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Determining the chemical speciation of mercury in
contaminated mining and industrial environments is
essential for predicting its solubility, transport behavior,
and potential bioavailability as well as for designing effective
remediation strategies. In this study, two techniques for
determining Hg speciationsX-ray absorption fine structure
(XAFS) spectroscopy and sequential chemical extractions
(SCE)sare independently applied to a set of samples
with Hg concentrations ranging from 132 to 7539 mg/kg to
determine if the two techniques provide comparable Hg
speciation results. Generally, the proportions of insoluble
HgS (cinnabar, metacinnabar) and HgSe identified by XAFS
correlate well with the proportion of Hg removed in the
aqua regia extraction demonstrated to remove HgS and
HgSe. Statistically significant (>10%) differences are observed
however in samples containing more soluble Hg-
containing phases (HgCl2, HgO, Hg3S2O4). Such differences
may be related to matrix, particle size, or crystallinity
effects, which could affect the apparent solubility of Hg
phases present. In more highly concentrated samples,
microscopy techniques can help characterize the Hg-bearing
species in complex multiphase natural samples.

Introduction
Mercury contamination of local, regional, and global envir-
onments has become an increasingly studied subject in recent
years (1-4). Areas where Hg pollution has been most acute
include abandoned Hg mines, gold mining areas where Hg
was used in the amalgamation process, and industrial sites
where Hg has been released as a byproduct of chemical
processes (e.g., the electrochemical separation of chlorine
from sodium salt at chlor-alkali plants). In all cases,

knowledge of the molecular-level speciation of Hg is essential
for understanding its potential bioavailability and impact on
the environment. Determining the specific chemical forms
of Hg present and their relative proportions in contaminated
wastes has been particularly useful in establishing appropriate
cleanup levels that protect humans or other biota in a cost-
effective manner (5).

Methods for determining Hg speciation have increased
in both number and sophistication over time, ranging from
visual identification of Hg phases in ore-grade samples to
sequential chemical extractions (SCE) (6-8), sequential
thermal desorption (9-11), electron microprobe analysis (12),
and in situ X-ray absorption spectroscopic analysis (13). Of
these, sequential extractions have been most commonly used
to determine Hg speciation, in part because of the ease,
efficiency, and reproducibility of the procedure. SCE is a
useful technique to provide information on the biogeochem-
ically relevant fractionation of Hg present in sediments and
soils (6) and features detection levels low enough (0.5 ng/g
or ppb; 6) to measure Hg in ambient sediments and soils. As
with any single technique used for determining Hg speciation,
however, inherent limitations exist. These include (i) the
potential for transformation of Hg species during extraction;
(ii) the nonspecific removal of Hg phases over multiple
extraction steps; and (iii) the inconsistencies in speciation
results between different extraction protocols (14, 15). As a
result, SCE must define speciation operationally and thus
may not yield accurate information in all cases on the Hg
phases present in contaminated samples. Because of these
limitations, it is useful to combine the sequential extraction
method with other speciation and characterization tech-
niques.

X-ray absorption fine structure (XAFS) spectroscopy has
been shown to provide direct, in situ information on the
speciation of heavy metal(loid)s such as arsenic, lead, and
zinc in contaminated natural samples with minimal prepar-
ation or treatment prior to analysis (16-22). More recently,
this technique has been used to identify the major Hg-
containing phases and their relative proportions in con-
taminated samples with total Hg concentrations above 100
µg/g (ppm). The Hg XAFS analyses carried out to date (13)
have shown that the Hg in Hg mine wastes is largely
comprised of highly insoluble mercuric sulfides [cinnabar
(HgShex) and metacinnabar (HgScub)], with subordinate
amounts of more soluble species such as mercuric chlorides,
oxychlorides, and sulfates also present in some samples.

