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Mercury (Hg) release from inoperative Hg mines in the
California Coast Range has been documented, but little is
known about the release and transport mechanisms. In
this study, tailings from Hg mines located in different geologic
settings—New Idria (NI), a Si-carbonate Hg deposit, and
Sulphur Bank (SB), a hot-spring Hg deposit—were
characterized, and particle release from these wastes
was studied in column experiments to (1) investigate the
mechanisms of Hg release from NI and SB mine wastes, (2)
determine the speciation of particle-bound Hg released
from the mine wastes, and (3) determine the effect of
calcinations on Hg release processes. The physical and
chemical properties of tailings and the colloids released from
them were determined using chemical analyses, selective
chemical extractions, XRD, SEM, TEM, and X-ray
absorption spectroscopy techniques. The total Hg
concentration in tailings increased with decreasing
particle size in NI and SB calcines (roasted ore), but
reached a maximum at an intermediate particle size in
the SB waste rock (unroasted ore). Hg in the tailings exists
predominantly as low-solubility HgS (cinnabar and
metacinnabar), with NI calcines having >50% HgS, SB
calcines having >89% HgS, and SB waste rock having
~100% Hgs. Leaching experiments with a high-ionic-strength
solution (0.1 M NacCl) resulted in a rapid but brief release
of soluble and particulate Hg. Lowering the ionic strength
of the leach solution (0.005 M NaCl) resulted in the release
of colloidal Hg from two of the three mine wastes

studied (NI calcines and SB waste rock). Colloid-associated
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Hg accounts for as much as 95% of the Hg released
during episodic particle release. Colloids generated from
the NI calcines are produced by a breakup and release
mechanism and consist of hematite, jarosite/alunite, and Al—
Si gel with particle sizes of 10—200 nm. ATEM and XAFS
analyses indicate that the majority (~78%) of the mercury is
present in the form of HgS. SB calcines also produced
HgsS colloids. The colloids generated from the SB waste
rock were heterogeneous and varied in composition according
to the column influent composition. ATEM and XAFS
results indicate that Hg is entirely in the HgS form. Data
from this study identify colloidal HgS as the dominant
transported form of Hg from these mine waste materials.

Introduction

The colloid-facilitated transport of heavy metal contaminants
has been implicated in a number of studies (1-7). In
particular, field studies have shown that Hg associated with
particulate material may be an important vector for Hg
migration from abandoned Hg mine sites in California (8, 9).
Despite this work, little is known about the mechanisms of
colloid formation at Hg contaminated land sites and the
speciation of Hg associated with the particles. Differences in
the mineralogy and pore water chemistry in the mine tailings
can significantly influence the extent of colloid release (10),
therefore the potential for particulate facilitated transport
may be dependent on the type of Hg ore deposits (e.g., silica-
carbonate vs hot spring) mined and the nature of the ore
extraction processes used (e.g., calcinations) (11). Distin-
guishing between particulate (colloidal) and dissolved Hg is
important because the speciation can affect bioavailability
and subsequent methylation (12, 13). For example, Farrell et
al. (14) observed a pronounced inhibition in Hg methylation
rate by microbes when Hg was associated with mineral
colloidal particles and found that the degree of inhibition
was influenced by the mineralogy of the colloidal phase.

Mobile colloids released from the surfaces of the aquifer
matrix have been observed in natural groundwater (3, 5, 15),
with colloid release often occurring as a result of changes in
the chemical composition of the pore water (16—19). Particle
release and transport are often studied in laboratory soil—
water columns where particle release is initiated by achemical
perturbation such as a step decrease in ionic strength (17—
22). These types of experiments are useful for investigating
the colloid release rate and the formation mechanism and
speciation of contaminants associated with the particulates
(1, 10, 16, 19, 23—25). For mine wastes these types of
experiments are particularly relevant because ionic strength
or pH fronts due to seasonal variations in rainfall are likely
to move through tailings piles, and may lead to particle release
(8).

The California Coast Range contains over 70 abandoned
Hg mine sites which have had ore extracted from both silica-
carbonate type and hot-spring type ore deposits. This study
has investigated the particulate facilitated transport of Hg
from the New Idria (NI) and Sulphur Bank (SB) mines situated
within the mountain range. Brief descriptions of mines and
ore deposits are provided to highlight important differences
between them. Additional information about the Hg mines
in the NI and SB mining districts, including a detailed
description of each ore deposit, are given elsewhere (8, 9,
26—28). The NI Hg mine lies in the southern Diablo Range
of the California Coast Range in central California (San Benito
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TABLE 1. Primary Mineralogy and Hg Speciation in Select New Idria and Sulphur Bank Mercury Mine Wastes

New Idria
(calcines)

particle size (um) (processed)

Sulphur Bank

Sulphur Bank
(waste rock)
(unprocessed)

(calcines)
(processed)

XRD Identifiable Matrix Components

all sizes quartz, alunite-jarosite, hematite,

illite, K-feldspar

quartz, hematite, montmorillonite,
cristobalite, plagioclase feldspar

cristobalite, anatase (TiOy),
cinnabar, mackinawite (FeS), quartz

EXAFS Identifiable Hg Minerals

2000 > d, > 500 56%2 Hg-sulfides
22% HgO

22% H93C|302H

125> dy, > 75 69% Hg-sulfides
31% HgO
ap <45 48% Hg-sulfides

21% HgsS,Cl,
16% HgO
15% H93C|302H

89% Hg-sulfides
11% HgCl;

100% Hg-sulfides

100% Hg-sulfides

100% Hg-sulfides

100% Hg-sulfides

100% Hg-sulfides

a All values £10% based on previous studies using model compounds (29).

