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The chemical speciation of inorganic mercury (Hg) is to a
great extent controlling biologically mediated processes,
such as mercury methylation, in soils, sediments, and surface
waters. Of utmost importance are complexation reactions
with functional groups of natural organic matter (NOM),
indirectly determining concentrations of bioavailable,
inorganic Hg species. Two previous extended X-ray absorption
fine structure (EXAFS) spectroscopic studies have
revealed that reduced organic sulfur (S) and oxygen/
nitrogen (O/N) groups are involved in the complexation of Hg(II) to humic substances extracted from organic soils. In
this work, covering intact organic soils and extending to
much lower concentrations of Hg than before, we show that
Hg is complexed by two reduced organic S groups
(likely thiols) at a distance of 2.33 Å in a linear configuration.
Furthermore, a third reduced S (likely an organic sulfide)
was indicated to contribute with a weaker second
shell attraction at a distance of 2.92-3.08 Å. When all highaffinity S sites, corresponding to 20-30% of total reduced
organic S, were saturated, a structure involving one
carbonyl-O or amino-N at 2.07 Å and one carboxyl-O at
2.84 Å in the first shell, and two second shell C atoms at
an average distance of 3.14 Å, gave the best fit to
data. Similar results were obtained for humic acid extracted
from an organic wetland soil. We conclude that models
that are in current use to describe the biogeochemistry of
mercury and to calculate thermodynamic processes
need to include a two-coordinated complexation of Hg(II)
to reduced organic sulfur groups in NOM in soils and
waters.

Introduction
Mercury (Hg) is one of the most toxic elements known to
man. As a consequence of fossil fuel combustion and longrange transport of emitted Hg in the atmosphere, northern
latitudes are subjected to a large-scale contamination of soils
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and waters. A major concern is the transformation of
inorganic Hg to methylmercury (MeHg) in wetlands (1), along
hydrological pathways in soils (2), and in surface waters (3),
which has led to highly elevated concentrations in fish (4).
The buildup of MeHg in soils and sediments is a net result
of methylation and demethylation processes. There is a
consensus that the methylation process is biologically
mediated, mainly by sulfate-reducing bacteria (SRB), whereas
demethylation is believed to occur as both abiotic and biotic
reactions (5). Laboratory experiments strongly indicate the
importance of dissolved, neutral inorganic Hg species, such
as HgCl20, Hg(SH)20, and HgS0, as the main forms available
for uptake by SRB (6, 7). Based on these results, and on
determined values of log KOC for the complexation of Hg to
natural organic matter (NOM) on the order of 1025-1030 (810), we conclude that the complexation of Hg to NOM
functional groups in many terrestrial and aquatic environments controls the concentration of small inorganic Hg
molecules bioavailable for methylating bacteria. To improve
our understanding and models used to predict solubility,
net methylation rates, and biouptake of Hg/MeHg, more
detailed information is needed about the strength and
structure of these Hg-NOM complexes at low Hg concentrations.
Two extended X-ray absorption fine structure (EXAFS)
spectroscopic studies have been reported on the association
between Hg and extracted humic substances from organic
wetland soils (11, 12). In both studies reduced S groups were
shown to be increasingly involved in the complexation with
decreased concentrations of Hg. However, in both studies
additions of Hg exceeded the concentration of high-affinity
reduced S sites in the samples, and supposedly weaker O/N
ligands were involved in the complexation as well. Calculations based on the sample with the lowest Hg concentrations
in the study by Hesterberg and co-workers (12; having a molar
ratio of Hg to reduced organic S of 0.26) suggested that 70%
of Hg was complexed by two reduced S groups. Because of
a relatively low signal-to-noise ratio, second coordination
shell data could not be resolved to reveal the kind of reduced
S groups involved (thiols, sulfides, disulfides). In the study
by Xia et al. (11), data for first and second shell contributions
could be equally well fitted by a model with one thiol and
one O/N group or by one disulfide and one O/N group. The
molar ratio between Hg and reduced organic S was 3.1, and
therefore data were most likely not reflecting the strongest
coordination found under natural conditions. To our knowledge, there are no reported EXAFS studies on the Hg bonding
to intact soils.
The aim of this study was to determine the coordination
chemistry of Hg in intact organic soils and to extend the
ratio of Hg to reduced organic S to the lowest value possible
in order to approach the situation in soil environments. Thus,
EXAFS experiments were conducted with intact (freeze-dried)
organic soils at Hg additions between 0.1 and 4.0 mg of Hg
g-1, corresponding to a Hg to reduced organic S molar ratio
of 0.01-0.33. In addition, humic acid extracted from an
organic wetland soil, very similar to the one used by Xia et
al. (11), was investigated at a Hg to reduced organic S molar
ratio of 0.23-8.0.

