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ABSTRACT: We examined the composition and spatial correla- 0 R-0-50,H
tion of sulfur and mercury pools in peatland soil profiles by o
measuring sulfur speciation by 1s X-ray absorption near-edge
structure spectrocopy and mercury concentrations by cold vapor
atomic fluorescence spectroscopy. Also investigated were the
methylation/demethylation rate constants and the presence of
hgcAB genes with depth. Methylmercury (MeHg) concentration
and organic disulfide were spatially correlated and had a significant
positive correlation (p < 0.05). This finding is consistent with these .7
species being products of dissimilatory sulfate reduction.
Conversely, a significant negative correlation between organic R w B H P

monosulfides and MeHg was observed, which is consistent with a ey 0 oroenaten e

reduction in Hg(II) bioavailability via complexation reactions.

Finally, a significant positive correlation between ester sulfate and instantaneous methylation rate constants was observed, which is
consistent with ester sulfate being a substrate for mercury methylation via dissimilatory sulfate reduction. Our findings point to the
importance of organic sulfur species in mercury methylation processes, as substrates and products, as well as potential inhibitors of
Hg(II) bioavailability. For a peatland system with sub-umol L™' porewater concentrations of sulfate and hydrogen sulfide, our
findings indicate that the solid-phase sulfur pools, which have a much larger sulfur concentration range, may be accessible to
microbial activity or exchanging with the porewater.
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1. INTRODUCTION as detoxification of the cell, carbon metabolism, and metal
homeostasis." ' *

Globally, boreal peatlands cover a land area of 4 million km?,
Biogeochemically linked elements, sulfur and mercury, enter

primarily in Russia, Canada, and the USA." Within Minnesota,

boreal peatlands cover a land area of 24,000 km2” Boreal ombrotrophic bogs (see Section 2.1) through atmospheric
peatlands are hot spots for the production of methylmercury deposition and are cycled in the soil profile by physical,
(MeHg) that lead to toxic and environmentally detrimental chemical, and biological processes. Cycling is especially active
levels.” > Methylmercury released from peatlands to aquatic at depths where distinct contrasts in physical and chemical
systems can be biomagnified in the food web to top predatory properties, such as water content and oxidation—reduction
fish that humans and wildlife consume. Whlle sulfate- reducmg conditions occur,ls_18 As an example of a chemical process,
bacteria (SRB) are considered to be important producers of mercury has a high binding affinity for reduced organic sulfur
MeHg, not all SRB methylate mercury.” Cause and effect (e.g, thiols).””™' As an example of a biological process,

studies in peatlands demonstrate that the enhanced availability
of sulfate leads to increased MeHg concentrations but the
detailed information of how sulfur is transformed in organic
soils remains unknown.”” Methanogens and some iron- -
reducing bacterla (IRB) also produce MeHg within boreal Rec?we‘l: July 14, 2021 E"WN%
peatlands.'’”"* However, the role of methanogens and IRB in Revised:  November 16, 2021

mercury methylation is outside the scope of this article. We AccePted: November 17, 2021 ey @
explore the interactions of sulfur and mercury via microbial Published: January 3, 2022
sulfate reduction within a boreal peatland. It is unknown why

microbes methylate mercury though there are hypotheses such

dissimilatory SRB populations catalyze the reduction of sulfur
and mercury methylation in peatland soils.*”*>** Although
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porewater sulfate pools are small, oxidation reactions during
periods of lowered water tables may recycle oxidized organic
sulfur that can sustain sulfate reduction rates and net MeHg
production following wetting events.'”**** Studies in low-
sulfate environments demonstrate that organic sulfur com-
pounds can be an important component of dissimilatory sulfate
reduction.”® Genomic studies have shown that some SRB are
capable of utilizing ester sulfate.”” However, this pathway has
not been demonstrated in SRB that also methylate mercury.
The functional genes that encode for mercury methylation in
anaerobic microorganisms have been identified as hgcAB.'>**
We are not aware of any existing literature regarding the depth
distribution of hgcAB genes within boreal peat.

