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Abstract—We combined synchrotron-based X-ray absorption near edge structure (XANES) spectroscopy,
extended X-ray absorption fine structure (EXAFS) spectroscopy and binding affinity studies to determine the
coordination, geometry, and strength of methyl mercury &gl (I), bonding in soil and stream organic
matter. Samples of organic soil (OS), potentially soluble organic substances (PSOS) from the soil, and organic
substances from a stream (SOS) draining the soil were taken along a short “hydrological transect.” We
determined the sum of concentrations of highly reduced organic S groups (designateg-gkgs&ch as thiol

(RSH), disulfane (RSSH), sulfide (RSR), and disulfide (RSSR), using $({agdge XANES. Org-S¢ varied
between 27% and 64% of total S in our samples.Lijgedge EXAFS analysis were determined on samples
added CHHg (Il) to yield CHyHg (I1)/Org-Skep ratios in the range 0.01-1.62. At low ratios, Hg was
associated to one C atom (the methyl group) at an average distance of @2 A and to one S atom at

an average distance of 2.340.03 A, in the first coordination shell. At calculated gHy(11)/Org-Ssep ratios

above 0.37 in OS, 0.32 in PSOS, and 0.24 in SOS, the organic S sites were saturategHoy Cihd O
(and/or N) atoms were found in the first coordination shell of Hg at an average distance of 204 A.

Based on the assumption that RSH (and possibly RSSH) groups take part in the complexatiofigf CH
whereas RSSR and RSR groups do not, approximately 17% of total organic S consisted of RES5K)
functionalities in the organic soil. Corresponding figures for samples PSOS and SOS were 14% and 9%,
respectively. Competitive complexation of GHy™ by halide ions was used to determine the average binding
strength of native concentrations of Gty (I1) in the OS sample. Using data for OrggS,, calculated surface
complexation constants were in the range fron®fo 106 for a model RSH site having an acidity constant

of mercaptoacetic acid. These values compare favorably with identically defined stability constaktg (log

for the binding of methyl mercury to thiol groups in well-defined organic compoun@spyright © 2002

Elsevier Science Ltd

1. INTRODUCTION tions of reduced and oxidized conditions, such as newly estab-
lished water reservoirs (Morrison and Therien, 1994) and wet-
lands (St. Louis et al., 1996). Less is known about factors
affecting demethylation rates in soils and waters (Zillioux et al.,
1993; Hudson et al., 1994). The identity, coordination and
geometry of CHHg (I1) and Hg (I1) bound in SOM is likely of
central importance for both methylation, demethylation and

Atmospheric deposition of anthropogenic mercury is a large-
scale environmental problem at northern latitudes. In areas
dominated by wetlands, organic soils, and humic surface wa-
ters, high concentrations of the very toxic form of Hg, methyl
mercury, are formed (Hurley et al., 1995; St. Louis et al., 1996)

and subsequently accumulated in higher biota. This has led ducti We K ; i ¢ well-defined
authorities to discourage people to regularly eat fish from reduction processes. We know from studies of well-define

40,000 lakes in Sweden alone (Hakansson, 1996). Despiteorganic compounds that the Hg—C bond is easier to break in a
extensive research (Watras and Huckabee, 1994: Porcella et al,PSeudotetrahedral four-coordination (in triphosphine) than in a
1995), there is still very limited knowledge about factors con- linear two-coordination (monopho§ph|ne) and that the stability
trolling biological and chemical transformations of various Hg ©f e Hg-C bond decreases in the order of JHHCI,
forms and mechanisms behind accumulation in organisms (zil- CHsHgBr, and CHHgl (Barone et al., 1995). Also the bio
lioux et al., 1993; Vaithiyanathan et al., 1996). gvallgblhty a.nd.deto.xmcatlon of CkHg are affgcted by the.
Limited knowledge about the chemical bonding oPfigand |dent|t_y of binding Ilga_nds and the coordination number in
CH,Hg" in soil organic matter (SOM) has hampered mecha organic substances (Miller et al., 1989; Moore et al., 1_990).
nistic research about central processes such as methylation of Synchrotron-based EXAFS has been used to obtain struc-
Hg?* to CH;Hg", demethylation of CHHg* and reduction of tural information on the binding of _I—?g (Xia et al., 1999;_
Hg?* to Hg® (Hudson et al., 1994; Vaithiyanathan et al., 1996). Hesterberg et al., 2001) and other divalent trace metals (Xia et

Methylation is enhanced in environments with periodic varia- @&l- 1997) in soil humic acids and soil organic matter. There is,
to our knowledge, no EXAFS study on the binding of (g

(I1) in soil organic matter. Xia et al. (1999), and Hesterberg et

* Author to whom correspondence should be addressed (ulf.skylberg@ @l- (2001) have shown that g prefers reduced S to oxygen
sek.slu.se). and nitrogen functional groups in extracted organic substances
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from soil. This finding was further supported by a combined
sulfur K-edge XANES and adsorption study (Skyllberg et a.,
2000), showing that the strength of Hg®" binding in soil
organic matter was similar to associations between Hg?* and
thiol groups in well-defined organic compounds. Hintelmann et
a. (1997) have provided the only estimate on the binding
strength of methyl mercury to a soil humic acid. Using a
dialysis membrane with a molecular weight cutoff of 500 to
separate inorganic CH3Hg (11) complexes from organic com-
plexesthey obtained conditional constants, which only could be
explained by a complexation involving reduced organic S
groups.

In this paper we present results of the first EXAFS study on
methyl mercury in soil and stream organic matter. Results were
generated for concentrations of CH;Hg(Il) higher, as well as
much lower, than the concentration of highly reduced organic
S groups (here designated Org-Skep), the presumptive stron-
gest binding sites. By use of sulfur K-edge XANES, we deter-
mined the concentration of Org-Sgep, presumably representing
the sum of thiol (RSH), disulfane (RSSH), organic sulfide
(RSR), and organic disulphide (RSSR) functionalities. In our
EXAFS experiments, the CH;Hg (11)/Org-Sgep ratio was var-
ied between 0.01 and 1.62 in organic substances from soil and
stream. The EXAFS experiments were complemented by a
binding affinity study performed at native concentrations of
methyl mercury in soil, following the procedure of Skyllberg et
al. (2000). Combined with S XANES data, binding affinity data
were determined and modeled at a CH;Hg (11)/Org-Sgeps, ratio
aslow as 10"

2. MATERIALS AND METHODS

2.1. Sampling, Sample Preparation and General Chemical
Analyses

Organic samples were collected along a 2 m long “hydrological
transect” consisting of an organic peat soil (OS), potentially soluble
organic substances from the organic soil (PSOS) and organic sub-
stances collected in a stream (SOS, stream organic substances) located
2 m away from the sampling point of the organic soil. The organic soil
was sampled at 10—20 cm depth, 10 cm above the ground-water table.
The hydrosequence is situated within a 50 ha forested catchment in
northern Sweden (Nyanget catchment, Svartberget Research Station,
64° 14' N, 19° 46' E), drained by the stream Kallk&lebacken. Hydro-
graph separation studies with stabile isotopes, as well as chemical
“fingerprints,” have shown that laterally moving soil water passing
through surface layers of the organic soil contributes significantly to
runoff in the stream during spring and autumn high-flow events (Bish-
op, 1991). This means that dissolved organic substances in the stream
to a great extent originates from the organic soil. At the sampling
occasion, in the end of spring flood in June, the organic soil solution
(collected by high-speed centrifugation) had a pH of 3.7 and the stream
pH was 4.5. A soil sample was aso collected from a fen peat (FP) of
a subalpine environment, but within 5 km from the Atlantic Ocean, at
Ifjord in northern Norway. This soil had a pH of 5.7 and a relatively
high concentration of total sulfur (2.0%), as compared to samples from
the hydrological transect. Soil samples were collected and sealed in
double plastic bags following protocols for clean sampling procedure.
Soil samples were stored in darkness at 4 °C until freeze-dried (Ed-
wards Modulyo 4k Freeze Dryer) and homogenized by a tungsten
carbide ball mill (Retsch, S2, Germany).