Co., CA). Hg exists in a silica (SiO,, amorphous)-carbonate
(FeCOs, MgCOg)-type deposit present at the point of contact
between the Panoche shales and a serpentine body. The Hg
ore occurs in veins at the contact between these two rock
types, primarily as Hg-sulfides (cinnabar and metacinnabar)
and elemental mercury with secondary Hg-sulfates, -chlo-
rides, and -oxides. The SB Hg mine lies at the northern end
of the California Coast Range Hg mining belt (Lake Co., CA).
The ore body is a hot-spring deposit situated in a clastic
aluminosilicate host rock consisting of feldspar, quartz, and
clays. Hg is present primarily as Hg-sulfides (cinnabar) with
secondary Hg-sulfates, -chlorides, and -(oxy)chlorates.

In this study we have used chemical, microscopic,
spectroscopic, and diffraction techniques to characterize the
mineralogy, chemistry, and Hg speciation, on the macro-
and microscopic scales, in Nl and SB mine tailings. Following
this we have used laboratory column experiments to initiate
particle release from the tailings to investigate the kinetics
and mechanism of colloid release and to characterize the
speciation of Hg associated with the suspended particles.
The main goal is to link composition and physical charac-
teristics (e.g., particle size distribution) of the mine tailings
to the formation mechanism and composition of the colloids
released from these contaminated sediments to better
understand the release and transport mechanisms of Hg from
these mine sites. The specific objectives are to (1) investigate
the mechanisms of Hg release from NI and SB mine wastes,
(2) determine the speciation of particle-bound Hg released
from the mine wastes, and (3) determine the effect of
calcinations on Hg release processes.

Materials and Methods

Mine Tailing Sample Collection and Characterization. Mine
tailings consisting of calcines and waste rock were collected
from the NI and SB Hg mines. Calcines are processed ore
materials that have been heated to ~700 °C to remove Hg,
and the waste rock is unprocessed tailings considered to be
too low in Hg for economical recovery. The top several cm
of material was removed and approximately 2 kg of each
material (composite) was collected. Three samples were used
for this study; calcines from the NI mine tailings, calcines
from the SB mine, and waste rock from the SB mine. Samples
were oven dried at 105 °C for 24 h and then dry sieved into
different size fractions using a Rotap to facilitate particle
separation (see Table 1). Particles in the range 500 um < d,
< 2000 um were used in column studies and particles with
dp < 45 um were used for TEM analysis. It should be noted
that dry sieving likely provided incomplete sample fraction-
ation such that small particles adhering to the surfaces of

5102 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 38, NO. 19, 2004

larger particles were not completely removed. It must also
be noted that oven drying the calcines at 105 °C did not
significantly affect the mineralogy of the calcines as they had
been previously exposed to high temperatures (~700 °C)
during roasting, but oven drying most natural samples prior
to analysis is not recommended as this can significantly alter
the temperature-sensitive minerals present in samples.

Total Hg ([Hg]+) in each size fraction was determined by
dissolving the samples in aqua regia followed by analysis
using cold vapor atomic fluorescence spectroscopy (CVAFS)
according to EPA method 1631. Al, Fe, and P concentrations
of each sieve fraction were determined using inductively
coupled plasma-atomic emission spectrometry (ICP-AES)
according to EPA method 200.7 after aqua regia digestion.
The bulk mineralogy of each tailing size fraction was
determined by powder X-ray diffraction (XRD) using a Rigaku
Geigerflex diffractometer.

The speciation of Hg in three size fractions of the NI and
SB tailings (5000 um < d, < 2000 um, 75 um < d, < 125 um,
and d, < 45um), and in colloids released in the column
experiments was determined using EXAFS spectroscopy and
selective sequential chemical extractions. The EXAFS analysis
was performed by linear least-squares fitting of the unknown
spectrum to Hg Ly EXAFS spectra from a Hg model
compound spectral library following the method of Kim et
al. (29). To determine the speciation of Hg associated with
the coprecipitated Hg(NO3)./SB calcine column effluent
colloids, the Hg Li-EXAFS data were analyzed using EXAF-
SPAK following the method of Kim et al. (30, 31). Selective
sequential extraction analyses were conducted on the 2000
um < dp < 500 um sieved size fractions of pre- and
postcolumn samples for each waste by Frontier Geosciences
(Seattle, WA) using previously developed protocols (32).
Samples were exposed to a series of six extraction steps of
increasing intensity (see Table 2). Each extract was analyzed
for [Hg]r according to EPA Method 1631. A similar series of
sequential chemical extractions were performed on the
colloids collected from NI calcines. The colloidal suspensions
were dialyzed for 3 days in deionized water and then freeze-
dried. A0.2-gsample of dried powder was then leached using
the steps used for the mine tailing, but with steps F1, F2, and
F6 removed. F1 was removed because the particles were
suspended in water in the column and F6 was removed
because, due to the fine grained nature of the sample, any
HgS would be completely dissolved by aqua regia.

The mine tailings and colloidal particles released during
the column experiments were characterized using a JEOL
5600 scanning electron microscope (SEM) equipped with an
energy dispersive X-ray (EDX) detector and a JEOL 200CX



TABLE 2. Sequential Chemical Extraction Method for Determining Hg Speciation as Developed by Bloom and Katon (46), Including
Extraction Steps, the General Category of Hg Phases Removed In Each Step, and Specific Hg Compounds Typically Removed in

Each Step
Hg (wt %)
extracted from
step extractant description NI colloids typical compounds removed
F1 DI water water soluble NA HgCl,
F2 pH 2 HCI/HOACc “stomach acid” NA HgO, HgSO4
F2ma 1 N HNOs similar to F2 33
F3 1 N KOH organo-complexed 1 Hg-humics, Hg.Cl,, CH3Hg
F4 12 N HNOs strong complexed 50 mineral lattice, Hg>Cl,, Hg®
F5 aqua regia Hg-sulfides 16 HgS, HgSe
F6 10:5:2 HNO3s/HF/HCI complete dissolution NA residual Hg

2 Modified extraction step for Hg speciation in colloids generated from NI tailings.

transmission electron microscope (TEM) operated at 200 kV
and equipped with a Kevex high angle EDX detector.

