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Introduction Speciation is critical to understanding and modeling Hg
contaminated soils because it is the particular distribution of compounds, and
their interaction with soil under aqueous conditions that determines their
environmental mobility and bioavailability (Davis, et. al, 1997). To address this
need, we have refined and validated a robust solid phase analytical scheme
based upon sequential selective extractions (Bloom, et al, 2000). Although no
extraction scheme can provide true species-specific information, this method
does provide precise and accurate data regarding the biogeochemically relevant
fractionation of Hg in sediments and soils. This method differentiates Hg into
behavioral classes including water soluble, ‘stomach acid’ soluble, organo-
chelated, elemental, and mercuric sulfide, while still providing sufficiently low
MDLs for pristine studies. The speciation profiles generated have been inter-
compared with other assessment techniques, such as EXAFS, TCLP, and a
methylation bioassay that uses incubation with natural sediments. These
experiments show that mine site media (soils and tailings) that contain higher
percentages of inorganic Hg in the first three extraction fractions (water soluble,
dilute acid soluble, and organo-chelated Hg) are more readily methylated than
those containing most of their Hg in the last two extraction fractions
(approximately Hgo and HgS). Long-term incubations suggest that all forms of
Hg found at mine sites are methylated to some degree however, and they appear
to convert slowly to the site-specific sediment Hg speciation profile, regardless of
the initial speciation of the added material.

Experimental Methodology Samples for this study were obtained from
clients as parts of other unrelated investigations. Sediments were shipped to the
laboratory via overnight courier, and then either processed immediately, or
frozen until processing. Soils were sieved through a 2.0 or 1.4 mm sieve prior to
homogenization and analysis, and were co-processed with extensive QC
samples, including method blanks, certified reference materials, and pure Hg
compounds suspended in kaolin.

Total mercury was determined by room temperature digestion in aqua regia
(4:1 HCl + HNO3). After over night digestion, the samples were diluted to 40.0
mL with 0.02 N BrCl in 1N HCl, and aliquots analyzed by US EPA Method 1631
(dual amalgamation/CVAFS). Gas-phase Hgo concentrations were determined
after equilibration for several days at room temperature (20-22oC) in half-full 500
mL glass jars with Teflon caps. For analysis, a small hole was drilled into the cap
of each jar, and a gas-tight glass syringe was used to withdraw 5.00 mL of
headspace gas. This was injected into an argon flow and carried onto a gold-
coated sand trap, which absorbs the Hg by amalgamation. Traps were analyzed
using EPA Method 1631.



Inorganic Hg speciation was determined by sequential selective extractions of
separate 0.4 gram aliquots of the homogenized solids (Bloom, et. al, 2000) as
indicated in Table I. The extraction was performed using a 100:1 liquid-to-solids
ratio in 40 mL vials. Each extraction step was conducted for 18±3 hr, with
constant agitation, at 18-22oC. At the end of each step, the samples were
centrifuged, and then the supernatant liquid was filtered through a 0.2 µ filter.
The solid pellets were then re-suspended in the same extractant, re-centrifuged,
and re-filtered. The two filtrates were combined in a 125 mL bottle, oxidized by
the addition of BrCl, and diluted to 125 mL prior to analysis for total Hg by EPA
Method 1631. After the rinse step, the sample pellet in the centrifuge tube was
resuspended in the next extractant, and the entire process was repeated.

Table I: Sequential Extraction Method Summary

step extractant description typical compounds
F1 DI water water soluble HgCl2, HgSO4

F2 pH 2 HCl/HOAc “stomach acid” HgO
F3 1N KOH organo complexed Hg-humics, Hg2Cl2

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

F5 aqua regia cinnabar HgS, m-HgS, HgSe, HgAu

Methyl Hg was quantified by extraction of separate 0.5 gram aliquots from a
KBr/H2SO4/CuSO4 mixture into CH2Cl2 (Bloom, et al, 1997). After centrifugation
to separate the aqueous and organic layers, an aliquot of the CH2Cl2 layer was
then back-extracted by solvent volatilization into 60 mL of pure water prior to
analysis for CH3Hg. Aliquots of the final extract were analyzed by aqueous phase
ethylation, purge and trap onto Carbotrap, isothermal GC separation, and
CVAFS detection (EPA Draft Method 1630).