Potentially soluble organic substances were gently extracted from
fresh organic soil at Svartberget and from the Norwegian fen peat,
following a modified version of the method used by Adams and Byrne
(1989). A metal-chelating resin was used to rel ease organic substances,
which are kept flocculated by Ca?* and AI®* in the soil, at apH around
6. To each of 10 aliquots of 30 g moist soil, 5.0 g of Chelex 20 (Biorad)

and 250 ml Millipore water was added in 500 ml polycarbonate
centrifuge bottles. After 12 h of gentle shaking in darkness, the brown-
colored supernatant was separated from soil and resin by centrifugation
at 22,100 g. The supernatant of the Norwegian fen peat sample was
collected, freeze-dried and homogenized by a tungsten carbide ball
mill. This sample is henceforth referred to as FPOS. The supernatant of
the organic soil was collected in a 500 ml centrifuge bottle and added
Al (NOg); (under 5 min of stirring) to yield atotal Al concentration of
2 mM. After 1 hour of sedimentation in darkness, the formed Al-
organic matter flocculate was separated from the clear solution by
centrifugation at 22,100 g. Excess Al (NOs); was removed by equili-
brating the flocculate for 30 min with three portions of 100 ml distilled
water. The addition of AI®* to the organic extract restored adsorbed Al
that was originally keeping the organics flocculated in the organic sail.
After each equlibration the suspension was centrifuged and the super-
natant discarded. pH in the last centrifugate was 4.0. On average 98%
of the sail organic carbon mobilized by the resin was refloccul ated by
AI(NO3), as determined by absorption at 254 nm. The flocculate was
freeze dried and homogenized. This sample is henceforth referred to as
PSOS.

Stream water with a concentration of 19 mg total organic C per liter
was collected from the Kallkéllebacken stream at Svartberget during
spring flood (mid-May) when water moved through the organic soil
closeto the stream. A container with 25 liter of stream water was added
AI(NO;); to yield atotal Al concentration of 2 mM, immediately after
sampling. During 1 hour of transportation to Umea the stream water +
added Al was mixed and 48% of the organic carbon in the stream water
was flocculated. After 12 hours of settling in darkness at 6 °C, the
supernatant was decanted from the sediment of flocculate. When 1 liter
of solution remained in the containers, the organic flocculate was
separated from solution by high-speed centrifugation at 22,100 g for 15
min. Excess AI(NOy),, and other salts, were removed by equilibrating
the flocculate for 30 min in three portions of 100 ml distilled water.
After each equlibration the suspension was centrifuged and the super-
natant discarded. pH in the last supernatant was 3.9. The organic
flocculate of the stream (SOS) was freeze dried and homogenized.

For all samples total organic carbon and total nitrogen were deter-
mined by combustion on an elemental analyzer (Perkin—Elmer, 2400
CHN) and total sulfur was determined on a LECO sulfur anayzer
(LECO Corp. MI, USA). Total mercury was determined by cold vapor
atomic absorption spectroscopy (CVAAS) after acid digestion, and
methyl mercury was extracted and determined by gas chromatography,
microwave induced plasma atomic emission spectrometry (GC-MIP—
AES) following the procedure described by Qian et a. (2000).

Subsamples from the same freeze-dried samples were used in both
XANES and EXAFS experiments. Prior to the EXAFS study methyl
mercury hydroxide, dissolved in a minimum of double-distilled water,
was added to yield molar CH;Hg(I1)/Org-Sgep ratios of 0.01, 0.13,
0.53, 1.08, and 1.62 in the OS sample, 0.01, 0.09, 0.47, 0.95, and 1.41
in PSOS, 0.01, 0.12, 0.47, and 1.19 in SOS and 0.30 in the FPOS
sample. High-viscosity suspensions of OS, PSOS, and SOS samples
were mixed continuously for 7 days to reach equilibrium. These sam-
ples were then freeze dried and pellets were prepared 1-2 hours before
each EXAFS experiment. As opposed to drying at 60 °C, neither
methyl mercury nor mercury have been shown to be lost from organic
samples as an effect of freeze drying (Qian et a., 2000). The FPOS
sample was prepared in a similar way 7 days before EXAFS analysis,
but was kept moist for the EXAFS analysis. pH in all samplesfell inthe
range from 3.8 to 4.0. A thiol resin was used to prepare a CH;Hg-SR
standard. The resin (Duolite GT73, Rohm and Hass) was equilibrated
with a CH;HgOH solution yielding a CH;Hg (I1) concentration of 2500
mg kg~ * on a dry mass basis of the resin. This corresponds to 0.3%
saturation of thiol groups by CHzHg™. After 24-hour equilibration, the
resin was washed with distilled water three times. A carboxylic resin
(200—400 mesh Bio-Rex 70) was used to prepare a CH;Hg—-OOCR
standard in the same way, yielding 2500 mg kg~ on a dry mass basis.
This corresponds to 0.1% saturation of carboxyl groups by CH Hg*.
Both resins were freeze dried and mixed with boron nitride prior to
pellets preparation. Besides, red HgS (Merck) was also chosen as a
standard without any further preparation than grinding and dilution
with boron nitride.
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2.2. Hg L,,, Edge EXAFS Data Collection and Analyses

The FPOS sample containing 15,000 mg methyl mercury kg~* (dry
mass of soil) was analyzed at a bending-magnet beam line (X11A) at
the National Synchrotron Light Source, Brookhaven National Labora-
tory (NSLS, Upton, NY, USA). We mounted a moist FPOS sample in
1.5 mm-thick polycarbonate holders with Kapton-tape (CHR-Furon)
windows. The Si(111) double-crystal monochromator was detuned by
10%. The detector was a Stern—Heald fluorescence ion chamber filled
with Kr gas positioned 90 degrees to the incident beam (Lytle et al.,
1984). The sample was placed at a 45-degree angle to the incident
beam. The monochromator energy was calibrated with the selenium K
edge (12,658 eV), which is close to the Hg L,,, edge (12,284 eV).
Typical scans ranged from 200 eV below to 800 eV above the absorp-
tion edge. Each EXAFS spectrum represents the merged results from 4
to 10 scans depending on their spectral quality. A high noise level was
observed for whole soil samples, which made the extraction of EXAFS
spectra impossible.