Column Experiments. Chromatographic columns (water-
saturated) filled with tailings were used to study particle
release and transport (1, 10, 16, 23). Particle release from NI
calcines, SB calcines, and SB waste rock was facilitated using
systematic variations in the ionic strength of the column
influent solution using the following procedure. A 25-mm
(i.d.) by 500-mm glass chromatographic column was dry
packed with calcines or waste rock (2000 um > d,, > 500 um
size fraction) and purged with carbon dioxide at 10 psi for
approximately 1 h to displace the air in the column. Column
influent solutions were delivered in an upflow configuration
atlab temperature (20—24 °C). To provide stable and uniform
initial conditions for each mine waste (i.e., only Na cations
adsorbed), the columns were preconditioned by flowing
~100—200 pore volumes of a high-ionic-strength electrolyte
solution (0.1 M NaCl) through the column. This ionic strength
is similar to that found in mine drainage at these sites at the
first rainfall (8), and has been used in previous studies (1).
In addition to the NaCl, malonic acid (15 mM) was added
to enhance colloid release such that enough material could
be collected to study; sodium azide (1 mM) was present to
inhibit microbial growth; and finally NaOH was added until
pH = 5.6—5.8 was attained. After preconditioning, a lower
ionic strength solution (0.005 M NacCl) was flowed through
the column to initiate particle release. For the NI (NI1)
calcines an initial column experiment was run on the mine
tailing as described above, but with no malonic acid. This
was followed immediately by preconditioning and particle
release steps with malonic acid present. Also, a second
experiment run was performed on another sample of the NI
calcines (NI2) with the same conditions (malonic acid
present) as described above, but with a larger drop in ionic
strength (0.5 to 0.02 M NaCl) to assess, qualitatively, the
amountof colloids released as a function of the ionic strength
drop. The physical parameters (porosity, pore volume, and
mass of tailings) and influent chemical conditions for each
step (preconditioning and particle release) for each column
are given in the Supporting Information.

The physical and chemical properties of column effluent
and released particles were characterized using ICP-AES,
CVAFS, TEM, EXAFS spectroscopy, powder XRD, and se-
quential chemical extraction as described above. Concentra-
tions of Al, Fe, Si, P, Ti, and S in column effluent samples
were determined using an ICP-AES. Effluent samples were
digested in HCI acid (trace metal grade) prior to analysis. To
ensure complete digestion, a 1-mL aliquot of column effluent
was digested overnight in 4.5 mL of concentrated HCI and
then diluted to 10 mL with DI water. To distinguish between
particulate and dissolved species, some samples were filtered
(prior to acid digestion with HCI) using a 0.45-um membrane
or a 0.02-um alumina matrix syringe filter. The finer filter

(0.02 um) was used in some cases to ensure that no particles
(dp > 20 nm) existed in the column effluent. Hence, the
operational definition of “dissolved” in this work is any
constituent finer than ~20 nm in diameter rather the ~450
nm that is commonly used.

The Hg concentration of the filtered or unfiltered column
effluent samples was measured either by Frontier Geo-
sciences (Seattle, WA) or at the University of Nevada, Reno
(UNR). For analysis at Frontier, column effluent samples were
preserved using a 50% (v/v) bromine monochloride solution,
and an aliquot of each preserved sample was analyzed by
SnCl; reduction, dual gold amalgamation, and CVAFS detec-
tion according to EPA method 1631. The estimated method
detection limit was ~3 ng/L. For analyses at UNR, filtered
and unfiltered column effluents were analyzed using TDA/
CVAFS according to EPA method 7473. The detection limit
for Hg using this method was 1 ug/L.

Results and Discussion

Characterization of NI and SB Mercury Mine Tailings. The
mineralogical and chemical compositions and size distribu-
tions of the NI and SB mine tailings are given in Table 1 and
Supporting Information, respectively. A broad hump in the
XRD patterns of the SB samples between 15 and 35° 20
indicate an amorphous phase is present in addition to the
crystalline phases. The primary matrix minerals in each
tailings sample reflect the different geologic setting of each
minesite. Differences in the primary matrix minerals between
the SB calcines and waste rock are likely due to high-
temperature ore processing. For example, cinnabar (HgS)
would be largely removed from the ore material during
processing and iron sulfide may have been oxidized to
hematite during the roasting process.

The relative Hg concentration ([Hg]/[Hg]max) as a function
of particle size for each splitis given in Figure 1. Aclear trend
exists for NI and SB calcines of increasing [Hg]: with
decreasing particle size, which is consistent with those
observed for mine tailings from different mines (11). The
trend is consistent with that expected for adsorbed Hg, i.e.,
increasing [Hg]: concentration with increasing surface-area-
to-volume ratio, which is a common conceptual model for
heavy metal speciation in the environment (33, 34). However
some deviation from the expected trend exists (Figure 1).
The Hg enrichment with decreasing particle size has been
attributed to the relatively low hardness (H = 2.5) and
solubility (Ksp values in the range of 10~%) of the Hg-sulfide
minerals cinnabar and metacinnabar (11). Hg may therefore
be more prevalent in the smaller size fractions due to the
accelerated physical weathering of HgS relative to the harder
minerals present (e.g., quartz, H = 7). SB waste rock has
significantly higher [Hg]r (1 to 2 orders of magnitude greater)
than either of the calcines because this material was not
processed to remove Hg. Unlike the SB and NI calcine
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FIGURE 1. Relationship between particle size and [Hg]; for NI and
SB calcines, and SB waste rock splits. Line represents expected
trend for adsorbed Hg assuming spherical nonporous particles with
the average diameter of that measured for the tailings.

materials, [Hg]r in SB waste rock did not increase with
decreasing particle size, but instead reached a maximum
(~22 000 mg/kg) at an intermediate particle size (125 um >
dp > 75 um). This phenomenon may reflect the Hg-mineral
grain size distribution at the time of deposition. Differences
between SB waste rock and calcines (i.e., higher [Hg]r and
the presence of a [Hg]r maximum at an intermediate particle
size), indicate that high-temperature ore processing (600—
700 °C) affected the Hg distribution in the ore material in
addition to extracting Hg.