In this study, we measured the abundance and speciation of
mercury and sulfur, rates of methylation and demethylation,
and the presence of hgcAB genes in peat profiles. Most lab and
field studies to date have focused on inorganic sulfate as a
driver for mercury methylation,”'®*"** but bogs have little
inorganic sulfur.">*° Our objective was to investigate the role
of organic sulfur species, as opposed to inorganic sulfur species,
in peatland soil as important reactants and products in mercury
methylation. In a climate with an increasingly variable water
table (i.e., longer drought with deeper water table position) a
greater volume of peat may be exposed to biogeochemical
processes that are able to generate ester sulfate and
MeHg, 53173

2. MATERIALS AND METHODS

2.1. Site Description. The field site, the S1 bog, is an
ombrotrophic bog with a black spruce (Picea mariana) and
tamarack (Larix laricina) overstory, located at the United
States Department of Agriculture (USDA) Forest Service
Marcell Experimental Forest (MEF) in northern Minnesota
(47°30.476' N; 93°27.1620° W and 412 mamsl, Figure S1:
map of the MEF). Bogs do not have inflow from groundwater
and receive inputs only from the atmosphere, creating a
mineral-poor ombrotrophic peatland.””*® Mean annual air
temperature at the MEF from 1961 to 2019 was 3.5 °C and
average annual precipitation was 770 mm.”” Much of the peat
is 2—4 m deep and the peatland water table fluctuates
seasonally within the upper 30 cm of peat during most
years.40’41

Water flows laterally through a shallow acrotelm and
mesotelm to the peatland margin and to an outlet stream
when the water table is high.*” The acrotelm is a surficial layer
of low density and comparatively high hydraulic conductivity.
It is mostly oxic above the water table and includes living
plants and the majority of roots.”> The catotelm is a deeper
zone of permanently saturated and higher density peat with
lower hydraulic conductivity and permanently anoxic con-
ditions.”** Between the acrotelm and catotelm is the
mesotelm (approximately 30—50 cm below the surface), a
transitional area characterized by a fluctuating water
table.**>*>*¢ The mesotelm is periodically oxic, correspond-
ing to low water tables, or anoxic, corresponding to high water
tables.

The S1 bog surface consists of raised hummocks alternating
with microtopographical lows called hollows. All depths are
measured relative to the hollow surface. Typical relief is 20—30
cm from hummock tops to adjacent hollows and the lateral
extent of hummocks can be up to several meters wide.””** The
bryophytes in hummocks consist mainly of Sphagnum divinum
(previously Sphagnum magellanicum®), while hollows are
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mainly colonized by Sphagnum angustifolium and Sphagnum
fallax. S. angustifolium and S. fallax have few readily
distinguishable features, so we refer to them as S.
angustifolium/fallax. The S1 bog is the site of the long-term
and large-scale Spruce and Peatland Responses Under
Changing Environments (SPRUCE) experiment where air
and peat temperatures (0—+9 °C above ambient) and
atmospheric carbon dioxide (CO,) levels (ambient and +500
ppm) are being manipulated to study climate effects on
ecological, hydrological, and biogeochemical processes in
peatlands.”® All data presented in this paper were collected
prior to the onset of the experimental warming and elevated
CO, treatments.

2.2, Sampling Methods. Peat cores were collected to a
depth of —200 cm from six locations in triplicate for a total of
18 cores in August 2012." See the Supporting Information for
detailed coring, sampling intervals, and sampling methods.
Samples for mercury were frozen and samples for sulfur were
stored in argon and frozen. Living S. divinum and S.
angustifolium/fallax were sampled in June 2014 and stored
frozen before further analyses. Porewaters were collected from
piezometers in 2013.”"

The different sample types were collected in different years
but all were collected from the same peat bog in late summer
and early fall seasons. Peat soil was collected in August 2012,
porewaters were collected in September 2013, and peat for the
rate study was collected in 2016. Environmental conditions
(water table height, temperature) were different between
sampling time points. However, over the monitoring history of
the MEF (since 1960), these factors have consistent seasonal
ranges and all samples were collected in the same season
although different years.

2.3. Sulfur Concentration and Speciation in Peatland
Soil. Peat and Sphagnum samples were dried in a N, (g)-filled
flow-through desiccator. The samples were then homogenized
in a N, (g)-filled glovebag using a ceramic mortar and pestle
and liquid nitrogen. Homogenized samples were stored in N,
(g)-filled packs until analysis.

Total sulfur concentrations of dried and ground subsamples
were measured by combustion using a carbon, nitrogen, sulfur
Elementar Vario EL analyzer (Elementar Instruments).

Sulfur X-ray absorption near edge structure (XANES) data
were acquired on beamlines 06B1-1 Soft X-ray Micro-
characterization Beamline (SXRMB) at the Canadian Light
Source (CLS, Saskatoon, SK, Canada) and 9-BM X-ray
beamline at the Advanced Photon Source (APS, Argonne
National Laboratory, Argonne, IL, USA). See the Supporting
Information for detailed methods. Sulfur XANES spectra were
processed using Athena.’” Linear combination fitting of the
sample spectra with reference spectra was performed using
mifitty.> We used a subset of a published sulfur reference
database®*™® (Table S1: list of sulfur reference compounds).