All soil and stream samples (except the FPOS) and model com-
pounds were analyzed on the undulator beam line ID26 (Gauthier et a.,
1999) at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). The machine conditions were 6 GeV electron en-
ergy and around 200 mA electron current. A Cr-coated Si mirror
allowed removing the high-energy harmonics from the incident x-ray
beam. A cryogenically cooled fixed-exit double-crystal monochroma-
tor with Si(111) was used, giving an energy resolution less than 1 eV
at 12,284 eV. The fluorescence signal was detected with a silicon
photodiode and a Ga filter was installed between the sample and the
detector to reduce the scattering radiation. Hg L,,, edge in HgO (12,284
eV) was used to calibrate the monochromator energy. A EXAFS
spectrum represents the merged results from 4 to 10 scans (each scan
taking approximately 20 min to collect), except for the carboxylic resin
sample, for which radiation damage was detected after 2 to 3 scans.
Thiswas assessed by a successive change in the features of consecutive
spectra, and their first derivatives, for this sample. For other samples no
radiation damage was indicated. For one sample [PSOS, CHHg (11)/
Org-Sgep = 0.47] EXAFS data were collected using a quick-scan
procedure. The spectrum for this sample represents a merge from 120
scans, each collected during 40 seconds (from 200 eV below to 800 eV
above the Hg L,,, edge).

The EXAFS spectra were analyzed using the program WinXAS97
(Ressler, 1997). The background was removed by fitting a first order
polynomial to the pre-edge region and subtracting the extrapolated
polynomial from the entire data set. The edge jump was normalized
fitting a zero order polynomial to a chosen post-edge section. E, was
determined as the maximum of the first derivative. A cubic spline
fitting procedure (knots = 6 to 9, k = 3) was applied in order to isolate
the fine-structure scattering curve from low frequency background. The
extracted EXAFS was then weighted by k3 in order to enhance the high
k region. The EXAFS spectra were Fourier transformed using an
unsmoothed window over the k range from 2.5 up to 13.0 A~ to yield
aradial structure function (RSF). A narrower k range (25-9.3 A1)
was chosen for the samples with the lowest methyl mercury concen-
tration [CH3Hg (11)/Org-Sgep = 0.01] to eliminate excessively noisy
data at the high end of the EXAFS spectra The range of radial
distances chosen in the RSF for fitting analysis isolated the highest
amplitude, first-shell peak, normally 1.0 to 2.4 A. L east-squares fitting
was first carried out in R space (fit not shown) followed by a fina
refinement in k space (unfiltered data) by the fit module in the
WinXAS97 program. For cinnabar the coordination number was con-
strained to 2.00 =+ 0.05 (theoretical value = 2.00). For other samples,
all parameters except the amplitude reduction factor (S, were allowed
to independently vary (float). In al cases, the maximum number of
floating parameters was less than the degrees of freedom. The shift of
the edge energy, E,, was constrained to be equal for atomic shells.

Theoretical EXAFS scattering curves and parameters for first shell
Hg-S, Hg-O, and Hg-C bonding were generated by the FEFF-7
computer program (Rehr et al., 1994, Zabinsky et a., 1995). Theoret-
ical structural parameters for Hg—S, Hg—O, and Hg—C bonds in orga-
nomercury compounds (Holloway and Melnik, 1995) were used as
input for FEFF calculations. The accuracy of these were confirmed by
fits of cinnabar (red HgS) compared with its theoretical structure and by
model compounds with C-Hg—S coordination in thiol resin and with

C—-Hg-O coordination in carboxyl resin. The latter two model com-
pounds were used to determine relevant amplitude reduction factors.
The S,2 determined in thiol resin (0.93) was similar to S,? for Hg-S
bonding in cinnabar (0.90). The S,? determined in carboxyl resin was
0.90. For the organic samples (OS, PSOS, SOS, and FPOS), a mixed
model of C-Hg-S and C—Hg-O associations was used to fit EXAFS
data.

2.3. Sulfur Speciation Analysis Using S K-Edge XANES
2.3.1. SK-edge XANES data collection

Freeze-dried samples were pressed into thin films by using a 0.5 mm
thick acrylic holder with Mylar film (2.5 um thick, Chemplex Indus-
tries, New York) to reduce the self-absorption effect that commonly
occurs for a thick sample with S content higher than 0.3 wt. % (Waldo
et al., 1991). Then the sample holder was loaded using a shuttle
designed by Weesner et al. (1997). The experiment was carried out on
beamline X19A at the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory (Upton, NY). The incident x-ray
energy was typically scanned over the range from 2,462 to 2,500 eV
with step size of 0.2 eV. Sodium sulfate was used as reference and the
energy was calibrated at 2,482 eV with this compound. The energy drift
between samples was corrected for by setting the energy of the sulfate
peak to 10.0 eV above that of elemental S (2,472 eV), Waldo et d.
(1991). A monochromator consisting of two parallel Si {111} crystals
with an entrance slit of 0.5 mm and minimum energy resolution of 2 X
10™* (~0.5 eV at the sulfur K edge) was used. All spectra were
recorded in fluorescence mode using a Stern—Heald ionization detector
filled with He gas and positioned 90° to the incident beam (Lytleet al.,
1984). The monochromator was detuned 70% at the S K edge in order
to reduce fluorescence induced by high-order harmonics (Xia et a.,
1998).

2.3.2. XANES data analysis

Each XANES spectrum represents the average of 3 to 12 scans
depending on the quality of spectra. SOLVER (Microsoft Excel) was
used to deconvolute the X ANES spectrum for each sample into pseudo-
components by using its least-squares- fitting function. The linear part
of the spectral baseline was removed, and the spectrum was normalized
prior to fitting. A series of Gaussian peaks was used to represent the
s O p transitions and two arctangent step functions were used to
represent the transition of gjected photoel ectrons to the continuum. The
energy position of thes O p peaks can be used to identify the oxidation
states of S, while the peak areas can be transformed into the percentage
of total S at different oxidation states in a sample after correcting for
the change in absorption cross section with increasing oxidation state
(Waldo et a., 1991; Xiaet a., 1998).

While such least-squares fits are straightforward, it is necessary to
introduce a number of conditions and constraints in order to obtain
meaningful fits. Assumptions used in the fitting process are (a) al s 0
p transition peaks are Gaussian and al arctangent function parameters
were held constant during fitting of the Gaussian components; (b) at
least four major components are present in each spectrum, with addi-
tional components added in the fitting process until a satisfactory fitting
was obtained; (c) the full width at half-maximum (FWHM) of each
Gaussian components for S in low and intermediate oxidation states
(= 4) was loosely constrained between 0.2 and 1.0 eV, whereas the
FWHM of Gaussian components for high-valent S (+5 and +6) was
tightly constrained at 1.4 == 0.2 and 2.2 = 0.2 €V, respectively (0.2 and
1.0 eV are the uncertainty of the energy cdibration; 1.4 and 2.2 eV are
the FWHM for sulfonate and sulfate model compounds, respectively).
Additional justification and assumptions made for the fitting procedure
are given elsewhere (Xia et al., 1998).