As a QA investigation, some samples were analyzed using extended x-ray
absorption fine structure spectrometry (EXAFS; Kim, et al, 1999) as dry powders
in fluorescence mode with a 13 element high throughput Ge detector. Data were
collected on beamlines 4-2 and 4-3 at the Stanford University Synchrotron
Radiation Laboratory (SSRL). Natural sample EXAFS spectra were compared
against a database of pure Hg compounds. Model compounds were powdered
and diluted with boron nitride, and EXAFS spectra collected in the transmission
mode. This technique requires samples with a total Hg concentration of greater
than 100 µg/g, and can provide resolution of compounds that are in the model
compound library, and make up more than 10% of the total Hg in the sample.

To assess their methylation potential, various substrates were mixed with a
natural low Hg, high organic matter freshwater sediment, and incubated in
sealed vials. After processing and homogenization, the sediment had a pH of 6.4,
contained 0.19 µg/g of total Hg, 0.0014 µg/g of methyl Hg, and 4.8% total
organic carbon on a dry weight basis. When used in the incubation experiments,
the sediment was first homogenized, together with some of the overlying water,



to contain approximately 20% solids. In 125 mL glass vials with Teflon lined
caps, 100 grams of sediment were mixed with a small amount (0.01–3 grams) of
contaminated soils or pure compounds dispersed in kaolin to obtain a final total
Hg concentration of about 5 µg/g (wet basis). The bottles were tightly sealed,
and placed on a roller at approximately 5 RPM, where they were continuously
homogenized for the first three weeks, and periodically after that time until
aliquoting for selective extractions and CH3Hg analysis. Incubations were
conducted at room temperature, which varied from 18-22oC. Aliquots were taken
for analysis at 1 week, 3 week, and 22 week intervals.

Speciation Results. Samples for Hg speciation were collected from two
abandoned mine sites, including the Red Devil cinnabar mine in southeastern
Alaska (CM) and a gold mine in central California (GM). Also included are the
speciation profiles for several pure substances, and samples from particular sites
that were contaminated by activities other than mining (CS). These samples are
identified in Table II, and the corresponding speciation information is presented
in Table III. As part of the method validation study, eight samples were
submitted both for selective extractions and EXAFS analysis, three of which are
shown in Table IV.  Although the sequences of Hg compounds shown for EXAFS
and for selective extractions are both listed in order of decreasing solubility, the
reader must not make the mental correlation of each extraction fraction with the
adjacent EXAFS species. Of the species reported by EXAFS, we expect HgCl2,
HgO and HgSO4 to be leached quantitatively by the F1 + F2 fractions, while HgS,
meta-HgS, and HgSe should all remain until the F5 extraction fraction.

Table II: Sample IDs and Ancillary Parameters

TCLP [Hg] headspace
sample description µg/L (ppb) Hgo (µg/m3)
HgCl2 Hg(II) chloride in kaolin nd nd
Hgo elemental Hg in kaolin 1,334 16,478
HgS red cinnabar in kaolin 0.04 nd