2.4. Acid Volatile Sulfur and Sulfate in Porewaters.
Porewaters were analyzed for sulfide concentration by
protonating all acid-extractable sulfides to H,S (g) and using
the methylene blue colorimetric method.”” The working range
for this method was 0.01—2.0 mg L™,

Porewaters were analyzed for sulfate on a Thermo Dionex
ICS-2100 ion chromatograph according to Standard Method
4110 C.°" The limit of detection was 0.02 mg L™ SO,>".

2.5. Total Mercury and MeHg Concentration in
Peatland Soil. Total mercury (THg) was measured by cold
vapor atomic fluorescence spectroscopy (CVAFS) on a Tekran
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Figure 1. Sulfur 1s XANES spectra from hollow (a), hummock (b), and references that were detected in the samples (c). References are color-
coded according to bin type—thiophenes, organic monosulfides, and thiols are binned together.

2600 according to US Environmental Protection Agency
(EPA) method 1631.°

Methylmercury concentrations were measured by EPA
Method 1630°” by distillation, ethylation, capillary gas
chromatography, and CVAFS on a Tekran 2700. The
detection limit was 0.03 ng g”' for THg analyses and 0.006
ng ¢! for MeHg analyses.

2.6. Instantaneous Mercury Methylation and Deme-
thylation Rate Constants. Rates were determined by
incubating peat with simultaneous additions of enriched-
abundance *’Hg*" (94.3%) and Me**'Hg" (84.7%) as outlined
in Mitchell and Gilmour (2008).”” See the Supporting
Information for detailed methods.

Analytical quality control and assurance measures can be
found in Table S2: potential rate constant quality control and
assurance measures. Potential rate constants for Hg2+
methylation (k,) were calculated using the excess concen-
tration of enriched *’Hg’* that was methylated over the
course of the incubation period with respect to the
concentration of excess TZOOHg in the sample. 6% Potential
MeHg demethylation rate constants (kq) were determined
assuming first-order reaction kinetics according to Lehnherr et
al. (2012).%°

2.7. hgcAB Primer Sequencing. Genomic DNA (gDNA)
was isolated from the peat samples, quantified using Qubit
(Thermo Fisher Scientific), and assessed for quality with
NanoDrop One (Thermo Fisher Scientific). See the
Supporting Information for detailed methods. The gene
sequence hgcAB was amplified by the method described by
Gionfriddo et al. (2020)°° and clone libraries were created.
The environmental clone hgcA sequences from this study were
previously published as part of a study testing methods for
identifying Hg-methylation genes from environmental samples
and are publicly available under the NCBI GenBank accession
numbers MT122211-MT122438.%

There could be bias in these methods (amplifying, cloning,
and sequencing hgcA) introduced by the choice of primer
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sequence. Primer sequences are based on reference hgcA from
known methylators and therefore may prefer certain microbial
guilds, such as deltas and methanogens over firmicutes and
acetogens. The interpretation of the phylogenetic analysis of
these data is limited as metabolic groupings of the results were
based on taxonomic prefixes and suffixes as opposed to
identifying functional genes for sulfate reduction, iron
reduction, and methanogenesis. We inferred sulfate-reducing
mercury methylators based on the phylogenetic placement of
the cloned sequence compared to reference sequences of
known/predicted mercury methylators. Because the mercury
methylation genes have been classified as deltaproteobacteria,
we inferred that the mercury methylators are capable of sulfate
reduction. These data are not quantitative and do not tell us
whether any of the hgc genes were active, if some groups have
higher rates of activity than others (e.g., small number of sulfur
reducers but high activity), or whether the organisms were
alive when the DNA was extracted. Our data simply identified
the presence or absence of hgcAB genes.

2.8. Statistical Analysis. All statistical analyses were
performed in R 3.6.3%” using package agricolae (v1.3.2;
function: LSD.test).® Statistical differences of linear models
were determined using multiple comparison least significant
difference,”” p-adjustment of “none”, and a significance level of
p < 0.05. The Shapiro—Wilks test was used to determine the
normality of THg, MeHg, and percent MeHg. No averaging
was performed and the data set comprised composited cores
by depth. The data were not normal, so we examined
relationships between mercury and sulfur species in peat by
using Spearman’s rank correlation for nonlinear and non-
parametric data with a significance level of p < 0.05.