This study also demonstrated the relationship between
Hg speciation in Hg mine wastes and the geological origin
of the Hg ore. XAFS analyses of known mixtures of Hg-
containing phases showed that the accuracy of the technique
is of the order of 10% and that Hg-containing phases indicated
by XAFS analysis at or below this percentage are not
statistically significant (13). Limitations of the XAFS method
include (i) the completeness of the Hg model compound
database used in analysis (see Experimental Section); (ii) a
concentration threshold of ∼100 ppm, below which mea-
surement of Hg LIII edge XAFS data is difficult using currently
available synchrotron radiation sources and X-ray detectors;
and (iii) the challenges in identifying Hg-containing phases
in proportions too low to detect accurately (i.e., less than
10% currently) or of variable/poor crystallinity (e.g., elemental
Hg).

The present study utilizes both XAFS spectroscopy and
SCE to independently determine the Hg speciation of samples
from a variety of Hg-contaminated environments. The two
techniques are then compared to determine the consistency
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between results and explore any differences observed.
Additional characterization methods including BET surface
area analysis, X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and energy-dispersive X-ray (EDX) spectrometry are applied
to describe the bulk characteristics of each sample and to
investigate both the sizes of Hg-bearing particles and the
association of these particles with specific matrix phases.

Experimental Section
Six Hg-bearing samples, which were dry-sieved through either
a 2.0- or a 1.4-mm sieve, were supplied as dry powders by
Frontier Geosciences, Seattle, WA, for XAFS analysis. The
total Hg concentrations of the samples ranged from 132 to
7539 ppm as determined by Frontier Geosciences by digestion
in aqua regia (4:1 HCl:HNO3) and analysis by cold vapor
atomic fluorescence spectroscopy (CVAFS) using a modified
version of U.S. EPA Method 1631 (23). No other information
was provided regarding the samples prior to analysis by XAFS
spectroscopy in order to ensure a “blind” study. Following
XAFS analysis, background sample information (e.g., source
location, sample type) was provided by Frontier Geosciences
along with SCE results. Additionally, X-ray diffraction patterns
were collected for each sample to identify the bulk mineralogy
of the sample matrixes. This background sample information
is shown in Table 1.

XAFS Analysis. XAFS analysis was conducted on all
samples using the protocol reported in Kim et al. (13). Data
were collected on wiggler-magnet beamlines 4-2 and 4-3 at
the Stanford Synchrotron Radiation Laboratory (SSRL) using
Si(111) and Si(220) monochromator crystals. Hg LIII edge XAFS
spectra were collected on the samples as dry powders at
room temperature in the fluorescence-yield mode using a
13-element, high-throughput germanium detector. This
method is optimized for low-concentration samples (24).
Arsenic and aluminum filters served to attenuate elastic
scattering and background matrix fluorescence, respectively.

The speciation of Hg in the provided samples was
determined by comparison of their XAFS spectra with those
from a Hg model compound spectral database. Previously
collected XAFS spectra of homogeneous, well-characterized
crystalline and sorbed Hg phases comprise the database,
shown in Figure 1. Phase and amplitude differences are
evident among the 16 model spectra comprising the database;
thus the individual spectra serve as unique “fingerprints” of
component phases which can be identified in a heterogen-
eous Hg-bearing sample.

While a model compound spectrum represents the
spectral fingerprint of a single pure Hg phase, the XAFS
spectrum of a heterogeneous natural sample represents a
sum of the XAFS 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. As such, the XAFS spectrum collected from
a natural sample containing multiple Hg species can be
decomposed using a linear least-squares fitting method into
the sum of its individual components through direct com-
parison with the model compound spectra. Furthermore,
determining the relative proportion of each model com-
pound’s contribution to the best possible linear combination
fit allows quantification of the various phases present in the
sample.