HgSO4 Hg(II) sulfate in kaolin 253,000 nd
GM-1 gold mine tailings (deep) 407 72.7
GM-2 gold mine tailings (surface) 28.3 5.6
CM-1 HgS mine soil, retort area (surface) 0.73 3.3
CM-2 HgS mine soil, retort area (10 cm) 0.14 0.1
CM-3 HgS mine soil, retort area (210 cm) 2,898 17,980
CM-4 HgS mine soil @ seep (surface) 0.14 19.7
CS-1 Hgo spill impacted arid soil (90 days) 0.39 1,241
CS-2 Hg(NO3)2 floodplain soil (50 years) nd nd
CS-3 chlor-alkali plant soil (40 years) 18,900 16,800
CS-4 GM-1 incubated sediment (143 days) nd nd
CS-5 Hg(II) incubated sed (143 days) nd nd
CS-6 HgS + incubated sed (143 days) nd nd



Table III: Speciation Results for Selected Sediment and Soil Samples

mercury concentrations, µg/g (ppm) dry basis
sample F1 F2 F3 F4 F5 total MHg
HgCl2 2,302 77.0 4.04 2.10 0.79 2,386 nd

% of total 96.5 3.2 0.17 0.09 0.03 nd
Hgo 10.4 27.9 54.3 22,502 618 23,214 nd

% of total 0.04 0.12 0.23 96.9 2.7 nd
HgS 0.10 0.02 0.12 5.55 4,353 4,359 nd

% of total 0.002 0.001 0.002 0.13 99.9 nd
meta-HgS 0.02 0.17 0.43 18.6 10,407 10,426 nd
% of total 0.000 0.002 0.004 0.18 99.8 nd

HgSO4 1,052 3,751 68.6 48.6 17.7 4,772 nd
% of total 22.0 78.6 1.4 1.0 0.37 nd

GM-1 2.19 15.28 6.41 13.78 4.07 41.7 nd
% of total 5.3 36.6 15.4 33.0 9.8 nd

GM-2 8.29 7.75 6.39 21.3 591 635 nd
% of total 1.3 1.2 1.0 3.4 93.1 nd

CM-1 0.44 0.04 1.33 9.59 500 511 0.006
% of total 0.09 0.01 0.26 1.9 97.8 0.001

CM-2 0.10 0.00 11.6 17.2 831 860 0.001
% of total 0.01 0.00 1.3 2.0 96.6 0.0001

CM-3 13.9 433 49.3 1,443 5,236 7,175 0.028
% of total 0.19 6.0 0.68 20.1 73.0 0.0004

CM-4 0.07 0.06 1.69 7.85 190 199 0.010
% of total 0.04 0.03 0.85 3.9 95.5 0.005

CS-1 1.27 0.06 0.32 15.7 19.9 37.2 nd
% of total 3.4 0.16 0.86 42.2 53.5 nd

CS-2 1.99 42.0 150 47.4 406 546 0.026
% of total 0.36 7.7 27.5 8.9 74.4 0.005

CS-3 133 211 112 72,689 188 73,333 0.009
% of total 0.18 0.29 0.15 99.1 0.26 0.000

CS-4 0.00 0.00 2.30 8.38 7.77 18.46 0.056
% of total 0.00 0.00 12.5 45.4 42.1 0.303

CS-5 0.01 0.01 2.53 10.61 4.51 17.66 0.106
% of total 0.06 0.06 14.3 60.1 25.5 0.600

CS-6 0.01 0.00 0.71 1.19 13.99 15.89 0.004
% of total 0.06 0.00 4.5 7.5 88.0 0.025



Table IV: Blind Intercomparison of Selective Extractions and EXAFS

selective extraction EXAFS
sample fraction % species %

gold mine tailings F1 0.4 HgCl2 --
total Hg = 281 µg/g F2 0.8 HgO --

F3 0.5 HgSO4 12
F4 12.3 m-HgS --
F5 85.9 HgS 88

mixed Hg standards in kaolin F1 46.2 HgCl2 49
(45.2% HgO + 18.2% HgCl2 F2 17.9 HgO 24

+ 36.6% HgS) F3 0.5 HgSO4 --
total Hg = 3,522 µg/g F4 4.9 m-HgS --

F5 29.1 HgS 27
gold mine tailings F1 1.3 HgCl2 --

total Hg = 635 µg/g F2 1.2 HgO --
F3 1.0 HgSO4 --
F4 3.4 m-HgS --
F5 93.1 HgS 100