SEM analysis (not shown) of NI and SB calcines (2—5 mm
fraction) indicates the surfaces of the larger particles are
covered with finer-grained particles adhered to the surface,
ranging in size from 100 nm to several micrometers. The NI
calcines showed the highest density of small particles adhered
to surfaces, followed by the SB waste rock, then the SB
calcines. EDX analyses of the NI calcines indicate that Al, Si,
Fe, S, and P are the major elemental components of the
surface particles, consistent with the chemical data and bulk
matrix mineral components determined by XRD. EDX
analyses of the SB materials indicates that the composition
of the surface-bound particles on the SB calcines (Si, Al, S,
and Fe) and SB waste rock (Si, Al, S, Fe, and Ti) are also
consistent with the bulk matrix mineral components de-
termined by XRD.

TEM analysis of the <45 um NI calcines sieve fraction
(Figure 2a) show um and sub-um-sized aggregates of fine-
grained particles. EDX analysis identified the dominant
components as hematite and alunite-jarosite and amorphous
Al—Si material, consistent with the XRD results for the NI
calcines (Table 1). Discrete sub-um HgS particles (cinnabar
or metacinnabar) were identified in some aggregates. TEM/
EDX analysis of the < 45 um SB calcine material (Figure 2b)
correlates well with the XRD results indicating the presence
of SiO, (quartz or cristobalite), hematite, anatase, and a poorly
ordered Al-Si—Ferich clay phase. Also present are euhedral
particles containing Fe, S, and Al which may be alunite-
jarosite. TEM/EDX analysis of the SB waste rock material
(Figure 2c) indicates the presence of silica (quartz/cristo-
balite), anatase, and FeS (mackinawite) which is consistent
with the XRD data for this material. Because the waste rock
material contains high [Hg]r, it was possible to observe
discrete cinnabar particles (~500 nm) (Figure 2c). EDX
confirmed the HgS chemical composition of these particles,
and electron diffraction revealed the hexagonal symmetry of
cinnabar (not shown).

Hg speciation in the NI and SB tailings, determined by
Hg-EXAFS spectroscopy on three size fractions of each bulk
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FIGURE 2. TEM micrographs of NI and SB calcines, and SB waste
rock (d, < 45 um size fraction): (a) NI calcines, (b) SB calcines,
and (c) SB waste rock.

material, are provided in Table 1. For the NI calcines, most
of the Hg exists as Hg-sulfides (cinnabar/metacinnabar) and
Hg-oxides (montroydite), but minor Hg-oxychloride (eg-
lestonite) is also present. This is consistent with other studies
of the Hg mineralogy at mine sites in the New Idria mining
district (35). For the SB calcines and waste rock, nearly all
the Hg is present as Hg-sulfide species. No evidence of sorbed
Hg was found in any of the samples.

Results from the sequential extractions on both the pre-
and postcolumn material of all three samples are shown in
Figure 3. The F5 and F6 extraction steps, which dissolve HgS
(both cinnabar and metacinnabar), remove the majority of
Hg from all samples, accounting for 54.9—97.5% of all Hg
removed and indicating that HgS constitutes the bulk of Hg
present in both the pre- and postcolumn materials. Fur-
thermore, the proportions of Hg removed in the F5 and F6
extraction steps of the precolumn material generally match
well with the proportions of HgS identified in the same
material by EXAFS spectroscopy, (e.g., 85.9% F5 + F6
removable vs 89% Hgs for SB calcines, 95.5% vs 100% for SB
waste rock), providing good consistency between the two
techniques as previously observed (32). A moderate dis-
crepancy was found between the two techniques for the NI
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calcine (87.9% F5 + F6 removable vs 56% HgS from EXAFS
spectroscopy). However, both methods are consistent in
showing that the NI calcine has the lowest proportion of HgS
among the three samples.

Analysis of both the pre- and postcolumn material for
each sample reveals a decline in the total amount of Hg as
well as the proportion of F5 + F6 removable Hg (i.e., HgS)
in the calcines as a result of the column experiments (Figure
3), suggesting the release of HgS from the column material.
Extraction results for the SB waste rock, however, are
essentially unchanged between the pre-and postcolumn
material due to the singular presence of HgS in the unroasted
wastes (as confirmed by EXAFS spectroscopy). Additionally,
[Hg]r in the postcolumn SB waste rock material is higher
than that of the precolumn material, which is likely due to
sample heterogeneity. Sample heterogeneity is more likely
in the waste rock, compared to the calcines, because large
Hgs particles will have not been removed by calcination.

Particle/Hg Release from NI Mine Tailings. Effluent
concentrations for selected elements during the precondi-
tioning and particle release steps of the column experiments
using NI calcines are given in Figure 4. The initial experiment
run on the tailing with no malonic acid present released no
particulate material and is therefore not considered in this
study. The second preconditioning resulted in steady-state
effluent concentrations less than 6 mg/L for Fe, Al, Si, S, and
P, and less than 6 ug/L for Hg in unfiltered samples. Filtered
samples (0.45-um filter) showed concentrations similar or
identical to those of unfiltered samples for each element,
indicating that the elements exist as dissolved species or at
least as dissolved species according to the common opera-
tional definition (passing through a 0.45-um filter). Following
the reduction of the ionic strength there is a large increase
in the unfiltered concentration for all the elements, including
Hg, with only aminor increase in the filtered concentrations.
This indicates the release of particles from the column
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material. Peak particle density occurred in the column
effluent after one pore volume followed by a sustained release
over at least 25 pore volumes. This type of decay in particle
density (a sharp peak followed by slower release over many
pore volumes) has been observed in other particle release
experiments (1, 19). The concentrations of Hg, Fe, and Si in
filtered (0.45-um) effluent samples were significantly lower
than those for unfiltered samples, indicating that they are
particle-associated during this phase. Other elements (not
shown for clarity) showed identical trends.