The linear least-squares fitting program DATFIT, a
component of the data analysis package EXAFSPAK (25), was
used to fit Hg LIII k3-weighted XAFS spectra of natural samples
with the XAFS spectra in the model compound database over
a k range of 1-9 Å-1. Single-component fits were first
attempted in order to identify significant contributors (i.e.,
representing g10% of the overall spectrum) to the final fit.
This subset of significant components was then used to
generate two-component fits and so on, repeating the process
until no more significant components could be identified or
until the sum of all components reached 100% ((10%). An
example of such a linear fit is shown in Figure 2, displaying
fitting results for the SFA sample. The relative quality of the
fit is indicated by the residual value, which represents the
amount of the spectrum not accounted for by the linear fit
and is calculated as a function of the difference between the

TABLE 1. Background Data for “Blind” Hg-bearing Samples Provided by Frontier Geosciencesa

sample description [Hg]T (ppm) location matrix mineralogy

SFA copper smelter fly ash 7539 El Paso, TX anglesite, PbSO4
MMS mixed Hg standards in kaolinite 3490 synthetic kaolinite, Al2Si2O5(OH)4
GMT1 gold mine tailings 635 Central California deweylite, (MgFe)3(SiAl)3O7(OH)4

quartz, SiO2
GMT2 gold mine tailings 281 Central California clinochrysotile, Mg3Si2O5(OH)4

deweylite, (MgFe)3(SiAl)3O7(OH)4
quartz, SiO2

GMT3 gold mine tailings 140 Central California baumite, (MgMnFeZn)3(SiAl)2O3
clinochrysotile, Mg3Si2O5(OH)4
quartz, SiO2

BTS marine sediments 132 Bay of Trieste, Slovenia calcite, CaCO3

a Matrix mineralogy was determined later by XRD.

FIGURE 1. XAFS 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 XAFS data to a fixed point
in energy space. The vertical axis is a k3-weighted expression of
the XAFS function, which is modeled as the sum of scattering
contributions from each neighboring shell of atoms.
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raw and the fitted values averaged over all points in the XAFS
spectrum as follows:

where vraw is the value of raw data at a given point in k-space,
vfit is the value of linear least-squares fit at the same k value,
and n is the total number of points in spectrum. Residual
values may result from experimental noise, dilute samples
yielding low-quality data, and/or incomplete fits in which
an additional component was not included due to its absence
from the model compound database.

To confirm the number of primary components present
among the suite of samples analyzed, principal component
analysis (PCA) was conducted using the data analysis program
WinXAS (26) and the statistical software program Minitab.
This procedure derives the number of components required
to reconstruct a set of spectra within experimental error from
the original spectra without use of model compound spectra
(27). PCA therefore helps to constrain the results obtained
from linear combination and standard fitting of either XAFS
or X-ray absorption near-edge structure (XANES) spectra (28-
31).

Sequential Chemical Extractions. SCE was conducted
according to the protocol developed by Bloom et al. (6) based
on the concept that exposure to increasingly powerful
solvents will dissolve and extract Hg-containing species from
a sample in a stepwise manner congruous with the relative
solubilities of the Hg-containing phases present. Five extrac-
tion steps of increasing intensity (Table 2) were performed
on the same set of samples analyzed by XAFS spectroscopy.
A total of 0.4 g of solid was suspended in a 100:1 liquid-to-
solid ratio and agitated constantly for 18 ( 3 h at 18-22 °C.
Following centrifugation, the supernatant was filtered through
a 0.2-µm filter. The extraction procedure was repeated on
the sample pellet for 5-10 min as a rinse of the remaining
solids, with the two filtrates combined and oxidized with

BrCl prior to CVAFS analysis for dissolved Hg according to
U.S. EPA Method 1631 (23). Error limits of this technique are
estimated to be 5-10%, with method detection limits below
5 ppb for each specific extraction step.

The same extraction procedure was also conducted on
several pure Hg-containing model compounds, which in most
cases were diluted in an inert kaolinite matrix to achieve
total Hg concentrations ranging from 1000 to 9600 ppm, thus
avoiding saturation of the extracting solution (see ref 6 for
more detail). This generated characteristic extraction profiles
for the pure phases (Figure 3) and showed that while some
Hg species are removed almost completely within one of the
five extraction steps (e.g., HgCl2, HgSe, HgS), others are
extracted over multiple steps (e.g., Hg3S2O4, HgSO4, Hg2Cl2),
demonstrating the nonspecificity of the SCE method men-
tioned earlier.