Materials and Methods
Organic Soil, Humic Acids, and Model Compounds. An
organic peat soil typical for the discharge area of a boreal
forest catchment in northern Sweden (Nyänget catchment,
Svartberget Research Station, 64° 14′ N, 19° 46′ E) was used
in this study. The soil was sampled at 10-20 cm depth, 10
10.1021/es0600577 CCC: $33.50
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cm above the groundwater table and 2 m from a small
draining stream. In Skyllberg et al. (2) a more detailed
description of the soil (referred to as soil 6) and the site is
presented. Mercury nitrate, dissolved in a minimum of
double-distilled water, was added to soil samples to yield
0.1, 0.6, 1.2, 3.0, and 4.0 mg of Hg g-1 (dry mass of soil).
High-viscosity suspensions were mixed continuously for 7
days to reach equilibrium. The pH was in the range 3.8-4.0
for all samples. Samples were then freeze-dried and pellets
were prepared 1-2 h before each EXAFS experiment.
Humic acids (HA) were extracted from the upper 10 cm
of an organic soil in the discharge area at the edge of a boreal
fen (watershed S3) in the Marcell Experimental Forest, north
of Grand Rapids in northern Minnesota. The extraction
procedure followed the method recommended by the
International Humic Substance Society (13). Mercury was
added to HA suspensions as Hg(NO3)2. After 24 h of
equilibration on a reciprocal shaker, suspensions were
centrifuged and the flocculated HA was freeze-dried. The
pH was between 3 and 3.5. Actual Hg contents of HA were
determined by cold vapor fluorescence atomic spectroscopy,
yielding 3.2, 6.2, 14, 60, and 128 mg of Hg g-1 (dry mass of
HA). Freeze-dried organic soil and HA samples were mounted
in 2-mm-thick acrylic holders sealed with 2.5 µm Kapton
tape (Furon, CHR) windows prior to EXAFS analyses.
Total concentrations of C, N, and S were 493, 18.3, and
4.1 mg g-1, respectively, in the organic soil and 531, 29.6, and
4.3 mg g-1, respectively, in the HA, as determined by a CHN
analyzer (Perkin-Elmer, 2400 CHN) and a LECO analyzer
(LECO Corp., St. Joseph, MI). The ash content was 4% in the
organic soil and 0.2% in the HA. The concentration of reduced
organic S (Org-SRED) was determined in accordance with Xia
et al. (14) as the sum of S electronic oxidation states of 0.2
and 0.9-1.0, using K-edge sulfur XANES at beamline X19A
at NSLS, Brookhaven, NY. The S XANES spectrum and fit for
the organic soil is illustrated in ref 15. In the organic soil,
Org-SRED was 61% of total S, and in HA Org-SRED was 51% of
total S. Thus, additions of Hg resulted in molar Hg (II)/OrgSRED ratios of 0.01, 0.05, 0.10, 0.25, and 0.33 in the organic
soil and 0.23, 0.40, 0.88, 3.8, and 8.0 in HA.
As model compounds, cation-exchange resins with carboxyl (RCOOH) and thiol (RSH) groups were used. Thiol resins
with inorganic mercury (Hg-SR) and methylmercury (MeHgSR) were prepared by equilibrating a Duolite GT73 resin
(Rohm and Hass) with HgOH and MeHgOH solution, yielding
a concentration of 2.5 mg of Hg g-1 on a dry mass basis of
the resin. This corresponds to 0.3% saturation of thiol groups
by Hg2+ and MeHg+. A carboxylic resin (200-400 mesh BioRex 70) was used to prepare a MeHg-OOCR model in the
same way, yielding 2.5 mg of Hg g-1. This corresponds to
0.1% saturation of carboxyl groups by MeHg+. After 24 h of
equilibration, the resins were washed with distilled water
three times. All resins were freeze-dried, ground, mixed with
boron nitride, pressed to pellets, and finally mounted in
2-mm-thick acrylic holders sealed with 2.5 µm Kapton tape
(Furon, CHR) windows. In addition, red HgS (Merck) was
prepared as a standard without any further preparation than
grinding, diluting with boron nitride, and pressing to a thin
pellet.
Hg LIII-Edge EXAFS Data Collection and Analyses. All
organic soil samples, the HA samples with 3.2 and 6.2 mg of
Hg g-1, and the MeHg resins were analyzed on the undulator
beamline ID26 at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France). The HA samples with
addtitions of 14, 60, and 128 mg of Hg g-1 and the Hg-thiol
resin were analyzed on the bending-magnet beamline X10C
at the National Synchrotron Light Source (NSLS, Brookhaven
National Laboratory, Upton, NY). Machine conditions and
setup are described in the Supporting Information. Standard
EXAFS data reduction procedures were undertaken using