The second column experiment (NI2) run on a separate
set of NI calcines with the larger ionic strength drop showed
an increased particle release as evidenced by a 5-fold increase
in total unfiltered Fe and Al concentrations in effluent
samples, a maximum unfiltered Hg concentration of 2000
ug/L, and visually more turbid column effluent during the
particle release stage (Figure 1 Supporting Information). This
behavior is consistent with particle release from silica sands
(19) and noncalcareous soil aggregates (16), and has been
attributed to a reduction in the energy barrier for particle
release at lower ionic strength. The presence of the malonic
acid also influenced the rate and quantity of particles released,
as fewer particles were observed without it being present
during preconditioning and particle release. Organic acids
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such as oxalic and malonic acid (dicarboxylic acids) can
promote release of particles from aquifer material by initiating
dissolution of the iron-(oxy)hydroxide cementing agent and
by adsorbing to minerals and changing their surface charge
such that the particles are easily released when their
surrounding electric double layer size is increased due to the
ionic strength decrease (10). It is likely that malonic acid
increases the particle release rate without substantially
altering the chemical composition of the released particles.

ATEM and XRD analyses of the colloids released from the
NI tailings showed the presence of hematite (Fe;0s), jarosite/
alunite ((Fe,Al)KSO,), quartz (SiO.), a poorly ordered Al—
Si—Fe phase (Figure 7a), and HgS. The hematite crystallites
are subhedral with a particle size of ~100 nm. EDX analysis
indicates that the hematite is relatively pure with little or no
Sior Al. Jarosite/alunite tends to be present as sub-euhedral
crystals with particle sizes of 100—200 nm. The powder XRD
pattern of the colloids has a peak at ~10A, suggesting the
presence of illite (36). Also, a poorly ordered Al—Si—Fe-rich
phase was observed via TEM and consists of either sheetlike
particles or aggregates of rounded particles <10-nm in
diameter (Figure 7a). An average principle cation ratio of
Alg 30Sio.66F€0.04 Was determined using EDX analysis, indicating
a (Al + Fe)/Si ratio ~ 0.5. The diffraction and chemical data
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FIGURE 7. (a) TEM micrograph of colloids from the NI calcines
column effluent produced during the particle release step. Note
that the aluminosilicate gel consists of aggregates of particles <10
nm (Hem., hematite; Jar., jarosite; and Al—Si gel, aluminosilicate
gel). (b) Colloids generated from the preconditioning and (c) particle
release steps of the SB waste rock column experiment (Hem.,
hematite; CrOx, Cr-(hyr)oxide; Cin., cinnabar; SiO,, silica; Ana,
anatase; and Jar., Jarosite).

suggest that this material is probably poorly ordered illite.
Cinnabar is present at a concentration lower than that
detectable by XRD (< ~5 wt %), but a small particle of
cinnabar (44 nm diameter) was found using TEM. No other
Hg-containing phases were observed via TEM or XRD. Hg-
EXAFS analysis indicates that Hg is present dominantly as
cinnabar or metacinnabar, with a lesser amount of mon-
troydite (HgO) (Figure 8). Results from the sequential
chemical extraction experiments indicate that significant
amounts of Hg are removed in the 1 M HNO3, 1 M KOH, and
12 M HNO; extraction steps (Table 2).

Particle/Hg Release from SB Calcines. Particle release
from SB calcines was negligible relative to particle release
from the NI calcines. Even though few observable particles
were released from the SB calcines, high concentrations of
Al, Si, and S were detected in the column effluent during
preconditioning, decreasing slowly during the precondition-
ing phase, and reaching a steady state after approximately
60 pore volumes (Figure 5). The high Al, Si, and S concentra-
tions relative to those in the NI calcines are due of differences
in the mineralogy of the tailings at the two sites. Filtering the
column samples (0.02 xm) did not reduce the concentrations
of these species, suggesting they are truly dissolved.

Hg release from the SB calcines occurs primarily during
preconditioning, with unfiltered Hg concentration in the
column effluent decreasing rapidly from 260 ug/L to 3.4 ug/L

New idria calcines
(colloid generation)

36% Cinnabar (HgS)
46% Metacinnabar (HgS)
22% Montroydite (HgO)

(k) x k3

Sulphur Bank calcines
(pre-equlibration)

(2]
100% Metacinnabar (HgS) %

x(k)

Sulphur Bank waste rock
(colloid generation)

49% Cinnabar (HgS)
51% Metacinnabar (HgS)

x(k) x k3

2 3 4 5 6 7 8
k(A1)
FIGURE 8. Liner fits of the Hg Ly-edge data for the NI and SB
column effluent colloids. Quantitative compositions have an error
of approximately £10%. Black line, experimental data; dashed line,
calculated fits.

after 21 pore volumes. Unlike Al, Si, and S, the Hg concen-
tration was significantly reduced by filtering (0.02 um) the
column effluent, suggesting that the initial Hg release is
predominantly particulate (colloidal), but that sustained low
concentration Hg release occurs predominantly as dissolved
species.

Reducing the ionic strength of the column influent did
notinitiate release of observable particles from the SB calcines
or significantly increase the effluent Hg concentration.
Instead, lowering the ionic strength resulted in a decrease
in the dissolved Al, S, and Si concentrations (Figure 5). At the
lower ionic strength, the activity coefficients of Al, S, and Si
in solution decreases, lowering their solubility (37, 38).
Filtering (0.02 um) did not reduce the S, Al, Si, and Fe
concentrations, supporting the conclusion that few particles
were released.