Additional Sample Characterization Techniques. Surface
area measurements were conducted on all samples with a
Coulter SA3100 surface area analyzer using the BET method
(32). XRD spectra were collected using an XRD-1313 Rigaku
Geigerflex diffractometer equipped with a Cu X-ray tube and
graphite monochromator before the solid-state detector.
Samples were step-scanned from 5 to 65° 2θ at angular
increments of 0.05°, with 1.5 s counting time at each step.
SEM and TEM analyses were conducted to characterize
particle morphology, size, and surface characteristics. Ad-
ditionally, EDX spectrometry was coupled with both SEM
and TEM to identify or confirm the chemical composition
of the sample matrixes as well as examine the association of
Hg with specific matrix phases. TEM analyses were carried
out at the National Center for Electron Microscopy at
Lawrence Berkeley National Laboratories using a JEOL 200CX

FIGURE 2. Linear fitting results for the SFA sample, showing the
XAFS spectrum of the sample (black line), the best linear combination
fit (gray line), and the components which contribute to the linear
fit (dashed lines). In this case, the sample is found to consist of
HgSe, metacinnabar, and cinnabar in proportions of 43%, 33%, and
17%, respectively, with a residual value of 0.076.

residual )

∑
i)1

n

(vraw - vfit)
2

n

TABLE 2. Sequential Chemical Extraction Method for
Determining Hg Speciation As Developed by Bloom et al. (6)a

step extractant description typical compounds removed

F1 DI water water soluble HgCl2
F2 pH 2 HCl/HOAc “stomach acid” HgO, HgSO4

F3 1 N KOH organocomplexed Hg humics, Hg2Cl2,
CH3Hg

F4 12 N HNO3 strong complexed mineral lattice, Hg2Cl2,
Hg0

F5 aqua regia mercury sulfides HgS, HgSe

a Listedare theextractionsteps, thegeneral categoryofHg-containing
phases removed in each step, and specific Hg-containing compounds
that are typically removed in that step.

FIGURE 3. Sequential chemical extraction profiles for individual
Hg compounds as developed by Bloom et al. (6).
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scanning transmission electron microscope coupled with two
Kevex X-ray detectors. SEM analyses were conducted on a
JEOL JSM-5600 LV scanning electron microscope equipped
with an EDX detector from EDAX, Inc.

Results and Discussion
XAFS/SCE. Results of XAFS analysis for all six samples are
shown in Figure 4. Included are the XAFS spectra of the
samples overlain by their best linear combination fits, the
raw quantitative compositions of the Hg in each sample as
determined by the linear fitting method, the summed
percentage of all identified components, and the residual
values associated with each fit. In all cases, the sum of the
fitted components is between 91 and 107%, which is within
the established degree of error for this technique and indicates
that no significant components have been omitted. Table 3
compares the XAFS speciation results with those determined
by SCE. The Hg species identified by XAFS spectroscopy have
been listed next to the primary extraction steps demonstrated
from earlier tests (Figure 3) to remove those particular species.
Cinnabar and metacinnabar contributions have been con-
solidated in the XAFS results for simplicity, as the two
polymorphs are both typically removed in the same extraction
step (F5). An exception has been made in the case of sample
BTS, where cinnabar and metacinnabar are listed separately
to illustrate apparent differences in solubility.

The results of PCA using, as experimental spectra, the
XAFS spectra generated from the samples and the model
compounds identified in the linear combination fitting
protocol (12 spectra total) indicate that a minimum of six
components is required to reconstruct each of the experi-
mental spectra in the set above a 95% confidence level. This
analysis agrees with the linear fitting results, which deter-
mined that a set of six Hg-containing phases (HgScub, HgShex,
HgSe, HgO, HgCl2, and Hg3O2SO4) was sufficient to define
the speciation of each sample (Table 3, Figure 4). The PCA
results serve as an independent check of the linear combi-
nation fitting process and imply that no significant Hg-
containing phases are missing from either the model
compound database or the final fits among the samples
studied. A discussion of the speciation results for the
individual samples as shown in Table 3 follows.