In order to convert peak area to atomic percentages, the relative
transition probabilities of different sulfur forms must be considered.
The s O p transition probability should be roughly proportiona to the
number of 3p vacancies in a simple one-electron model and should
increase with increasing valence. Models and unknowns with similar
peak energies, and therefore similar oxidation states, are expected to
have similar peak areas (Waldo et al., 1991). The plot of peak area vs.
peak position shows an approximately linear increase (Xiaet a., 1998).
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Table 1. Total concentrations of organic C, N, S and reduced organic S (Org-Sgep), as determined by XANES

Sample Org-Cgkg™  Nrorgkg™  Srorgkg™  Org-Sgep gkg™'  Org-Sgen/Org-C
Organic sail (0S) 493 18.3 41 19 0.0039
Potentially soluble organic substances (PSOS) 480 222 5.2 2.2 0.0046
Stream organic substances (SOS) 427 10.7 4.2 16 0.0038
Fen peat (FP) 410 233 20 13 0.032
Fen peat organic substances (FPOS) 347 12.3 26 7.1 0.020

We located and weighted the areas of each Gaussian peak obtained
from the fitting procedures. The weighted peak areas were then used as
a measure of the amount of each S oxidation state relative to total S
content in samples.

2.4. Binding Affinity Experiments using Halides as Competitive
Ligands

We took advantage of the strong complexation between methyl
mercury and halides for the determination of the binding strength of
methyl mercury to soil organic matter. Duplicates of homogenized
0.5 g freeze-dried organic soil (OS) sample from Svartberget were
suspended in 30 ml solutions of either 0.01 M KBr, 0.01M KI or 0.01
M KNO; in 50 ml polypropylene centrifuge tubes at 25 °C, pH (at
equilibrium) was adjusted between 3.0 and 4.3 by an addition of
sodium hydroxide. The suspensions were shaken for 24 h for soil
adsorbed methyl mercury to reach equilibrium with halide and organic
complexes in solution. We tested that equilibrium was reached by
similar experiments extended to 96 h of shaking. These experiments
yielded similar results as after 24 h (data not shown). At equilibrium
methyl mercury in the solution phase of the KNO; suspension is 100%
complexed by dissolved organic ligands released from the soil, whereas
halide complexes (CH;HgBr and CHzHgl) aso contribute significantly
to the concentration of dissolved species in the KBr and Kl suspen-
sions. After centrifugation of suspensions for 15 min at 5,000 rpm, the
supernatant was decanted and added 2 ml of 0.1 M AgNO; in order to
precipitate free iodide or bromide ions as Ag complexes (to avoid
interference during subsequent derivatization). The total concentration
of methyl mercury in the aqueous phase was determined after extrac-
tion followed by in situ ethylation (derivatization), GC separation and
microwave induced plasma atomic emission spectrometry detection in
accordance to the method of Qian et al. (2000). Soil adsorbed methyl
mercury was calculated as the difference between methyl mercury
concentration in the moist soil samples prior to freeze drying, deter-
mined by the method of Qian et al. (2000), and total mercury concen-
trations in the aqueous phase after equilibration.

In order to calculate the concentration of CH;Hg—halide complexes
in the aqueous phase of the KBr and K| suspensions, the concentration
of dissolved, organically complexed CHz;Hg was corrected for. This
was done by a simple proportionality, based on the assumption that all
dissolved CH4;Hg was organically complexed in the KNO, suspensions
(Skyllberg et a., 2000). This assumption was proven valid by our
results (see the Results and Discussion section). The ratio between
organically complexed CHzHg in aqueous phase, CH;Hgpoe, and
dissolved organic carbon (CH;Hg,o/DOC), and the ratio between
organically complexed Hg in soil (CH;Hgsoc) and soil organic carbon
(CH3HQso/SOC), were calculated in the KNO4 suspensions. Provided
that the quotient between the ratios CH;Hgpoo/DOC and CHzHgso/
SOC is not changed by addition of a strong complexation agent like
bromide or iodide, CH;Hg complexed by DOC in the potassium
bromide or iodide suspensions (CH3HOpoc)k ek €aN be calculated by
the following equation:

(CH3Hgboc)kenki = [(DOC)(CH3HYsoc)/(SOC)]kerki X
[(SOC)(CHzHGboc)/(DOC)(CHzHGsoc)lknos (1)

The amount of CHzHgpoc Was subtracted from the amount of total
dissolved mercury in the halide suspensions to yield the amount of
CH3HgBr or CHgHgl in the agueous phase. The activity of free,
noncomplexed methyl mercury { CH;Hg*} in the aqueous phase of the
suspensions was calculated using the speciation program MINTEQA2

(Allison and Brown, 1995) and stability constants for bromide (log
Kcnanger = 6.62) and iodide complexes (log Keyizng = 8.60) taken
from Smith and Martell (1993).

The conditional constant for the reaction between methyl mercury
and dissociated, reduced organic sulfur groups (RS™) in soil organic
matter

RS™ + CH;Hg" = CH3;Hg SR 2
is calculated by Eqgn. 3,
Kenggsr = [CHaHG SRI/([RS] {CHsHg'}). ©)

Square brackets [ ] designate concentrations in units mol g~* and
curly brackets { } denote activities in the agueous phase calculated by
the Davies equation (in MINTEQAZ2). Reduced organic S groups
(Org-Sgep), determined by XANES, were taken to represent RSH, and
the average dissociation constant of thiol (log Krgy = 9.96; mercap-
toacetic acid, Hilton et a., 1975) was used to calculate the concentra-
tion of dissociated ligand.

3. RESULTS AND DISCUSSION

3.1. Concentration of Reduced Organic Sulfur
Functionalities (Org-Sgep)

In Table 1 total concentrations of C, N, and S are given
together with Org-Sgep, determined by S XANES analysis. In
Figure 1 XANES spectra for the three samples taken along the
“hydrological transect” at Svartberget, and for the Norwegian
fen peat, are shown. In Table 2 quantitative data for these four
spectra, and for the FPOS sample, are given in form of four to
six major electronic oxidation states, as determined by the
linear relationship between white line maximum and formal
oxidations states of S standard compounds with integer oxida-
tion numbers (Waldo et d., 1991; Morraet a., 1997; Xiaet al.,
1998).

First it is noticed that none of the five samples analyzed
contained any detectable amounts of inorganic sulfides, which
would have given rise to a peak at lower energies than —0.5
eV, relative to elemental S (Huffman et al., 1991). Given the
uncertainties of the method used to deconvolute the XANES
spectrum into pseudocomponents (cf. Beauchemin et a ., 2002),
it cannot be completely ruled out that small quantities of
inorganic sulfides were present in the samples. Most important,
possible traces of inorganic sulfides would not have contributed
significantly to the bonding of CH;Hg(I1), except possibly at
the lowest CHZHg (11)/Org-Sgep ratio (0.01).

Overall the organic S species are distributed into two major
groups. reduced S, at energies below approximately 2 eV
relative to elemental S, and oxidized S at energies above
approximately 6 eV. This bimodal pattern is in agreement with
recent XANES determinations of humic substances (Morra et
a., 1997; Xiaet al., 1998; Hutchison et a., 2001; Szulczewski
et al., 2001). Sulfur electronic oxidation states of 6.0, 5.0, and
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Potentially Soluble Organic ¢
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Energy relative to elemental S (eV)

Fig. 1. Sulfur K-edge XANES spectra for samples OS, PSOS, SOS,
and FP. The energy is normalized to the K edge of elemental S (2,472
eV). Solid lines represent experimental data and open circles represent
least-squares-fitted spectra. Deconvolution of the FP experimental
spectrum into pseudocompounds is shown at the bottom. Dashed and
dotted lines represent Gaussian peaks for five different sulfur oxidation
states and background, respectively. The energy position of each of
these peaks is given in Table 2.