Colloidal particles released during the first few pore
volumes of the preconditioning step were analyzed by TEM.
Too few colloids were generated for XRD analysis. Only poorly
ordered Al-Si gel and cinnabar were found in significant
quantities using TEM. The Al-Si gel occurs as rounded
agglomerates of approximately 200 nm with an Al/Si ratio of
between 2 and 20 determined from EDX analysis. Fine
structure within the individual aggregates indicates that they
are an agglomerate of smaller particles (<10 nm). HgS occurs
as subhedral crystallites of 200—400 nm. The Hg-EXAFS data
confirms that Hg is present entirely as HgS (metacinnabar)
(Figure 8).

Due to the large concentration of dissolved Si, Al, and Fe
insolution (up to 341 ppm), awhite precipitate formed when
1 M NaOH was added to the column effluent, up to pH 8.
TEM analysis of the freeze-dried precipitate showed it to be
a poorly ordered Al—Si—Fe gel consisting of aggregates of
particles 3—4 nm in size (Figure 9a and c). The composition
of the gel is uniform with a relative cation composition of
Al 73Sio 23F€00. XRD showed two broad diffraction peaks at
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FIGURE 9. TEM micrograph of (a) Hg-doped Al—Si—Fe gel formed by the neutralization of the SB calcines column effluent and (b) natural
Al—Si—Fe—S gel collected from the shore of Clear Lake next to the SB mine. EDX spectra of (c) Hg-doped Al—Si—Fe gel and (d) natural
Al—-Si—Fe—S gel. Note that peaks for Cu are contamination from the Cu grid.

6.1 and 3.2 A, which correlate with the two most intense
diffraction peaks for boehmite (y-AIOOH). The diffuse nature
of the Bragg peaks and the fine particle size of the precipitate
indicate that this phase is psuedo-boehmite rather than
boehmite (39). The presence of diffraction peaks for psuedo-
boemite is probably related to particles of y-AIOOH within
the gel. Figure 9b shows a TEM micrograph of the natural
SB flocculent material collected from the Clear Lake shoreline
near the SB mine. It consists almost entirely of aggregates
of <10 nm similar to the synthetic precipitate. The natural
gel has a composition similar to that of the laboratory-
generated floc but has a significant amount of sulfur (Figure
9d). XRD of the freeze-dried natural gel indicated the presence
of crystalline quartz and halloysite (Al,Si,Os(OH).), although
the majority of the material is poorly ordered. This composi-
tionis similar to that observed by Suchanek et al. (40) for this
material using SEM and ICP-MS.

ICP-AES analysis of the filtered supernatant from the
Hg(NO3)./SB calcines column effluent coprecipitate indicates
that only 6% of the Hg added to the solution is associated
with the gel and that 94% remains in solution. This low level
of sorption is probably related to the relatively low Al, Si, and
Fe content of the solution (Z(Al,Si,Fe) = 341 mg/kg) which
precipitate to form the floc. EXAFS results for the Hg-doped
precipitate are shown in Figure 10 and Table 3, indicating
that Hg(ll) is coordinated by two oxygen shells. The Hg—0O
distances of these shells are close to those for oxygens
surrounding Hg in crystalline montroydite (HgO) (41) (Table
3). The coordination number for the first shell is in close
agreement with that for montroydite, but that of the second
shell (1.6 oxygens) is considerably lower than found in
montroydite (41). This result is almost identical to that of
another Hg-EXAFS study of pure montroydite (42) and is
likely affected by the uncertainties associated with EXAFS-
derived coordination numbers (N) for distorted coordination
environments such as Hg(ll). Therefore, it is likely that the
real N value for the second shell is closer to four.

Particle/Hg Release from SB Waste Rock. Concentrations
of S, Al, Si, Ti,and Hg in effluent from the column containing
SB waste rock are shown in Figure 6. The concentrations of
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FIGURE 10. (a)Hg-Liedge XAFS spectra of Hg-doped aluminosilicate
gel precipitated from the SB calcines column effluent. (b) Fourier
transform of the XAFS spectra uncorrected for phase shifts. Black
line, experimental data; gray line, calculated fit.

TABLE 3. Structural Parameters Obtained From Nonlinear
Least-Squares Fitting of the EXAFS for Hg Sorbed to the
Synthetic Al—Si Gel Precipitated from the SB Calcines
Column Effluent?

Sulphur Bank Al-Si gel montroydite

R o? N R(A)

N (A) (AZ) (H9Omont.) (H9Omont.)
Hg—O 1.9 2.08 0.0057 2 2.05
Hg—0O 1.6 2.95 0.013 4 2.83

2 Also quoted are data for the local environment of mercury in
montroydite (HgO) (41). Nis the coordination number, Ris the mercury-
scatterer distance, and o? is the Debye—Waller factor. The least squares
errors (1s) associated with the EXAFS-derived N, R, and Debye—Waller
factors are 0.5 atoms, +£0.005 A, and +0.001 A?, respectively.

S, Al, and Si show a trend with pore volume similar to that
of the SB and NI calcines, with concentrations decreasing
slowly during the preconditioning phase and reaching a
steady state. Additionally, Ti was released during precon-
ditioning. The initial and steady-state effluent concentrations
of most elements are more than an order of magnitude lower
for the SB waste rock (Si was relatively unchanged) than the
SB calcines. The time required to reach the steady-state
effluent concentrations of each element was less for the SB



waste rock than the SB calcines, and the relative concentra-
tions of Al, S, and Si in effluent samples were different. This
is probably related to differences in mineralogy and chemical
composition between the two mine waste materials. Hg
release from the SB waste rock during preconditioning
showed a similar trend to Hg release from the SB calcines,
with most Hg release occurring in the first 20 pore volumes.
Similar to the SB calcines, filtering (0.02 xm) did not affect
Al, Si, S, and Fe concentrations, but did lower Ti and Hg
concentrations by 40—50% in the first two samples. By the
end of preconditioning, filtering had no impacton Ti and Hg
concentration. This suggests that the initial Hg release is
dominantly particle-associated Hg (perhaps Ti particles), but
sustained Hg release occurs as dissolved species or as
particulate Hg less than 0.02 xm.