SFA. The identification of 50% mercury sulfides and 43%
HgSe by XAFS spectroscopy matches well with the SCE results,

with 100% of available Hg removed in the F5 extraction which
was shown (Figure 3) to remove mercury sulfides and HgSe.
This comparison shows very good agreement between the
two techniques, with XAFS spectroscopy providing quantita-
tive information on the relative proportions of Hg phases
present. Additionally, the high selenium concentration in
this sample (6900 ppm) is consistent with the identification
of HgSe in the sample by XAFS spectroscopy.

MMS. This sample was generated by mixing measured
quantities of known Hg phases in a background matrix of
kaolinite. XAFS analysis correctly identified the three Hg
species (HgCl2, HgO, and HgS (cinnabar)) present in the MMS
sample. Additionally, the proportions of the phases as
determined by XAFS spectroscopy (48%, 32%, and 27%,
respectively) generally agree with those determined through
SCE when adjusted for the nonspecific removal of HgO in
the F1 and F2 extractions as shown in Figure 3 (35%, 26%,
and 29%, respectively). However, both XAFS spectroscopy
and SCE yield proportions of HgCl2 and HgO that are contrary
to their measured values of 18.2% and 45.2%, respectively,
as shown in Table 4. The reason for this discrepancy is
unknown but may indicate reactivity of the different Hg
phases with one another and/or with the kaolinite matrix
during the multistep extraction process. Such effects have
been observed in extractions of other model compound
mixtures (N. Bloom, personal communication) and have
already been noted for single Hg phases (Figure 3), where
nonspecific extraction of the phase over the course of several
steps occurs due to reactivity and/or phase transformation
during extraction.

GMT1. The identification of 91% mercury sulfides by XAFS
spectroscopy agrees well with the removal of 93.1% Hg in
the F5 extraction. The remaining 6.9% extractable Hg is
distributed among the F1-F4 extractions. This level of
agreement is within the experimental errors of both tech-
niques.

GMT2. Schuetteite (Hg3S2O4) and mercury sulfides rep-
resent 14% and 79%, respectively, of the Hg present according
to XAFS spectroscopy. This corresponds well with the
extraction results, in which 12.3% of the Hg is removed in
the F4 extraction and 85.9% is removed in the F5 extraction.
However, the model extraction profile for schuetteite shows
a broad distribution of Hg removal over F1, F2, F3, and F5.
This inconsistency between predicted and actual SCE results

FIGURE 4. Linear combination fits of the samples (black line ) raw data, gray line ) fit), raw quantitative compositional results, sums
of components for each sample, and residual values corresponding to the quality of the fit.
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may be due to factors such as encapsulation of the schuetteite
within larger particles, which would inhibit Hg removal until
later extractions, or a misidentification of the non-mercury
sulfide phase; in the latter case, schuetteite may provide the
best fit among the model compound spectra available, when
in fact a different Hg phase is present that bears spectral
similarities to schuetteite but features a different extraction
profile.

GMT3. The characterization of 64% mercury sulfides by
XAFS spectroscopy matches closely with the 69.9% Hg
removed in the F5 extraction. The remaining extractable Hg
is removed primarily during the F4 extraction (23.1%);
however, XAFS spectroscopy identifies the 28% of Hg present
as HgO, which should be removed in the F1 and F2 extractions
according to its model extraction profile. This is a similar
problem as observed in the previous sample and is subject
to the same potential explanations for the discrepancy.
Additionally the high level of experimental noise in this
sample, reflected in its large residual, makes XAFS charac-
terization of the secondary Hg phase in this sample uncertain.