the program WinXAS (17), as detailed in the Supporting
Information.
Theoretical EXAFS scattering curves and parameters were
generated by the FEFF-7 computer program (18, 19).
Theoretical structural parameters for Hg-S, Hg-O, and
Hg-C associations reported from well-defined organic
molecules (Table S1, Supporting Information) were used as
input for FEFF calculations. For the crystalline model
compound cinnabar (R-HgS, red) the coordination number
(CN) was fixed at 2.0, based on its theoretical structure, and
the amplitude reduction factor (S02) was determined to be
0.90. When the CN was fixed at 2.0 for the sum of first shell
atoms in MeHg-OOCR, MeHg-SR, and Hg-SR resin model
compounds, the determined S02 was 0.90, 0.93, and 0.90,
respectively. Therefore S02 was fixed at 0.90 in the final fits
of all model compounds, organic soil, and HA samples. To
keep the maximum number of floating parameters less than
the number of statistically independent data points (calculated as Nidp ) 2∆k∆R/π and presented in Table S2,
Supporting Information), the following parameters were fixed
or constrained during final fitting: (1) first shell coordination
numbers of C and O/N atoms were fixed at 1.0 for MeHgOOCR and MeHg-SR model compounds, (2) for model
compounds, organic soil, and HA samples containing S
atoms, the CN of first shell S and CN of second shell distant
C (assumed bound to S) were correlated and set equal, and
(3) the Debye-Waller factor (σ2) was fixed at 0.002 Å2 for all
second and higher shell contributions. This relatively small
value on σ2 for higher shells was justified by the Hg-S resin
(σ2 ) 0.002 Å2 for second shell C). Data on methylmercury
complexation to humic substances were best fitted with σ2
) 0.003-0.004 Å2 in second and third atomic shells (20). The
shift of the edge energy, ∆E0, was allowed to float but
constrained to be equal for atomic shells.
Complexation Models. In Table S1 (Supporting Information), data on bond distances and bond angles are reported
as ranges for well-defined organic molecules in which Hg2+
is associated to C, O, N, and S atoms in thiolates, amino
acids, and carboxylates (21-33). These data were used to
construct the following two-coordinated linear models in
FEFF: C-S-Hg-S-C, C-S-Hg-O/N-C, and C-O/N-HgO/N-C. These models, given the constraints above, were all
fitted to experimental data.

Results and Discussion
Model Compounds. In Figure 1 experimental data and fits
are illustrated for model compounds, as well as for HA and
organic soil samples. Methylmercury forms only one bond
to thiol and carboxyl resins (15), which are therefore excellent
reference compounds for first shell O/S and second shell
Hg---O and Hg---C associations. The C-Hg distance in MeHg
was determined to be 2.03-2.04 Å (Table 1), which is in
agreement with C-Hg distances in well-defined organic
molecules (34). This also holds for the Hg-O distance of 2.09
Å in the carboxyl resin and the Hg-S distance in the thiol
resins of 2.33 Å (cf. Table S1, Supporting Information). The
best fit to MeHg-OOCR data was obtained with 0.8 C and
0.8 O atoms at a distance of 2.90 and 2.77 Å from Hg in the
second shell (Table 2), respectively. The second shell Hg---O
distance is within the range, whereas the Hg---C distance is
slightly longer than the reported range for carboxyls (Table
S1, Supporting Information). It should be taken into consideration that the rigidity of the resin may result in longer
second shell distances than in dissolved, more flexible organic
molecules. In the thiol resins, a second shell of 0.7 C (MeHgSR) and 1.5 C (Hg-SR) atoms was encountered at 3.29-3.32
Å, well in agreement with the range reported for low
molecular weight thiols (Table S1, Supporting Information).
It should be noted that the second shell C distance in general
is substantially longer when Hg is complexed by a thiol group,
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FIGURE 1. Experimental EXAFS data (solid lines) and fits (dotted lines) for model compounds, HA, and organic soil samples. Vertical dotted
lines are inserted to facilitate comparison of frequencies.