Lowering the column influent ionic strength resulted in
particle release as evidenced by an increase in Si, Al, S, and
Ti concentrations, but the particle density was significantly
lower than that for the NI calcines. As with NI calcines, the
increase in the unfiltered Hg concentration in column effluent
was coincident with particle release, indicating the two
processes are related. Filtering the effluent samples (0.02
um) did not reduce Al, Si, or S concentrations, indicating
these elements exist predominantly as dissolved species.
However, filtering (0.02 xm) did decrease the [Hg]r and Ti
concentration by 80—96% and 75—96%, respectively, during
particle release. A clear trend existed, with particle-associated
Hg accounting for 96% of Hg released at the onset of particle
release, and decreasing to 80% at the end of particle release.
It is unclear why filtration affects Ti and Hg concentrations,
but not the concentrations of other elements present. It is
possible that the concentrations of dissolved Al, Si, and S are
high enough to mask the contribution of particles to the
total concentration for these elements. This is not the case
for Hg and Ti, and therefore the effect of filtration (particle
removal) is more pronounced.

Colloids generated during the first few pore volumes of
the preconditioning step were very heterogeneous. The major
phases observed using TEM were HgS, Cr—(oxyhydr)oxide,
Al-Si gel, hematite, silica, and Fe-sulfide (Figure 7b), all of
which are <500 nm in size. The crystalline polymorphs of
Cr—(oxyhyr)oxide, silica, and Fe-sulfide cannot be deter-
mined unequivocally due to their small particle size and
electron beam sensitivity. However, the mineralogical com-
position of the waste rock starting material suggests that the
silica mineral is cristobalite and the Fe-sulfide phase is
mackinawite, suggesting that the colloids are formed by
breakup of the waste rock. The colloids generated following
the lowering of the influent ionic strength are significantly
different from those released during the preconditioning step.
The major phases observed using TEM are HgS, Ti-oxide,
jarosite/alunite, and silica (Figure 7c). XRD analysis of the
waste rock starting material indicates the silica polymorph
iscristobalite and the Ti-oxide polymorph is anatase. Anatase
is present as anhedral sub-angular particles of up to 1 um,
although these large particles may be agglomerates of smaller
grains (Figure 7c). The cristobalite and jarosite particles are
also anhedral and sub-angular with sizes up to 1 um. HgS
grainsare up to 500 nm, but many are <50 nm. EXAFS analysis
of the colloids released (Figure 8) supports the TEM
observations and indicates that EXAFS-observable Hg is
entirely in the HgS form, with an approximate 50:50 mixture
of cinnabar and metacinnabar.

Origin and Nature of Colloids Released from New Idria
and Sulphur Bank Mine Waste. The variation in composition
of the colloids is directly related to the composition of the
starting material from which the colloids are generated. All
of the released colloids appear to have formed via detachment
and breakup of the bulk mine waste. This is indicated by the
similarity in composition of the Hg-phases in the colloids to

those in the mine wastes, the only difference being the lack
of any soluble mercury phases (i.e., HgCl;), which are
probably leached out during preconditioning. The dissolved
Hg produced by the dissolution of the soluble Hg-phases
could have produced a high concentration of sorbed Hg, but
none was detected in the SB calcines preconditioning colloids.
The reason is probably related to the relatively low concen-
tration of sorbed mercury relative to HgS in the colloid.

The composition of the colloids varies according to
whether they were released during the first few pore volumes
of the experiments (preconditioning) or when the ionic
strength of the influent solution was lowered (particle release).
Colloids released during the preconditioning step relate to
material poorly adhered to the surfaces of the larger particles
in the column and could be weathering products on the outer
surfaces of these particles (e.g., Al=Si gel/clay). The SB waste
rock released the most colloidal material during precondi-
tioning, which may be related to its lack of roasting. Such
roasting can cause cementing of particles within larger grains
due to recrystallization and melting that occurs at high
temperature. There are also large variations in the crystallinity
of different mineral colloids (e.g., ranging from amorphous
Al=Si gel to fully crystalline hematite and jarosite). Crystal-
linity correlates with particle size, with the poorly ordered
material having particle diameters of 10 to 50 nm and the
fully crystalline phases having diameters generally above 200
nm, with some particles having diameters >1 um. The poorly
ordered gel and clay phases are probably secondary weath-
ering products of the primary minerals that made up the
calcines or waste rock. The reason for the lack of very fine
crystalline phases in the colloids may be due to the fact that
as particles get smaller, due to mechanical and chemical
weathering, their solubility and dissolution rates increase
(43, 44). An exception to this generalization are crystalline
mineral phases with very low solubility such as cinnabar
(HgScin + HT <> Hg?" + HS™, K= 107%67(45)). The low solubility
of HgS is thought to be the reason very-fine-grained HgsS is
present in the released colloidal material.

The similarity in composition and morphology of the Al—
Si—Fe gel precipitated from the SB calcines column effluent
and the natural floc found near the shore of Clear Lake near
the SB mine indicates that the natural floc is likely formed
by precipitation of an Al-Si—Fe-bearing phase, the com-
ponents of which were leached from the calcines. No
precipitates formed when the NI and SB waste rock column
effluents were neutralized, indicating that this effect is specific
to the SB calcines. Suchanek et al. (40) report that this floc
material is a major source of methylmercury to Clear Lake.
The reason for this high methylmercury concentration is not
clear, but may be related to the high surface area of the floc.