4.0 correspond to sulfate-esters (and inorganic sulfate), sulfon-
ates, and sulfoxides, respectively. Quantification and identifi-
cation of S compounds in the reduced end of the spectrumisa
slightly more delicate task. Because of this, Skyllberg et d.
(2000) used the sum of S electronic oxidation states 0.2 and 1.0
as a conservative estimate of reduced organic S functional
groups in model calculations.

The peak representing the most reduced organic S functional
groups has an electronic oxidation state around 0.2. This peak
likely corresponds to a sum of thiol (RSH), disulfane (RSSH),
organic sulfide (RSR) and possibly organic disulfide (RSSR)
functionalities (Waldo et a., 1991; Huffman et a ., 1991; Xiaet
a., 1998). Sites included in this peak are in this study desig-
nated Org-Sgzep- The relative concentration of these groups
apparently decreases along the hydrological transect at Svart-
berget from 46.7% of total Sin the organic soil to 39.0% in the
stream (Table 2). The PSOS has an intermediate value (42.5%).
For the most oxidized S (sulfate esters), with an electronic and
formal oxidation state of 6.0, the trend is the opposite with the
highest relative concentration in the stream, followed by the
PSOS. These differencesin S speciation along the hydrological

Table 2. Gaussian component peak parameters derived from least-
square fitting of S K-edge XANES spectra (Fig. 1). Peak maximum
energy is given in relation to elemental S (2472 eV). Relative abun-
dance of S electronic oxidation state species is expressed as % of total
S. Org-Sgep represents S with electronic oxidation state of 0.2.

Peak maximum S electronic Fraction”
energy eV oxidation state* (% of Sgy)
Organic soil (0S)
0.3 0.2 46.7
17 10 145
31 19 52
6.6 4.0 20
83 5.0 174
10.0 6.0 14.2
Potentially soluble organic substances (PSOS)
0.4 0.2 425
16 10 137
33 20 4.6
6.7 4.0 3.0
83 5.0 175
10.0 6.0 18.6
Stream organic substances (SOS)
0.4 0.2 39.0
16 0.9 184
35 21 34
83 5.0 18.7
10.0 6.0 20.6
Fen peat (FP)

04 0.2 64.0
16 0.9 10.6
35 21 0.8
83 5.0 15.9
10.0 6.0 8.6
Fen pesat organic substances (FPOS, not shown in Fig. 1)
0.2 0.2 274
15 0.9 6.7
84 5.0 20.2
10.0 6.0 455

* Waldo et al (1991); Xia et al (1998).
T Estimated error is = 5-10 % of given values.

transect may not be significant given the fact that the error is
estimated to be +5%-10% of the reported value.

Hundal et a. (2000) reported the hydrophobic fraction of
fulvic acids to have substantially higher relative concentrations
of reduced S (electronic oxidation states below 2) than the
hydrophilic fraction. Hydrophobic organic substances are
known to preferentially adsorb in soils (eg., Kaiser et al.,
1996). Thus, one explanation for the decrease of Org-Sgep
from the organic soil to stream at Svartberget may be a corre-
sponding decrease in the hydrophobic organic fraction due to
soil adsorption. Another possible explanation is that the extrac-
tion of the organic soil and treatment of the stream organics
resulted in an oxidation of some highly reduced organic S,
leading to a higher relative concentration of oxidized S in
PSOS. Against this speaks the finding by Hutchison et al.
(2001) that reduced organic S (determined by XANES) shows
avery strong resistance to oxidation during exposure of humic
acid to O, for up to 44 h duration at pH between 3.5 and 11.4.
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It should be noted that the organic soil sampled was above the
ground water table and was oxidized in that meaning thet it was
fully exposed to air and aerated soil water in its natural envi-
ronment for weeks prior to sampling.

The FP sample was selected for this study because of its high
concentration of total S. The XANES analyses showed that
64.0% of total S was made up by Org-Sgep in the FP soil, as
compared to 27.4% in the organic extract of the FP sail
(FPQOS), Table 2. This large difference is mainly explained by
a release of sulfate ions from the FP soil during extraction.
Since the extract was not dialysed prior to freeze drying, even
relatively small quantities of sulfate released from the soil
results in a high relative concentration of sulfate in the freeze-
dried sample. The source of sulfate may be from traces of
sulfate salts (soil solution was slightly undersaturated in rela
tion to gypsum) or possibly by an oxidation of reduced organic
Sgroupsin the soil during extraction. As a consequence of this,
Siot Was higher and Org-C and N,,, was substantially lower in
FPOS than in FP (Table 1). Because of dilution by sdts, the
Org-Sgep/Org-C rétio is a better estimate of the density of
reduced organic S in organic substances. This ratio was higher
in the extract (PSOS) than in the soil (OS) along the hydrolog-
ical transect, and the other way around for FPOS—FP.

3.2. CH;Hg-organic Matter Bonding as Determined by
Hg L,,, Edge EXAFS

In Figures 2a—c the k>-weighted EXAFS spectra (chi data)
are presented at different CH3Hg (11)/Org-Sgep rétios for the
soil and stream samples, as well as for three reference com-
pounds. Note that the noise in the spectra increases with de-
creasing methyl mercury concentration, i.e., with decreasing
CH_Hg (I1)/Org-Skep réatio. For the samples with lowest con-
centrations of methyl mercury [CH;Hg (11)/Org-Sgep = 0.01],
the k-space data extend only to 9.3 A. Beyond 9.3 A, the
absorption of selenium present in the samples (selenium K edge
at 12,658 eV) created a substantial disturbance in the Hg L,
EXAFS spectra The phase of the oscillations in the k space
corresponds mainly to interatomic distances (R) between Hg and
coordinating atoms, whereas the type of atoms and their coordi-
nation numbers (N) and bonding disorder (represented by the
Debye-Waller factor o2 in data fitting anaysis) determine the
amplitude. Fitting results for the model compounds are shown in
Table 3 and for the organic soil and stream samples in Table 4.

The Fourier transformed EXAFS data (R space data), ex-
pressed as the radial structure function (RSF), areillustrated in
Figure 3a—c. The intensity variations below 1 A are partly due
to residual background noise in the k-space data. The major

peaks within the range of 1.5 to 2 A in the RSF curves reflect
the average, relative distances (not corrected for phase shift) to
atoms in the first coordination shell of Hg.

The reference compound cinnabar (red HgS) shows adistinct
pesk at 1.98 A in the RSF, reflecting the backscattering from
two sulfur atoms at distance of 2.37 A (Table 3). The binding
distance was obtained from fitting when the coordination num-
ber was constrained close to the known value of 2.0. The
distance of 2.37 A is in agreement with earlier determinations
using various empirical and theoretical methods (Tossell,
2001). The peak at 1.98 A in the RSF is also apparent in the
thiol-resin sample, reflecting the Hg—SR (R = carbon chain)
bond in the CH;Hg-SR resin. The smaller peak at approxi-
mately 1.55 A in the RSF reflects the backscattering from C
within the methyl mercury molecule, at a distance of 2.04 A
from Hg (Table 3). The Hg—-S bond length determined (2.33 A)
is within the range from 2.30 to 2.38 A reported for two-
coordinated Hg with S in sulfur containing amino acids and
metallothionines (Taylor et al., 1975; Klemens et a., 1989;
Raybuck et al., 1990; Jiang et a., 1994; Lobanaet ., 1997), as
well as in a humic acids (Xia et a., 1999; Hesterberg et al.,
2001). This distance is aso in fair agreement with the bond
length/bond strength relationship reported by Brown and Al-
termatt (1985), suggesting a bond length of 2.31 A. An ampli-
tude reduction factor (S,?) of 0.93 was obtained from the best
fit of the thiol resin. This value was used when fitting data of
the OS, PSOS, SOS, and FPOS samples, since the thiol resinis
supposed to be the most relevant model compound for the
binding of methyl mercury in organic matter. Also in cinnabar,
where Hg is two coordinated with S, afairly similar amplitude
reduction factor (0.90) was determined.