TABLE 1. Least-Squares Fits of the First Coordination Shell for Resin Model Compounds (MeHg-OOCR, MeHg-SR, Hg-SR),
Cinnabar (HgS), Humic Acid (HA), and Organic Soil Samplesa
1st C shell
sample

Hg (mg g-1)

Hg/Org-SRED (mol/mol)

MeHg-OOCR
MeHg-SR
Hg-SR
HgS

1st O/N shell

CN

R (Å)

σ2 (Å2)

CN

R (Å)

σ2 (Å2)

1.0b
1.0b

2.03
2.04

0.006
0.002

1.0b

2.09

0.004

HA
HA
HA
HA
HA

128
60
14
6.2
3.2

8.0
3.8
0.88
0.40
0.23

1.5
1.5
1.7
1.0
0.9

2.06
2.06
2.08
2.05
2.07

0.010
0.010
0.010
0.004
0.004

organic soil
organic soil
organic soil
organic soil
organic soil

4.0
3.0
1.2
0.6
0.1

0.33
0.25
0.10
0.05
0.01

0.9
1.0
0.7

2.06
2.04
2.09

0.004
0.004
0.001

1st S shell
CN

R (Å)

σ2 (Å2)

1.0c
2.2c
2.0b

2.33
2.33
2.37

0.003
0.003
0.002

0.7c
1.0c

2.34
2.34

0.004
0.004

0.8c
0.7c
1.5c
1.7c
2.0c

2.34
2.32
2.36
2.33
2.33

0.004
0.004
0.004
0.008
0.005

a CN ) coordination number; R ) bond distance; σ2 ) Debye-Waller factor. The ∆E and the goodness of fit are reported in Table 2.
0
were fixed during fitting. c CN was correlated (set equal) to CN of second shell C bound to S (cf. Table 2) during fitting.

as compared to a carboxyl group, due to the longer first shell
distance of Hg-S. The second shell Hg---C distance is
reported to be 3.35 Å in the Hg(SC)2 core of proteins (21),
whereas other studies have shown somewhat shorter distances in S-aryl compounds (3.14-3.20 Å; 23) and in
mercaptoacetic acid (3.20 Å; 22).
In all resin model compounds, as well as in cinnabar
HgS(s), the approximately 180° linear coordination
(X-Hg-X, X ) C, O, or S) gives rise to a multiple scattering
(MS) along the four-legged path Hg f X f Hg f X f Hg.
This MS contribution appears at a distance of 4.20 Å
[approximately corresponding to the sum of 2.03 Å (C-Hg)
and 2.09 Å (O-Hg)] in the MeHg-OOCR resin, at 4.40 Å
[sum of 2.04 Å (C-Hg) and 2.33 Å (Hg-S)] in the MeHg-SR
resin, and at 4.65 and 4.73 Å [2 times 2.33 Å (S-Hg-S)] in
the Hg-SR resin and HgS(s), respectively. In the Hg-SR
and MeHg-SR resins, a three-legged MS contribution at
3.54-3.64 Å (Hg f S f C f Hg) was included. The sum of
three-legged and four-legged MS contributions improved
the fits by approximately 10% in the MeHg-SR and Hg-SR
resins. Illustrations of Fourier transform (FT) data and fits
4176
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b