It has been hypothesized that Hg can be transported in
association with natural colloids as a sorbed species or as
discrete particles (8, 9). Our TEM and EXAFS results for the
colloids generated from the SB calcines and waste rock
indicate that Hg released from these mine waste materials
is in the form of cinnabar or metacinnabar. TEM and EXAFS
data from the NI colloids indicate that HgS is the dominant
Hg phase, although the sequential extraction data do not
fully agree with this finding. First, 33% of the Hg is extracted
by 1 M HNOs, which can be correlated with the presence of
montroydite (HgO) and is within error the same as the fraction
of this phase determined by XAFS spectroscopy (22%). The
EXAFS data indicate that the remaining Hg in the colloid
fraction is present as HgS. This finding contradicts the
sequential extraction data, which indicate that 50% is
removed by 12 N HNO; and 16% by aqua regia. Previous
extraction studies on model compounds indicate that HgS
is only dissolved during the aqua regia extraction; therefore,
Hg extracted in the 12 N HNO; extraction step is not thought
to be HgS (46). A more recent study has shown that fine-
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grained metacinnabar is relatively soluble in 6 M HCI, and
notjustinaquaregia (47). There are two possible explanations
for the discrepancy between the sequential extraction and
EXAFS results discussed above: (1) the presence of another
Hg-containing phase in the sample, or (2) the very fine particle
size (<100 nm) of the HgS. The most likely candidate for
another Hg-containing phase is elemental Hg, which cannot
be easily detected by EXAFS, due to the lack of order in Hg®
liquid, or TEM, because HgP quickly volatilizes when placed
in a vacuum. Concerning option (2), the solubility of solids
increases exponentially with deceasing particle size at very
small particle sizes (43, 48), which may cause the nanopar-
ticulate metacinnabar to have an increased solubility in 12
N HNO:g. If this is correct, the proportions of Hg extracted
inthe 12 N HNO; and aqua regia steps correlate qualitatively
with the proportions of cinnabar and metacinnabar deter-
mined by EXAFS analysis.

The two main reasons for the domination of HgS in the
colloids are the softness of the cinnabar and metacinnabar
and their low solubility in water. These two factors lead to
the persistence of fine-grained cinnabar in the near-surface
aqueous environment. Therefore, nanometer-scale HgS
particles are the dominant colloidal forms of Hg transported
from these and other mine sites where cinnabar is the main
solid Hg waste phase. No evidence was found for Hg sorbed
to other colloidal mineral phases, in contrast to what has
been suggested by other workers (8, 9).

Implications for Hg Transport from Mine Sites. During
episodic particle release due to a chemical perturbation
particulate HgS is released from mine tailings and can be
significant. Similar mechanisms are likely to occur at mines
and should be considered in addition to conventional modes
of Hg transport such as dissolved Hg and sorbed Hg(ll)
species. The significance of particle-facilitated Hg release
and transport relative to dissolved Hg transport will depend
onthe ore type, ore processing, and environmental conditions
at the site. In particular, the magnitude and frequency of the
chemical perturbations at the site relative to steady flow
conditions will dictate the relative contributions of each
release mechanism. The release of particulate Hg is consistent
with studies reporting the majority of Hg contamination exists
as particle-associated or sediment-bound Hg (49—52).

Even though the particle release rate was enhanced in
laboratory column studies relative to that expected under
field conditions and therefore may overstate the quantity of
particles released, the release of fine-grained particles
(colloids) from mine wastes is likely. In fact, simply mixing
NI calcines with DI water and shaking for several minutes
resulted in the release of many fine-grained particles that
remained suspended for several hours. TEM analysis of these
colloids showed that the chemical composition and mor-
phology were identical to those observed in the column
experiments. Conditions at many mine sites may be con-
ducive to particle release. Hg mine drainage with high ionic
strength (4—12 g/L TDS) commonly flows through mine
tailings at many Hg mines in the Coast Range mercury belt
of California (8) and is similar to those used in the column
experiments (0.1 M NaCl provides ~5600 mg/L TDS). During
the Winter wet season the TDS (i.e., ionic strength) of mine
drainage is significantly diluted (by a factor of 6 or more),
and colloids may be generated and transported from tailings
previously exposed to high TDS mine drainage. This occurs
at the Mount Diablo Hg mine for example and may account
for the 2-fold increase in total and filterable Hg during the
winter (8). At Hg mines without mine drainage, particle
release may still occur when efflorescent salts are dissolved
at the onset of the wet season and high ionic strength or high
pH fluid flowing through tailings becomes progressively more
dilute with additional rainfall.

5110 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 38, NO. 19, 2004

Particulate Hg is expected to behave differently than
dissolved Hg species in terms of transport and bioavailability.
For example, surface and subsurface transport of dissolved
Hg could be significantly retarded due to partitioning to
noncolloidal solids as Hg has a relatively high effective
distribution coefficient (log Kg ~ 4—6) (53). Surface and
subsurface transport of stable particulate Hg species (e.g.,
HgS) would be less retarded, particularly if particles are in
the colloidal size range.

The extentand speciation of Hg released from mine wastes
was different for different primary ores (Si-carbonate vs hot
spring) and depended on whether the ore had been processed
(calcined). For example, SB calcines released few particles
and no particulate Hg, but unprocessed SB waste rock did
release particles and primarily particulate Hg. Moreover,
during particle release episodes the mass of Hg released from
SB waste rock was lower than that from NI calcines, despite
the higher Hg content in the starting material. This study is
a first step at better understanding the factors affecting Hg
release from mine wastes. Determining the speciation of
released Hg provides a more thorough scientific basis for
regulatory decisions, as opposed to relying exclusively on

[Ha].
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