With EXAFS, O and N atoms are difficult to separate from
each other, as well as from C. All these atoms show a peak in
the range 1.55-1.65 A in the RSF. Since there are no O or N
containing ligands in the thiol resin, the minor peak in this
sample with certainty represents C. In the carboxylic resin a
mixture of Hg—C (within the methyl mercury molecule) and
Hg—O bonds (the CH;Hg—OOR association) give rise to a
broad peak centered at approximately 1.6 A. The carboxylic
resin data were best fitted by Hg coordinated to one C atom at
adistance of 2.03 A and to one O atom at a distance of 2.09 A
(Table 3). These distances are within ranges for Hg—C and
Hg-O bond lengths reported for well-defined organic mole-
cules. The distance of the Hg—C bond has been reported to be
in the range of 2.01-2.08 A by Kashiwabara et al. (1973),
Barone et al. (1995), and Lobana et a. (1997) for two-coordi-
nated Hg in methyl mercury halides, aswell asin Hg (CN),. In

Fig. 2. (a) Stacked, normalized, k®>-weighted EXAFS spectra for model compounds and for methyl mercury bound to the
organic soil (OS) at five different CH;Hg (11)/Org-Sgep molar ratios. Experimental spectra (solid lines) are overlaid with
spectra derived from fitting parameters (dashed lines) in Table 3 (model compounds) and in Table 4 (OS). (b) Stacked,
normalized, k®-weighted EXAFS spectra for model compounds and for methyl mercury bound to the extracted potentially
soluble organic substances from the soil (PSOS) and from the fen peat (FPOS). For PSOS samples, spectra are shown at
five different CHgHg (1) / Org-Sgep molar ratios. The spectrum for PSOS sample CH;Hg (11)/Org-Sgep = 0.47 represents
amerge of 120 scans, each collected during 40 seconds with a quick-scan procedure. Experimental spectra (solid lines) are
overlaid with spectra derived from fitting parameters (dashed lines) presented in Table 3 (model compounds) and in Table
4 (PSOS and FPOS). (c) Stacked, normalized, k®-weighted EXAFS spectra for model compounds and for methyl mercury
bound to the stream organic substances (SOS) at four different CH;Hg (11)/Org-Sgep molar ratios. Experimental spectra
(solid lines) are overlaid with spectra derived from fitting parameters (dashed lines) presented in Table 3 (model

compounds) and in Table 4 (SOS).
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Fig. 3. (a) Stacked, Fourier transformed EXAFS spectra for model compounds and for methyl mercury bound to organic
soil (OS). The CH;Hg (I1)/Org-Sgep molar ratio is given for each sample. Spectra are not corrected for phase shift. (b)
Stacked, Fourier transformed EXAFS spectra for model compounds and for methyl mercury bound to extracted potentially
soluble organic substances from the soil (PSOS) and from the fen peat (FPOS). The CH;Hg (11)/Org-Sgep molar rétio is
given for each sample. Spectra are not corrected for phase shift. (c) Stacked, Fourier transformed EXAFS spectrafor model
compounds and for methyl mercury bound to stream organic substances (SOS). The CH;Hg (11)/Org-Sgep molar rétio is
given for each sample. Spectra are not corrected for phase shift.
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Table 3. Hg L,, edge EXAFS k-space fitting results for methyl
mercury (carboxyl and thiol resins) and mercury (cinnabar) model
compounds. The coordination number (N) and the first coordination
shell bond length (R) have a precision of approximately + 15% and =
0.02 A, respectively. The Ao? is the Debye-Waller factor. Difference
in edge energy is represented by AE®. For cinnabar the coordination
number was constrained close to the theoretica number of 2. The
determined amplitude reduction factor S, was 0.90 for cinnabar and
the carboxylic resin and 0.93 for the thiol resin. Note that Hg—O
bonding was not distinguished from Hg—N bonding.

First-shell

Model compound bond N R(A) Ac®(A?) AE%eV)

CHgHg (I1) boundto  Hg-C 110 203 0.005 3.0

carboxylic resin Hg-O 090 2.09 0.007
CHzHg (I1) boundto Hg-C  1.00 204  0.002 0.9
thiol resin Hg-S 115 233 0.004

Cinnabar (red HgS)  Hg-S  1.99 237  0.002 42

areview article, Holloway and Melnik (1995) reported aHg—O
bond distance range of 2.07—2.09 A for two-coordinated Hg in
organomercurials bound to organic compounds. They reported
the Hg—N distance in similar compounds to vary between 2.05
and 2.16 A. Thus, Hg—-C, Hg-O, and Hg-N bonds for two-
coordinated Hg in organomercurials bound to organic com-
pounds are similar in distance, but there is a tendency for
slightly longer bonds with increasing atomic radius (C < O <
N).

The Fourier transformed data for the Norwegian fen peat
[CHZHg (11)/Org-Sgep = 0.30] look very similar to those for
the thiol resin, with both a smaller C pesk at 1.55 A and a
bigger S peak at 1.95 A in the RSF (Fig. 3b). A linear model,
with one C atom (N = 1.2) at 2.03 A distance (the methyl
group) and one S atom (N = 1.2) at 2.33 A distance from Hg
(Table 4), showed the best fit to this sample. An introduction of
O and/or N atoms in the model (applying a model with floating
coordination numbersfor C + S + O/N atoms) gave worse fits.
Reasonable fits were only obtained when the coordination
number for O and/or N was close to zero. Thus, in the Norwe-
gian fen peat CH,Hg" formed a mono-dentate bond with
reduced S groups.

The RSF data for the samples taken along the hydrological
transect (OS, PSOS, and SOS) show avery similar pattern with
increasing CH;Hg (11)/Org-Sgep molar ratio (Figs. 3a, 3b, and
3c). At the two lowest ratios (0.01 and 0.09—0.13), one broad
peak is centered at 1.75-1.80 A. The lack of features in these
peaks is partly due to noise in the data at low methyl mercury
concentrations (100-1000 mg kg™ and partly due to the
limited k space range for these samples (because of strong
interference by selenium absorption above 9.3 A). The quality
of data for the PSOS sample with a ratio of 0.09 was dlightly
better. The Hg—C bond is reflected by the shoulder at 1.55 A
and the Hg—S bond is reflected by amajor peak at 1.90 A in the
RSF. Fitting in k space show that the broad peak at 1.75-1.80
A, for the two lowermost CH;Hg (11)/Org-Skep molar ratios,
represents a mixture of one Hg—C and one Hg-S bond at
2.03-2.06 A and 2.31-2.32 A, respectively (Table 4). On
average 1.16 = 0.05 (SD) C atoms and 1.17 = 0.06 (SD) S
atoms were found in the first coordination shell of Hg for the
OS, PSOS, and SOS samples with the two lowermost CH;Hg

Table 4. Hg L,, edge EXAFS k-space fitting results for methyl
mercury bound to OS, PSOS, SOS, and FPOS at different CH;Hg/
Org-Srep ratios and pH 3.8—4.0. The amplitude reduction factor S;2
was fixed at 0.93. The edge energy AE® was alowed to vary, but
constrained to the same value for al atoms in the first coordination
shell. N is the coordination number (+£15%), R is the first-shell bond
length (+0.02 A), and Ao? is the Debye-Waller factor. Hg—O bonding
was not distinguished from Hg—N.

