine piles is shown in Table 6. Hg-bearing
streambed sediments were sampled near the Dawson
mine, and an amorphous Fe-oxyhydroxide precipitate
forming downstream from an acid mine drainage seep
was sampled near the Knoxville mine; both were com-
pared with correlating calcine piles located upstream
near the original mine processing facilities. Despite the
different bulk compositions and locations of the samples
collected at each mine, the Hg speciation of sediments/
precipitates correlates very closely with that of the
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Table 6

Hg speciation of calcines and distributed Hg-bearing sediments/precipitates located downstream from mine-impacted regions

Sample location Material Hg conc. (ppm) EXAFS Speciation Residual

Dawson Mine, CA

(21DUCI10) Mine calcines 78 80% Metacinnabar, HgS (cub) 0.146
20% Cinnabar, HgS (hex)

(21DS8) Downstream sediments 234 54% Metacinnabar, HgS (cub) 0.098
46% Cinnabar, HgS (hex)

Knoxville Mine, CA

(MC-KNIB) Mine calcines 271 54% Cinnabar, HgS (hex) 0.556
34% Metacinnabar, HgS (cub)
12% Mercuric chloride, HgCl,

(95K N4S) Fe-oxyhydroxide 220 42% Metacinnabar, HgS (cub) 0.148

39% Cinnabar, HgS (hex)
19% Mercuric chloride, HgCl,

respective calcines. In all cases, Hg is present dom-
inantly in the solid mineral phase, and does not
appear to be present in significant proportions as Hg
sorbed to particulate surfaces. These results indicate
that Hg in mine tailings remains in the crystalline solid
form during its release and transport from its source
and that distribution does not alter speciation sub-
stantially. Any potential changes in speciation over
longer distances are likely to be linked to the particle
size relationship with Hg speciation discussed in the
previous section. If so, one would expect further
enrichment in Hg-sulfides with increasing distance from
the source, where very fine-grained or colloidal Hg-
bearing particles should dominate.

The identification of crystalline Hg species in the
Knoxville Fe-oxyhydroxide precipitate again challenges
the assumption that Hg associated with very fine-
grained, high surface area precipitates is primarily pre-
sent as sorbed Hg. Instead, as observed directly by Shaw
et al. (submitted for publication), it is possible for Hg to
exist among these precipitates as coherent submicron
particles of Hg minerals.

3.5. Phase transformation of elemental Hg

Table 7 shows the Hg speciation of two Au mine
tailings samples from separate ore milling sites in the
Carson River basin, Nevada, where between 7000 and
7500 tons of elemental Hg(0) was lost to the environ-
ment during the use of Hg in the amalgamation and
recovery of Au and Ag (Miller et al., 1998). Although
identification of elemental Hg(0) in natural samples
using EXAFS methods is difficult due to its lack of local
structure and low-amplitude EXAFS spectrum (Fig. 2),
the relatively large amplitudes visible in the EXAFS
spectra of these samples, as observed with the Bessels
Mill sample in Fig. 4, indicate that more structured Hg
phases must be present in addition to Hg(0). Indeed,
EXAFS analysis identifies significant proportions of
Hg-sulfides and schuetteite in the samples. While this
does not preclude the presence of Hg(0) in the sample,
the identification of non-Hg(0) phases suggests a con-
version of the initial Hg(0) phase to more stable forms.

Pyrolitic and sequential extractions of both samples
conducted by Sladek et al. (2002) confirm that the Hg

Table 7
Hg speciation of Au mill tailings samples from the Carson River, NV mining region, where Hg was originally introduced as elemental
Hg(0)
Sample Location Material Hg conc. (ppm) EXAFS Speciation Residual
Bessels Mill
(BMCR) Au mill tailings 1070 42% Cinnabar, HgS (hex) 0.057
39% Metacinnabar, HgS (cub)
19% Schuetteite, Hg30,S0,
Park & Bowie Mill
(PB1) Au mill tailings 217 70% Cinnabar, HgS (hex) 0.188

30% Metacinnabar, HgS (cub)
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Fig. 4. Linear fitting results for the Bessels Mill, Carson River,
NV sample, showing the best linear combination fit (top, gray)
and the components which contribute to the linear fit.