Numbers

for MeHg-OOCR and MeHg-SR resin model compounds
are included in Figure S1 (Supporting Information).
Organic Soil. Coordination numbers (CN) and distances
determined in the organic soil samples with Hg/Org-SRED
ratios 0.01 and 0.05 show that Hg is complexed with two S
atoms at 2.33 Å in the first coordination shell (Table 1). This
association is reflected by the main peak at ∼1.9 Å in the FT
spectra (Figure 2).
Introduction of O/N atoms in the first shell significantly
lowered the goodness of fit. The strong feature at ∼3.9 Å in
the radial structure functions (RSF) is due to the multiple
scattering of the four-legged path Hg f S f Hg f S f Hg
and is direct evidence for a linear configuration with two
sulfur groups. The MS occurs at 2 times the distance to each
of the S atoms (2 × 2.33 Å ) 4.66 Å). The fact that the CN
was 1.9 for the MS path for the Hg/Org-SRED ) 0.01 sample
suggests that all Hg atoms are involved in an almost perfect,
linear S-Hg-S configuration with close to a 180° bond angle.
In the Hg/Org-SRED ) 0.05 sample the CN decreased to 0.8,
suggesting that at higher Hg loading the linear coordination
is distorted.

0.002d
0.002d
0.5
1.3

2.92
3.08

R (Å)

0.002d
0.002d
0.002d
1.3
1.5
1.8
0.33
0.25
0.10
0.05
0.01

0.7
1.0
0.8

2.87
2.83
2.84
4.0
3.0
1.2
0.6
0.1
organic soil
organic soil
organic soil
organic soil
organic soil

0.002d
0.002d
0.002d

3.15
3.10
3.15

0.002d
0.002d
0.002d
0.002d
0.002d
3.14
3.14
3.21
3.11
3.11
1.5
1.5
2.0
1.6
1.7
0.002d
0.002d
0.002d
0.002d
0.002d
8.0
3.8
0.88
0.40
0.23

2.86
2.85
2.88
2.81
2.81
1.1
1.1
0.9
1.0
0.9
128
60
14
6.2
3.2
HA
HA
HA
HA
HA

0.8b
2.77
0.8b
MeHg-OOCR
MeHg-SRe
Hg-SRe
HgS

0.002d

2.90

0.002d

CN

R (Å)
CN

R (Å)
CN
Hg/SRED (mol/mol)
Hg (mg
sample

a R ) 100∑(k3χ
3
2
3
2 b CN of second shell O was correlated (set equal) to CN of second shell C. c CN of second shell C bound to S was correlated (set equal) to CN of first shell S. d Debye-Waller
P
exp - k χtheory) /∑(k χexp) .
factors (σ2) for second and higher atomic shells were fixed at 0.002. e A multiple three-legged scattering (Hg-S-C) was included in the fits with CN ) 2, R (Å) ) 3.54, σ2 (Å2) ) 0.002 (MeHg-S resin), and CN ) 4,
R (Å) )3.64, σ2 (Å2) ) 0.002 (Hg-S resin).

7.5
5.1
4.4
19
10
7.6
7.6
8.4
-0.6
0.6
0.002d
0.002d
0.002d
0.002d
0.002d
4.66
4.67
4.64
4.57
4.59
0.3
0.3
0.8
0.8
2.1
0.002d
0.002d
0.002d
0.002d
0.002d

0.002d
0.002d
4.73
4.66
0.2
0.2
0.002d
0.002d
3.31
3.30

3.33
3.29
3.33
3.42
3.22
0.8c
0.7c
1.5c
1.7c
2.0c

20
25
42
6.4
6.9
0.7c
1.0c

0.005
0.002
1.0c
2.2c

3.32
3.29

R (Å)
CN

9.0
9.2
9.5
8.0
8.2

19
8.9
4.6
4.5
6.0
0.9
5.2
4.7
0.002d
0.002d
0.002d
0.002d
4.20
4.40
4.64
4.73
1.2
1.0
1.0
1.2

RPa (%)
∆E0
σ2 (Å2)

R (Å)
CN

multiple X-Hg-X

(Å2)
σ2

2nd C(-S) shell

(Å2)
2nd S shell

σ2
(Å2)
σ2

2nd C(-O/N) shell

(Å2)
2nd O shell

σ2
g-1)

TABLE 2. Least-Squares Fits of Second and Higher Coordination Shells in Model Compounds, HA, and Organic Soil Samples