BTS. XAFS spectroscopy indicates that the Hg in this
sample consists entirely of mercury sulfides (100%). Se-
quential extractions, however, show that 68.6% of the
extractable Hg is removed in the F4 extraction, which should

not be sufficient to remove mercury sulfides. Differentiating
between the two mercury sulfide polymorphs however shows
that the Hg removed in the F4 and F5 extractions (68.6% and
30.4%, respectively) appears to correspond with the propor-
tions of metacinnabar and cinnabar present (61% and 39%).
This indicates that the proportion of Hg identified by XAFS
as metacinnabar is more soluble in this natural sample than
would be predicted from model extraction tests and is
removed in the F4 extraction instead. Potential explanations
for such a difference in metacinnabar extractability include
elevated amounts of impurities such as Fe and Zn, which are
common in natural metacinnabar (33) and can affect physical
and chemical characteristics such as its solubility and the
inversion temperature between cinnabar and metacinnabar
(34). Also, the inverse relationship between particle size and
extraction efficiency, which has been documented in CuS
and NiS model systems (35), may result in enhanced Hg
removal during earlier extraction steps. Particularly at
relatively low total amounts of Hg (<100 µg), the proportion
of mercury sulfides removed by less stringent solvents such
as concentrated HCl can increase significantly (36). Such
factors may be particularly enhanced in reducing natural
systems where nanoparticulate metacinnabar can form (12).

Additional Sample Characterization Techniques. Table
1 contains the results of the XRD studies conducted following
XAFS analysis. Notably, no Hg-bearing phases are detectable
by XRD, as they represent a very minor proportion of the
crystalline phases in the samples (mineral phases must
typically be present in the several percent range in order to
be detected by XRD). Sample surface areas are included in
Table 3 and, among the GMT samples, show a strong positive
correlation between surface area (which is often a proxy for
particle size), total Hg concentration, and the proportion of
Hg-sulfides present as determined by both XAFS and
sequential extractions. This observation is consistent with
the low hardness values of cinnabar and metacinnabar (2.5
and 3, respectively; 37), which can result in more rapid
physical weathering of these Hg phases relative to other
harder matrix minerals. Such preferential weathering could
lead to a progressive enrichment of both insoluble mercury
sulfides and total Hg concentrations in the smaller particle
size fractions, with soluble Hg phases likely to dissolve more
rapidly due to the increased reactive surface areas. This
process corresponds with the studies of Harsh and Doner
(38) and Nelson et al. (39), who have observed elevated
concentrations of mercury sulfides in very fine sand and silt
fractions relative to larger grain size fractions in northern
California and Alaska, respectively. Our own studies with
size-fractionated mine waste samples confirm that this trend
is more common than previously thought (40).

TEM and SEM images along with EDX spectra of individual
particles were collected to determine particle morphology,
average particle size and size range, chemical information
for specific phases, and, where possible, association of Hg
with bulk matrix phases. Hg species were identified in the
two most highly concentrated samples, SFA (7539 ppm Hg)
and MMS (3490 ppm Hg). SEM images and corresponding
EDX analysis of MMS (not shown) reveal that Hg is present
as discrete particles of the phases identified by XAFS
spectroscopy (HgCl2, HgO, HgS) dispersed indiscriminately
in a matrix of kaolinite particles, which is consistent with the
manner in which the sample was generated. In contrast, the
Hg present in SFA appears to be affiliated primarily with an
amorphous Si/K-bearing phase (undetected by XRD) and
not the particles of anglesite (PbSO4), which constitute the
dominant crystalline phase in the sample. Specifically, TEM
and EDX analyses show that Hg is present as nanocrystalline
(∼50 nm) HgS and HgSe particles enmeshed in the amor-
phous matrix phase (Figure 5). This is consistent with both
XAFS and SCE results and provides additional information

TABLE 3. Comparison of Hg Speciation Results from XAFS and
Sequential Chemical Extractionsa