Discussion. In the mine site and contaminated site samples thus far studied,
most of the Hg present has been found in the F4 and F5 fractions. When
combined with headspace Hgo analysis, we have usually been able to assign the
most likely fractionation as mixtures largely of elemental mercury and cinnabar.
Although the percentage of Hg found in water soluble and organo-complexed
forms is usually quite small, because the total Hg values are very high at these
sites, these samples can still contain high absolute concentrations of bioavailable
and mobile forms. For example, a mine site soil, though containing 93% HgS +
Hgo, still gave a failing TCLP value of 2,900 µg/L, well above the approximately
50 µg/L expected from Hgo alone.

The use of EXAFS analysis has generally supported the findings of the
selective extraction method, although analytical limitations with each method
make quantitative comparison beyond the HgS versus non-HgS concentrations
difficult for most samples. We have also encountered some ambiguity regarding
metacinnabar and the F4 fraction (Bloom, et al, 2000), which suggests that in
some cases, mercury may be bound to reduced sulfur in such an amorphous or
adsorbed state, that although registering as m-HgS by EXAFS, it none-the-less is
found in the more bioavailable HNO3 soluble fraction by selective leaching. The
degree of this ambiguity appears to increase as total Hg concentrations go down,
suggesting that high Hg levels (>100 mg/g) are necessary for the significant
formation of crystalline, and thus less bioavailable, cinnabar phases.



These data also clearly provide evidence of the types of species
transformations that may occur when Hg compounds are applied to natural soils
and sediments. For example, in the case of floodplain soils contaminated 50 years
ago by soluble Hg(NO3)2, most of the Hg is now present as non-bioavailable
cinnabar (CS-2). On the other hand, when liquid Hgo was spilled on an arid
mountain soil only several months ago, much of it appears to have transformed
to other, non-volatile species, as is evidenced by an equilibrium headspace Hgo

concentration well below saturation. This would be seen if liquid Hgo were
present (CS-1). Similarly, the soil samples from an historic cinnabar mine and
retorting facility (CM1-4) in Alaska, while still showing a predominance of the
initial species (HgS and Hgo), show significant fractions of Hg in the more
bioavailable fractions, resulting in the production of relatively high levels of
methylated mercury, as well as failing (>200 µg/L) TCLP results.

Transformations of Hg from one species to another are evident in cases where
pure Hg compounds were incubated with organic-rich sediments for 141 days. In
all cases, there appears to be a tendency for the added Hg speciation to evolve to
a profile more like the ambient sediment Hg speciation (mostly in the F3 and F4
fractions on the unspiked sediment). Thus, Hg(II) is rapidly distributed to the
organo-complexed fraction (CS-5), with the resultant production of high levels of
methyl Hg in the sample. Although the reaction is much slower for cinnabar,
after 143 days, approximately 12% of the added HgS was found in more
bioavailable fractions (CS-6), and a smaller, but significant level of methyl Hg
was produced. When the mine tailings (GM-1) were added to this sediment,
much of the Hg was converted to the organo-complexed fraction, and this too
resulted in high levels of methyl Hg production. The implication of these
findings, if supported by future work, are that all Hg from mine sources has the
potential to increase CH3Hg production if transported to a wetland— with the
major differences being in the kinetic rates of methylation, but perhaps not final
equilibrium concentrations.
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Figures for N.S. Bloom’s CALFED Annual Meeting Talk

NOTE

The following apply to the speciation presented in all of the figures:

First bar (F1) is deionized water soluble Hg
Second bar (F2) is pH 2 (“stomach acid”) soluble Hg

Third bar (F3) is 1N KOH soluble Hg (“organo-complexed”)
Fourth bar (F4) is 12N HNO3 soluble Hg (non-HgS)

Fifth bar (F5) is aqua regia soluble Hg (cinnabar, meta-cinnabar)



Figure 1. Percent methyl mercury compared total mercury in 367 sediments. Results spanning

6 orders of magnitude presented on a log scale. These data represent 12 different projects

over 4 years, mostly fresh water sediments. A general pattern emerges in which as total

Hg increases, the percentage found as methyl Hg decreases. The use of solid phase

speciation and incubation studies may help explain why.
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Figure 2. Sequential selective extractions (SSE) methodological summary.