In the Hg/Org-SRED ) 0.01 sample, the peak at ∼2.7 Å
(2.3-3.0 Å) reflects a second shell contribution best fitted by
a mixture of 1.3 S at 3.08 Å and 2.0 C at 3.22 Å. Note that the
CN of second shell C was fixed to be equal to the CN of first
shell S. This is justified by the fact that, for every thiol group
involved in the bonding, one carbon atom should be observed
in the second shell. An inclusion of second shell S resulted
in a 15% improvement of the fit, as compared with a second
shell of only C backscatters (also if a short Hg---C distance
was considered). Inclusion of O/N atoms in the second shell
lowered the goodness of fit significantly. A second shell O/N
contribution was only possible if the E0 was shifted 10 eV,
resulting in a breakdown of the first shell fit. This was true
for both raw data and back-filtered data of the second shell
peak. This is strong evidence that carboxyl and amino groups
that may be situated adjacent to thiol groups, such as in the
amino acids cysteine and glutathione, are not involved in
the complexation. EXAFS data on Hg-cysteine complexes
show no sign of involvement of amino or carboxyl groups
(35). For the Hg/Org-SRED ) 0.05 sample, a model with 0.5
S at 2.95 Å and 1.2 C at 3.42 Å in the second shell gave the
best fit to data. The second shell S improved the fit by
approximately 20%, as compared to a model assuming only
involvement of thiols with C atoms at 3.2-3.4 Å.
The significant second shell S contribution at 2.95-3.08
Å in the Hg/Org-SRED ) 0.01 and Hg/Org-SRED ) 0.05 samples
is a strong indication for involvement of a distant S in a
weaker attraction. This could be a third thiol, but is more
likely S groups such as disulfides (RSSR), sulfides (RSR), or
polysulfides (RSSnR) that are known to form weak intermolecular attractions with Hg. Klemens et al. (24) reported a
second shell Hg---S interaction at 2.96-3.09 Å with methionine, in connection with a first shell Hg-thiol bond of
2.32-2.38 Å for plastocyanin, azurin, laccase, and stellacyanin. Similarly, Church et al. (36), in crystallographic
determinations of plastocyanin-Hg complexes, found a short
interaction at 2.38 Å with thiol S and a longer interaction
with methionine S at 3.02 Å. The finding is also in agreement
with one of the two possible models presented by Xia et al.
(11) for Hg complexed by humic substances, with a second
shell contribution from S at 2.93 Å. The second shell Hg---C
distance of 3.22-3.42 Å is in fair agreement with a reported
range of 3.20-3.35 Å for Hg-SR associations (Table S1,
Supporting Information), as well as with data obtained for
our MeHg-SR and Hg-SR model compounds (Table 2). A
proposed structure for the complexation of Hg in the Hg/
Org-SRED ) 0.01-0.05 samples is illustrated in Figure 3a. This
structure is in agreement with EXAFS studies of cysteine (35),
at ratios of H2Cys/Hg < 2.2, and is justified by the high
thermodynamic stability of linear S-Hg-S configurations
(log K1 ) 42-44) over combinations of one thiol and one
amino acid or carboxyl group (log K1 ) 35-38) (37).
For the organic soil samples with addition of 1.2 mg of
Hg g-1 or more (Hg/Org-SRED ) 0.10-0.33), O/N ligands were
increasingly involved in the complexation, resulting in a
mixture of O/N and S binding sites. This is expected when
high-affinity reduced S sites get saturated, and is reflected
in the RSF by a broadening and shift of the first major peak
to lower angstroms (Figure S2, Supporting Information). The
reduced S contributions in samples with Hg/Org-SRED ) 0.100.33 showed a second shell Hg---C (-S) distance of 3.293.33 Å, well in agreement with the Hg-SR resin (Table 2).
Not surprisingly, the increasing heterogeneity of binding
ligands with increasing Hg concentrations resulted in a
decreasing contribution from the four-legged MS at 4.6 Å.
The change from pure S (in samples with Hg/Org-SRED <
0.10) to a mixture of S and O/N coordination at higher Hg
loading was also clearly reflected in the first derivatives of
the absorption edge of organic soil samples and model
compounds (Figure S3, Supporting Information).
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FIGURE 2. Radial structure functions for experimental data (solid lines) and fits (dotted lines) for the organic soil with addition of 0.1
mg of Hg g-1 (Hg/Org-SRED ratio ) 0.01) and 0.6 mg of Hg g-1 (Hg/Org-SRED ratio ) 0.05). The inserts show the back transforms (solid lines)
and fits (dotted lines) of the S/C peak (second peak, first double arrow) and the S-Hg-S multiple scattering peak (third peak, second
double-arrow), for the sample Hg/Org-SRED ratio ) 0.01, and the S/C peak for the sample Hg/Org-SRED ratio ) 0.05. Data are not corrected
for phase shift.