present is less available than pure elemental Hg(0) and
appears to be matrix-bound or amalgamated with other
heavy metals. SEM-EDS analysis identified a combi-
nation of Hg amalgamated with Ag and/or Au, Hg
associated with acanthite (Ag,S) and other sulfides, and
HgS with no detectable Ag (Sladek et al., 2002). The
absence of Hg amalgams and other mixed-metal sulfides
from the EXAFS model compound database does not
allow their identification using linear combination fit-
ting, although they are likely to exist in Au mine tailings
and perhaps constitute the dominant Hg phase present.
However, the formation of authigenic HgS particles has
been observed in contaminated soils (Barnett et al.,
1997) and has been proposed in the Carson River sys-
tem by Lechler et al. (1997). Based on sequential
extractions performed on Carson River samples, this
latter study suggests that Hg dissolves out of amalgam
particles and adsorbs to fine-grained sediments. Later
burial in reducing high S environments fixes the Hg as
HgS. The identification of Hg-sulfides and sulfates by
EXAFS is consistent with this interpretation. The
transformation of Hg(0) to less mobile and toxic forms
over time by pathways such as those described above
mitigates the environmental impact of elemental Hg
contamination in former Au mining areas such as the
Carson River system and the Sierra Nevada foothills.

4. Conclusions

Numerous environmental variables can influence the
speciation of Hg in mine-impacted regions, subse-
quently affecting the potential transport, fate, and bioa-
vailability of Hg in these systems. EXAFS spectroscopy
is one of the few direct techniques for determining Hg
speciation in relatively low-concentration samples such
as mine wastes. The application of this method to sam-
ples spanning wide ranges of Hg concentrations, waste
media, particle size, and geological background allows a
more thorough analysis of the factors that may have the
largest impact on Hg speciation.

The geological origin of Hg ores in the California
Coast Range has a clear influence on Hg speciation, as
noted previously (Kim et al., 2000) and further sup-
ported in this more extensive study of Hg mine wastes
from both silica-carbonate and hot-spring depositional
environments. Hot-spring deposits are more likely to
host Hg-chloride phases, which tend to be much more
soluble than Hg-sulfides and therefore pose significantly
greater risks of releasing dissolved Hg to local surface
waters. This suggestion is consistent with the elevated
fluxes of atmospheric Hg emission measured by Gustin
et al. (2002a) in hydrothermal regions and indicates that
remediation efforts should be focused on these sites.

Anthropogenic processes such as ore roasting also
have observable effects on Hg speciation, primarily
through the conversion of cinnabar to metacinnabar.
The impact of this phase transformation on Hg release
may not be significant, however, as the solubilities of
both phases are equally low. However, another study by
Gustin et al. (2002b), which reports higher light-
enhanced Hg emissions in samples containing meta-
cinnabar compared to those containing exclusively cin-
nabar, indicates that the specific Hg-sulfide phase
influences the atmospheric evasion of Hg and may also
affect aqueous Hg release. The increased exposure and
potential mobility of calcines as a result of the crushing
and roasting they undergo justify their highest priority
classification for remediation at Hg-contaminated sites.

The introduction of elemental Hg(0) to Au mine
regions is another anthropogenic process with poten-
tially significant environmental consequences, as
EXAFS analysis suggests that the initial Hg(0) has con-
verted over time to more stable phases such as Hg-sul-
fides and schuetteite, a finding that is consistent with
sequential extraction and pyrolitic extraction studies.
The low solubilities of these species relative to Hg(0)
further indicate that the Hg present in Au mine tailings
may pose less of a threat than previously thought.

Particle size is a variable that affects both the bulk Hg
concentration and Hg speciation in a sample. Again,
this is a significant concern in calcine piles, where the
trends of increasing total Hg and proportion of Hg-sul-
fides with decreasing particle size are apparent. The
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accelerated weathering of these materials through the
calcining process and their subsequent exposure to nat-
ural weathering processes have likely produced the
observed trends, as size-dependent studies of unroasted
waste rock do not yield similar patterns. The elevated
Hg concentrations in the finest-grained fractions of Hg
calcines are of significant concern, as the high transport
potential of colloidal particles can lead to greater dis-
persion and contamination of Hg over long distances in
aquatic systems.

Mercury speciation over distances is relatively unaf-
fected by distribution from the source based on EXAFS
analysis of calcines and related downstream sediments
and precipitates. This result is likely due to the high
proportion of stable Hg-sulfides present in the fine-
grained fraction of mobile suspended particles. How-
ever, the potential for Hg release from these phases over
long time spans, combined with their extensive dispersal
from mine-impacted regions, suggests that the transport
of colloidal Hg-bearing particulates is an important
process controlling Hg contamination in larger envir-
onmental systems.

Identification of the primary factors influencing Hg
speciation in mine wastes is critical in providing a more
detailed and accurate assessment of a contaminated site
beyond just total Hg concentration. EXAFS spectro-
scopy and additional characterization techniques, such
as TEM and sequential chemical extractions, are needed
to provide this type of assessment and to help prioritize
and direct remediation efforts among the multiple mine-
impacted regions in the California Coast Range.
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