XAFS extractions

SFA: [Hg]T ) 7539 ppm, SA ) 6.4 m2/g
F1 0.0%
F2 0.0%
F3 0.0%
F4 0.0%

mercury sulfides 50% F5 100%HgSe 43%

[MMS: Hg]T ) 3490 ppm, SA ) 14.6 m2/g
HgCl2 48% F1 46.2%
HgO 32% F2 17.9%

F3 0.5%
F4 4.9%

mercury sulfides 27% F5 29.1%

GMT1: [Hg]T ) 635 ppm, SA)144.4 m2/g
F1 1.3%
F2 1.2%
F3 1.0%
F4 3.4%

mercury sulfides 91% F5 93.1%

GMT2: [Hg]T ) 281 ppm, SA ) 88.9 m2/g
F1 0.4%

schuetteite 14% F2 0.8%
F3 0.5%
F4 12.3%

mercury sulfides 79% F5 85.9%

GMT3: [Hg]T ) 140 ppm, SA ) 49.3 m2/g
F1 7.0%

mercuric oxide 28% F2 0.0%
F3 0.0%
F4 23.1%

mercury sulfides 64% F5 69.9%

BTS: [Hg]T ) 132 ppm, SA ) 5.6 m2/g
F1 0.0%
F2 0.0%
F3 1.0%
F4 68.6%

metacinnabar 62% F5 30.4%cinnabar 38%
a Total Hg concentrations and measured BET surface areas are also

included. Hg-containing phases identified by XAFS spectroscopy are
listed adjacent to the extraction steps anticipated (based on Figure 3)
to remove those particular species.
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regarding particle size and matrix phase affiliation. The
enhanced transport potential of Hg in the colloidal phase
(41, 42) underscores the importance of generating such com-
plementary information through microscopy techniques.

Assessment of the XAFS/SCE Comparison. In nearly all
samples examined, the proportion of mercury sulfides (and
HgSe for sample SFA) identified by XAFS spectroscopy
corresponds very well with the proportion of Hg removed in
the F5 extraction within the estimated experimental error of
∼10%. This finding is consistent with the fact that aqua regia,
the F5 extractant, is typically the only solvent capable of
dissolving highly insoluble mercury sulfide and HgSe species
as documented in the model extraction profiles (Figure 3).
The good agreement between the two techniques in this
regard applies over the wide range of Hg concentrations and
sample types examined in this study. One exception is the
BTS sample, where a substantial proportion of the Hg present
was removed in the F4 fraction despite the identification of
only cinnabar and metacinnabar in the sample by XAFS
spectroscopy; as mentioned before, this may be due to
impurity or particle size effects in the metacinnabar that
increase its apparent solubility.

Differences in Hg speciation determined by the two
techniques arise when characterizing the more soluble non-

mercury sulfide fraction, where Hg-containing phases iden-
tified by XAFS spectroscopy are removed in extraction steps
different from those predicted based on model extraction
profiles. These inconsistencies could occur for several
reasons, many of which involve the morphology and as-
sociation of Hg with other matrix phases in the sample. These
include (i) encapsulation effects in which Hg-containing
phases are enclosed within larger, less soluble particles; (ii)
variable crystallinity of a phase, with less crystalline phases
being more soluble than more crystalline phases; (iii) particle
size/surface area effects, with nanometer-sized particles
being more soluble than larger particles of the same phase;
and (iv) direct chemical association or reactivity of Hg-
containing phases with the mineral matrix induced during
the extraction process. Such effects have the potential to
influence the relative solubility of specific phases during SCE
and/or the accurate identification of the Hg-containing
phases present.

The above reasons for differences in Hg speciation results
between XAFS spectroscopy and sequential extractions are
likely to be even more pronounced at lower total Hg
concentrations. As the amount of Hg available for XAFS
analysis or SCE decreases in a sample, the relative errors and
potential interferences are expected to increase. This is
evidenced by higher residual values during XAFS spectral
fitting and more significant deviations between results of
the two techniques.

In cases where quantitative differences are evident
between the XAFS and the selective extraction results,
additional characterization using techniques such as BET
surface area analysis, SEM, TEM, and XRD can provide
potentially useful information on the matrix mineralogy,
particle morphology and size, and interaction of phases in
the sample of interest. At high total Hg concentrations (g1000
ppm), where Hg-containing phases can be directly detected
with electron microscopy, SEM and TEM can also provide
information on the morphology and association of the Hg-
containing phases within the sample matrix. The use of
multiple analytical methods, including the newer technique
of XAFS spectroscopy, to define Hg speciation in mine wastes
and contaminated soils and sediments is highly recom-
mended in order to improve predictions of the potential
availability of Hg and to develop effective remediation
strategies.
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