FIGURE 3. Proposed average structures for Hg complexed by organic soil at Hg/Org-SRED ) 0.01 - 0.05 (a) and organic soil and HA at
Hg/Org-SRED ) 0.10 - 0.40 (b). Note that distances and angles in these structures reflect an average composition of the associations in
organic soil and HA samples and that the true complexes may or may not be mixtures of different ligations. The N atom represents either
an amino-N or a carbonyl-O group.
The contribution from O/N atoms in the first shell
increased from 22 to 64% when the Hg addition was increased
from 1.2 to 3.0 mg of Hg g-1 (Table 1). A further increase to
4.0 mg of Hg g-1, however, lowered the contribution of O/N
atoms to 56%. This apparent anomaly is explained by the
quite large error in coordination numbers ((25%). The
obtained Hg-O/N distance of 2.04-2.08 Å is in agreement
with distances for two-coordinated Hg in well-defined organic
molecules (Table S1, Supporting Information). An overlap in
Hg-O and Hg-N bond distances makes it impossible to
separate O and N using distances alone, even if first shell
Hg-N distances on average are slightly longer (38).
If carboxyl groups are assumed to be involved in the
complexation, one O atom and one C atom can be expected
to occur within a distance of 2.60-2.83 Å for every carboxyl
group (Table S1, Supporting Information). This was the case
in the MeHg-OOCR model compound, even if the second
shell Hg---C distance was slightly longer (Table 2). This
relatively simple model, however, could not describe our
soil data satisfactorily. A significantly better fit was obtained
with two more distant C atoms for each second shell O atom,
consistent with the structure illustrated in Figure 3b. This
structure is in agreement with the complexation of methylmercury in R-amino acids such as DL-methionine (39), L-tyrosine (30), tryptophan (33), and glycine and L-alanine (28,
29), in all cases involving an amino-N at 2.06-2.14 Å and a
weaker attraction to a distant carboxyl-O at 2.67-2.82 Å.
Amino acids occur mainly as incorporated into organic
macromolecules in soil, but concentrations of free molecules
in solution may reach millimolar concentrations (40). Given
that 38-56% of total N has been reported to be in the form
of amino acids in peat soils (41), the total N of 18.3 mg g-1
in the organic soil could be assumed to reflect a Hg/amino-N
molar ratio of 0.01-0.03 for the samples with a Hg/Org-SRED
molar ratio of 0.10-0.33. If we speculate that as little as 10%
4178
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of amino-N is represented by R-amino acids, a maximum of
30% of these groups would be saturated by Hg in the sample
with Hg/Org-SRED ) 0.33. Because O and N cannot be
separated by EXAFS, also keto acids (carbonyl and carboxyl
groups attached to the same carbon) are covered by the
structure in Figure 3b. These functionalities also occur in
organic soils (40). Recently reported EXAFS data suggest that
Cu(II) is associated with amino acid and/or keto acid
functionalities forming a five-membered chelate ring structure in the organic soil used in this study (42). This structure
is similar to the structure in Figure 3b, but the ring is closed
by a covalent bond formation with the carboxyl group. Our
results are furthermore in agreement with the relative
thermodynamic stability of thiol, R-amino acids, and carboxyl
complexes. Smith et al. (43) compiled data from the literature
and reported the average log K1 value (at pH 7.0) for the
formation of Hg-organic ligand complexes to decrease in
the order thiol (16.1) > R-amino acid (7.3) > carboxyl acid
(5.9).
The fact that the floating CN of first shell O/N and second
shell O were of an equal size for all organic soil samples
(Tables 1 and 2) gives additional support for a structure
involving one amino/carbonyl (first shell O/N) and one
carboxyl (second shell O) group. In order not to “overparametrize” the model, only one second shell of C atoms
were fitted at a distance of 3.10-3.14 Å. This distance is
substantially longer than the distance of 2.6-2.9 Å, indicative
for a first shell carboxyl-O and well in accordance with the
average Hg---C distance that can be expected for a structure
involving one amino/carbonyl and one carboxyl group.
Furthermore, coordination numbers of 1.8, 1.5, and 1.3 for
the second shell C in the organic soil samples with Hg/OrgSRED ) 0.10-0.33 roughly correspond to 2 times the CN of
first shell O/N atoms and 2 times the CN of second shell O
atoms (Tables 1 and 2). This is in accordance with a model