CH3Hg
Sample or @/ First-shell Ao? AE°
standard Org-Sgep bond N RA) (A% (V)
Organic 1.62 Hg-C 1.18 202 0.001 20
il (0S) Hg-O 110 209 0.001

Hg-S 027 237 0008

108  Hg-C 100 202 0.001 —0.9
Hg-O 088 210 0002
Hg-S 066 233 0008

053  HgC 110 203 0001 34
Hg-O 054 211 0001
Hg-S 083 235 0008

013  HgC 120 206 0008 1.3
Hg-S 1.05 231 0003

001  HgC 106 206 0001 —0.8
Hg-S 120 231 0001

Potentially soluble 141 Hg-C 110 202 0.001 42
organic substances Hg-O 1.10 2.09 0.002

(PSOS) Hg-S 0.30 2.36 0.009
0.95 Hg-C 115 204 0003 25
Hg-O 0.72 2.09 0.003
Hg-S 053 2.37 0.009
0.47 Hg-C 110 204 0.002 42
Hg-O 056 2.08 0.001
Hg-S 0.65 2.37 0.002
0.09 Hg-C 120 2.04 0.004 —0.3
Hg-S 1.20 2.32 0.005
0.01 Hg-C 112 206 0007 15
Hg-S 1.19 231 0.001
Stream organic 1.19 Hg-C 118 202 0.003 3.0
substances Hg-O 1.09 2.09 0.002
(SOS) Hg-S 024 240 0.003
0.47 Hg-C 1.09 202 0.002 31
Hg-O 0.60 2.09 0.001
Hg-S 0.85 2.36 0.005
0.12 Hg-C 120 2.03 0.006 —0.2
Hg-S 1.14 231 0.004
0.01 Hg-C 115 205 0.002 —-0.8
Hg-S 119 231 0.001
Fen peat organic 0.30 Hg-C 120 203 0.006 3.7
substances Hg-S 1.20 2.33 0.005
(FPOS)

(1) / Org-Sgep ratios (0.01 and 0.09-0.13). The average
distances of Hg—C and Hg-S bonds were 2.05 = 0.01 A and
2.31 = 0.01 A, respectively. These distances are very similar to
the distances for Hg—C and Hg-S bonds in the thiol-resin
model compound (Table 3), as well as for similar bonds re-
ported in the literature (see above). As for the FPOS sample,
reasonable fits with amodel consisting of floating coordination
numbers of C, S, and O/N atoms were only obtained when the
coordination number of O/N was close to zero.

At an intermediate CH3Hg (1) / Org-Sgep ratio from 0.47 to
0.53 for the OS, PSOS, and SOS samples, one larger peak
shows up at 1.6 A in the RSF, representing a mixture of bonds
to C and O/N atoms, and a shoulder at 1.95-2.0 A, representing
a Hg-S bond. At even higher CH;Hg (I1)/Org-Sgep ratios
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Table 5. Fraction of high affinity Org-Sgep Sites taking part in the bonding of CHzHg in OS, PSOS, and SOS, as calculated by Eq. 4.

oS SOS
CHgHg (11)/ High affinity CHgHg (I1)/ High affinity CHgHg (I1)/ High affinity
Org-Sgen fraction of Org-Sgen fraction of Org-Sgen fraction of
molar ratio Org-Sgen molar ratio Org-Sgen molar ratio Org-Sgen
0.53 0.33 0.47 0.27 0.47 0.27
1.08 0.46 0.95 0.40 1.19 0.22
1.62 0.32 141 0.30
Average 0.37 £ 0.08 Average 0.32 £ 0.07 Average 0.24 = 0.04

(0.95-1.62) the peak at 1.6 A predominates and the shoulder at
1.95-2.0 A decreases with increasing ratio. This overall pattern
reflects a gradual saturation of reduced S sites by CH,Hg™ at
increasing CH3Hg (11)/Org-Sgep ratio. When the high affinity
reduced S sites are saturated, CH Hg™ gradually occupies
wesker binding sites such as O- and/or N-containing functional
groups. For OS, PSOS, and SOS samples with a CHHg (11) /
Org-Sgep ratio from 0.47 to 1.62 the average distances of
Hg—C, Hg-O/N, and Hg-S bonds were 2.03 + 0.01 A, 2.09 +
0.01 A, and 2.36 = 0.02 A, respectively. To ensure that fitting
results for samples with the lowest CHzHg (11)/Org-Sgep, ratio
were not caused by the limited k range, also intermediate and
high CH;Hg (11)/Org-Sgep, ratio samples were fitted below 9.3
A. No substantial changes in fitting parameters were observed.

It is a common observation from EXAFS studies of envi-
ronmental samples that the coordination number shows an
uncertainty on the order of 15-30 % (e.g., Hesterberg et a.,
2001). Inthis study, on average 1.14 + 0.06 (SD) C atoms were
found in the first coordination shell of Hg for our 15 soil and
organic samples listed in Table 3. Very similar coordination
numbers for C and S atoms in the samples with the two
lowermost CH;Hg (11)/Org-Sgep ratios (1.16 and 1.17, respec-
tively), even though they are dlightly above unity, strongly
suggests that the methyl mercury molecule is kept intact and
adsorbed to one S atom in soil and stream organic matter. This
conclusion is reasonable since the covalent Hg—C bond in
methyl mercury is relatively strong and was shown to be stable
in the thiol-resin sample.

Despite the fact that we at beamline ID 26, ESRF, were able
to study the binding of methyl mercury in soil and stream
organic samples at concentration as low as 100 mg CHzHg(l1)
per kg soil, this concentration is still much higher than in most
soil and stream samples. However, since 100 mg CH;Hg (1)
per kg soil correspondsto a CH;Hg (11)/Org-Sgep ratio of 0.01,
it is reasonable to assume that CH,Hg™ would bind to reduced
S groups in soil aso at lower ratios.

The addition of Al to PSOS and SOS will likely have no
effect on EXAFS results. Because of the very weak bonding of
Al cations [AI®*, AI(OH)Z™, hard Lewis acids] to reduced S
groups (and N groups, soft Lewis bases), Al will not compete
with CH;Hg™ for these groups. In the case when RSH groups
are saturated, there might be a competition between CH;Hg and
Al for different types of oxygen groups. Such a competition
will, however, not be possible to trace in the EXAFS spectra
since there will always be oxygen sites enough for both Al and
CH_Hg.