Selective Sequential Extractions

• QA/validated and intercompared with EXAFS

• Analysis by EPA M-1631 (CVAFS)

• 0.0001 to 0.005 µg/g (ppm) MDLs

• 18 ± 3 hour extractions at 1:100 solids/liquid

• Solid-liquid separations by 0.2 µm filtration

• 5-step separation process

F1 water fresh water soluble (i.e., HgCl2)

F2 pH 2 HCl “stomach acid” soluble

F3 1N KOH organo-complexed (humics)

F4 12N HNO3 strongly complexed, liquid Hgo

F5 aqua regia insoluble forms (i.e., HgS)



Figure 3. Sequential selective extractions analytical figures of merit (precision, accuracy, and

method detection limits).

Figure 4. Sequential selective extractions “fingerprints” for pure Hg compounds suspended in

pure kaolin.



Figure 5. Reproducibility of sequential selective extractions inorganic Hg speciation on certified

reference soil NIST-2710. Error bars (log scale) are the standard deviations of 13

independent analyses of the CRM over a 6 month period.

Figure 6. Sequential selective extractions speciation of surface and deep tailings samples from

a Sierra gold mine site.



Figure 7. Timecourse anoxic incubation of Sierra gold mine tailings in high organic matter Cascade

Mountains pond mud. This graph shows the change in sequential selective extractions

inorganic Hg speciation over a period of 143 days.

Figure 8. Timecourse anoxic incubation of Sierra gold mine tailings in high organic matter Cascade

Mountains pond mud. This graph shows the change in methyl mercury production

over a period of 143 days.



Figure 9. Comparison of methyl mercury in field samples frozen and refrigerated in the field

(storage time of approximately 1 week). For most samples, ambient methyl Hg was

much higher in samples that were immediately frozen, indicating demethylation during

refrigerated storage.

Figure 10. Sequential selective extractions of < 64 µ sediments from N. Fork Cache Creek.



Figure 11. Sequential selective extractions of < 64 µ sediments from Clear Lake Outlet.

Figure 12. Sequential selective extractions of < 64 µ sediments from Harley Gulch.



Figure 13. Sequential selective extractions of < 64 µ sediments from Sulfur Creek.

Figure 14. Sequential selective extractions of < 64 µ sediments from Bear Creek.



Figure 15. Sequential extractions of < 64 µ sediments from Cache Creek @ Ramsey.

Figure 16. Sequential extractions of < 64 µ sediments from Cache Cr. @ Settling Basin.



Figure 17. Sequential selective extractions speciation of sediments from control swamp (Greenlake,

Seattle cattail marsh). One week anoxic incubation.

Figure 18. Sequential selective extractions speciation of Sierra gold mine tailings. One week anoxic incubation.



Figure 19. Sequential selective extractions speciation of sediments from gold mine tailings spiked

swamp sediment. One week anoxic incubation.

Figure 20. Correlation of DDW extractable Hg and CH3Hg in Cache creek sediments.



Figure 21. Correlation of pH 2 extractable Hg and CH3Hg in Cache creek sediments.

Figure 22. Correlation of KOH extractable Hg and CH3Hg in Cache creek sediments.



Figure 23. Correlation of HNO3 extractable Hg and CH3Hg in Cache creek sediments.

Figure 24. Correlation of aqua regia extractable Hg and CH3Hg in Cache creek sediments.