FIGURE 4. Fourier transformed EXAFS spectra (solid lines) and fits
(dotted lines) for HA samples with addition of 3.2, 6.2, 14, 60 and
128 mg of Hg g-1. Letters and vertical lines indicates first and second shell contributions from oxygen/nitrogen (O), sulfur (S), and
carbon (C) atoms.
involving two O/N functional groups. A model involving only
one carboxyl group (with one close and one more distant O)
should result in CN values of 1:1:1 for first shell O, second
shell O, and second shell C.
Humic Acids. Also for the HA samples, the first coordination shell is shifted to shorter distances with increasing Hg
additions, reflecting an increasing relative contribution from
O/N and decreasing relative contribution from S (Figure 4).
The two HA samples with Hg/Org-SRED ) 0.23-0.40 showed
a slightly better signal-to-noise ratio than data for the organic
soil samples with similar additions. This is reflected by the
well-resolved features of the second coordination shell
contributions in the RSF (Figure 4). These two samples were
best fitted by a model including a mixture of S and O/N
functional groups. The first shell Hg-S and second shell Hg--C(-S) distances were in agreement with data for the thiol
resin model compounds, as well as with the organic soil
(Tables 1 and 2). Also the first shell Hg-O/N and second
shell Hg---C (-O/N) distances fell in the same range as those
for the organic soil. The CN for second shell C(-O/N)
corresponded to approximately 2 times the CN of first shell
O/N and 2 times the CN of second shell O, giving support
for a structure similar to Figure 3b. In line with this, the
second shell Hg---C distance was too long to support a model
involving only carboxyl groups (cf. Table S1, Supporting
Information). In humic acids the concentration of amino
acid nitrogen has been shown to be in the range 20-45% of
total N (39). Thus, similar to the organic soil, concentrations
of thiol and R-amino acid groups should be more than enough
to complex all added Hg in the HA sample with Hg/Org-SRED
) 0.23-0.40. In the three HA samples with the highest
concentrations of Hg (Hg/Org-SRED ) 0.88-8.0), only O/N
functional groups could be detected in the first coordination
shell. In the second shell, models with a Hg---C distance of
2.9 or 3.1-3.2 Å gave equal fits, suggesting that both
monodentate complexation with carboxyl-O and a structure
similar to the ring structure in Figure 3b are possible. Because
of the relatively poor data quality and fits (cf. RP values in
Table 2), a more quantitative interpretation of the second
shell was not made.
Concentration of High-Affinity Reduced S Sites in
NOM. Determined coordination numbers for O/N and S
in the first coordination shell can be used to calculate
the proportion of reduced organic S atoms that take part
in the complexation of Hg, using the following equation:
100[CNS/(CNS + CNO/N)][2(Hg/Org-SRED)]. The factor 2 is due
to the divalent charge of the Hg2+ ion. For the three organic
soil samples, in which both S and O/N containing sites

contributed to the complexation, on average 20% of the
reduced organic S was calculated to be high-affinity sites
(Table S3, Supporting Information). This can be compared
with an average 29% when MeHg was used as a high-affinity
S probe for the same organic soil as used in this study (15).
Interestingly enough, the HA from Minnesota wetland
showed a similar proportion of high-affinity S sites with an
average of 29% for the two samples with lowest additions of
Hg. Thus, based on Hg and MeHg EXAFS data, we conclude
that approximately 20-30% of the reduced S, as determined
by sulfur XANES, is represented by high-affinity sites for soft
B-type metals. These high-affinity S groups likely are thiols.
The rest of the reduced organic S are sulfides (RSR), disulfides
(RSSR), polysulfides (RSSnR), and possibly thiophenes. As
shown in this study, some of these groups, likely situated
close to thiols, may contribute to Hg complexation by more
distant weaker bonds. Because a linear S-Hg-S coordination
was determined at an Hg/Org-SRED molar ratio of 0.01, it is
reasonable to assume that Hg2+ is complexed in a similar
way in soils and waters with much lower Hg/Org-SRED molar
ratios. These findings are important for further in-depth
research of the biogeochemistry of Hg and MeHg, as well as
in the selection of relevant complexation constants for Hg
associations to NOM to be included in biogeochemical
models.
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