3.3. Quantification of CH;Hg-Bonding Organic S Sites by
use of Hg EXAFS

If it is assumed that certain reduced S groups possess the
strongest binding sites for CH,Hg™ in soil and stream organic
matter, as suggested by our EXAFS observations, and that
these sites will be saturated before weaker O/N containing sites
may take part in the bonding, our EXAFS results can be used
for further chemical speciation of Org-Sgep determined by
XANES. By use of Egn. 4, where N is the coordination number
for the Hg association to reduced organic S and O/N atoms
taken from EXAFS resultsin Table 3, the fraction of Org-Sgep
consisting of high affinity sites (stronger than O and N) is
calculated:

Fraction of Org-Sgep high affinity sites = Ngygyr /
(NSquur + NOxygen/Nitrogen) X CH3Hg (“)/ Org'SRED- (4)

This calculation shows that on average 37% of Org-Sgep in the
organic soil, 32% in the potentially soluble organic substances
from the soil, and 24% of Org-Sgep in the stream organic
meatter represents high affinity CHzHg-binding groups (Table
5). If the fraction of CH;Hg-binding reduced organic S groups
areexpressed in relation to total S, 17% isfound in OS, 14% in
PSOS, and only 9% in SOS. Even though our samples are to
few for general conclusions, it is clear that the solid phase of
organic matter in the soil investigated possessed both a higher
relative and absolute concentration of high affinity S sites, as
compared to dissolved organic substances in both soil and
stream. This decrease in high affinity S site density in organic
substances along the hydrological transect from soil to stream
is interesting and should be investigated further in different
types of watersheds.

Although CH,Hg" and Al cations do not compete for re-
duced S sites, it cannot be completely excluded that the rela-
tively strong affinity of Al for oxygen sites could have an effect
of forcing some CH3Hg to “weaker S sites,” as compared to a
case without Al. If so, the observation that PSOS and SOS
(both added Al) had a lower portion of high affinity reduced
organic S groups than OS (not added Al, but with natural
content of Al) would be even more pronounced.

Thiol groups likely are the main contributors to the high
affinity S groups calculated by Eqgn. 4. Even if it cannot be
excluded that also RSSH, RSR, and RSSR functionalities may
contribute to strong bonding of CH;Hg™ in natural organic
matter, our results may be taken as an indication that on the
order of 25%—-40% of the most reduced organic S functional-
ities, as determined by XANES, are thiols.
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3.4. Binding Affinity of Methyl Mercury in Organic Sail

Binding affinity data from the organic soil (OS) were eval-
uated using the model described by Eqgn. 3. The model was
chosen because it is commonly used to described the binding of
CH,Hg (1) to well-defined organic substances (formation con-
stants, K;), and because our combined XANES + EXAFS data
strongly suggest that CH;Hg (I1) is associated with thiol groups
through a mono-dentate bond in the OS sample. Equation 3 was
used to calculate an average, conditional complexation constant
(Kchangsr) based on data for the concentration of organically
complexed CH;Hg (I1) [CH3HgSR], the concentration of free,
dissociated thiol groups [RS™], and the activity of free
[CH Hg'].

Conditional stability constants (Iog Keyy gsr). determined
after 24 h of equilibration at 25°C and an ionic strength of 0.01
M, showed a dlight pH dependence increasing from 16.3 = 0.1
(n=3)atpH 3.0,165 =+ 0.1 (n = 3) a pH 3.4-3.8t0 16.7 =
0.1 (n = 3) at pH 4.3. The values were independent on whether
Br~ (16.3 = 0.1a pH 3.8) or I~ (165 *= 0.1 at pH 3.8) was
used as competing ligand, or if the equilibrium time was
extended to 96 h. These constants are all based on the assump-
tion that Org-Skep, can be taken as an estimate of the CH;Hg™
binding groups (RSH in the model) in the soil. If instead only
the high affinity fraction of Org-Szgp, as determined by Eqgn. 4
and given in Table 5, is used as an estimate of RSH groups the
above given constants will increase by approximately 0.4 log
units from the range 16.3-16.7 to 16.7-17.1.

Our determined conditional constants compare favorably
with identically defined stability constants (log K,) for the
binding of methyl mercury to thiol groups in 2-amino-3-mer-
capto-propanoic acid (log K, = 16.7), 2-amino-4-mercaptobu-
tanoic acid (log K; = 16.4), DL-2-amino-3-mercapto-3-meth-
ylbutanoic acid (log K, = 16.9) and N-acetyl-penicillamine
(log K, = 16.8), Reid and Rabenstein (1981). Although pos-
sible electrostatic effects from soil surface charges and the
heterogeneity of soil organic substances were not considered in
our model, the similar magnitude of our conditional constants
to tabulated stability constants strongly indicates that thiol
groups are involved in the binding of CHzHg (I1) at a CH;Hg
(I/ Org-Sgep ratio of approximately 10~ °. Based on our
determined conditional formation constants, the concentration
of free CH,Hg™" and inorganic complexes (CH,HgOH) were
on the order of 107" M in our KNO, batch experiments, as
compared to 10~*2 M for dissolved CH,Hg-DOC complexes.
Thus, the assumption that the concentration of free CH,Hg™
did not contribute significantly to the total concentration of
dissolved CH;Hg in our KNO, experiments is accurate.

Under oxidized conditions in fresh water systems and in
soils, chloro complexes may contribute to the complexation of
methyl mercury in the agueous phase. However, based on our
conditional stability constants, the bonding of methyl mercury
to reduced organic S groups is strong enough to keep the
concentration of chloro -complexesaslow as10~ %" t0 107 M
in typical boreal forest soils and streams.

Hintelmann et al. (1997) used the Scatchard model to deter-
mine the binding affinity of methyl mercury to agueous humic
and fulvic acids. The conditional stability constants calculated
aslog K = log ([CH HgHS] / ([CH,Hg*][HS])), where HS is
the concentration of humic or fulvic acid, were 12.15-13.07 for

a weak site and 13.02-14.56 for a strong site at pH 7.0.
Calculated in a similar way, using Org-Sgep as [HS], our data
give constants on the order of 14.5 a pH 7.0. Thus, the
conclusion drawn by Hintelmann and co-workers that S groups
are involved in the binding of CHzHg (I1) to humic and fulvic
acids is further supported by our study.

4. CONCLUSIONS

Based on results from combined S K-edge XANES + Hg
L,,,-edge EXAFS studies, and binding affinity studies, we con-
clude that CHzHg (I1) preferentially forms complexes with
reduced organic S groups in both soil and stream organic
substances. If it is assumed that RSH, and possibly RSSH
groups, associate strongly with CH;Hg(I1), whereas RSSR and
RSR groups do not take part in the complexation, our results
suggest that approximately 17% of total organic S in the
organic soil consisted of RSH (+ RSSH) functionalities. Cor-
responding figures for potentially soluble organic substances
from the soil and for stream organic substances were 14% and
9%, respectively. EXAFS data showed that O or N containing
functional groups gradually take part in the binding only when
reduced organic S sites are saturated by CH,Hg™. Conditiona
stability constants determined from binding affinity studies,
using halides as competitors for natural organic ligands, com-
pared favorably with tabulated constants for well-defined or-
ganic substances in which CH;Hg" is complexed by thiol
groups. Since in most soils reduced organic S groups are in
large excess compared to methyl mercury, or even total mer-
cury, we conclude that O or N groups do not take part in the
binding of methyl mercury, except in severely contaminated
soils.
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