3. RESULTS AND DISCUSSION

3.1. Depth Profiles in Peatland Soil—Mercury, Sulfur,
and hgcAB Genes. Spectra from 58 samples were fit to
reference spectra using linear combination fitting (Table S3:
proportions of sulfur species for hummocks and S4:
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Table 1. Sulfur Species in the Reference Database

Ref. Functional Electronic Peak 3
eference unctiona Structure oxidation Group eak maxima o
compound group a (eV)
state
. Organic )
L-Cystine disulfide R-S-S-R -0.4 2472.8 /2474.5 d.
L-Cysteine Thiol R-S-H +0.2 2473.6 d.
Reduced S
L-Methionine Organic R-S-R’ +0.3 2473.6 d.
monosulfide
Benzothiophene — p, ;1 one </ \> +1.0 24737124746 e, f.
and Bithiophene P S : ’ ’ v
Methionine . N
Sulfoxide Sulfoxide R-S(0)-R +2 2476.3 d.
Sulfite Sulfite Na,S0; +4 2478.5 g, h
Saccharin Sulfone R-SO,-R’ +4 2480.0 f.
Oxidized S
DL-Homocysteic
L OTOOYSIEIC  qlfonate R-SO3-H +5 24812 d. h.
acid “and ANSA
Inorganic
CaSO,
Gypsum sulfate aSO, +6 2482.7 f.
Sodium dodecyl - p o Culfate  R-0-SO;-H +6 2482.8 d.
sulfate

“QOxidation state calculated and published in Cron et al. 2020. bDL—Homocysteic acid. “1-Amino-2-naphthol-4-sulfonic acid. 9Cron et al. 2020.
“Behyan et al. 2013. /Pierce et al. 2021. €Manceau and Nagy 2012. hZeng et al. 2013.

proportions of sulfur species for hollows). Representative
sulfur XANES spectra are shown in Figure 1.

Almost all sulfur detected in the S1 bog peat with sulfur
XANES spectroscopy was in an organic form (Table SS: mean
sulfur speciation by depth). Reduced organic sulfur species
(having valence states of <+1, Table 1) comprised 42—72% of
total sulfur over the full depth profile (+20 to —200 cm, Table
SS: mean sulfur speciation by depth) which is consistent with
past studies of boreal peatlands.”’ The oxidized sulfur species
(valence states > +2) decreased with depth (p < 0.05), while
reduced sulfur species (valence states < +1) increased with
depth (p < 0.05). The lowest percentages of reduced sulfur
species were observed in surface samples from both hollows
(=S cm, 48% on average) and hummocks (+15 cm, 42% on
average; Figure 2 and Table SS: mean sulfur speciation by
depth).

Various organic sulfur species with different electronic states
(—0.4 to +6) were measured in living Sphagnum (Table SS:
mean sulfur speciation by depth). Sulfur speciation in
Sphagnum tissues was similar between S. divinum and S.
angustifolium/fallax. The main difference between the two was
that S. divinum accumulated more inorganic sulfate, whereas S.
angustifolium/fallax accumulated more ester sulfate. However,
only one sample per Sphagnum type was measured, so the
potential variability in sulfur speciation was not addressed.

Within the acrotelm and mesotelm, concentrations of sulfur
species were variable and in the catotelm, the concentrations
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were constant. In this study, our observations are consistent
with the published literature®”** that shows that the depth
interval from —S to —35 cm is a biogeochemically active zone,
which overlaps the range of water table depth fluctuations
(Figure 2). Maxima in total sulfur, organic disulfide, THg,
MeHg, percent MeHg, and major changes in the composition
of the sulfur organic compounds all occurred in this zone
(Figures 2, 3, and S2: depth profiles of mean THg and percent
MeHg). Subsurface maximum in organic sulfur concentration
in peatlands may result from sulfate reduction processes
occurring where perennial saturation most often occurs.”' Our
findings are consistent with previous reports of subsurface
maxima in total sulfur and MeHg that correspond to the
mesotelm.*>***%77> |t has been proposed that this maximum
in MeHg in the zone of water table fluctuation is due to sulfur
cycling between reduced and oxidized forms as the redox
conditions change with the water table.'>"?%737% This
internal cycling of sulfur can drive MeHg production with
minimal atmospheric deposition of new sulfate.

Both THg and MeHg concentrations were relatively low in
surficial peat and peaked at depths between —25 and —35 cm
in the hollows and at —S cm in the hummocks (Figures 2 and
S2: depth profiles of mean THg and percent MeHg, Table S6:
mean mercury concentrations by depth). The shape of the
MeHg profile is directly influenced by microbial activity. In
contrast, the shape of the THg profile is determined primarily
by atmospheric deposition and indirectly influenced by
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Figure 2. Depth profiles of sulfur concentration and speciation. Top Panel: inorganic sulfate (orange), ester sulfate (teal), sulfone and sulfonate
(pink), sulfoxide (green), thiol and thiophene and organic monosulfide (yellow), and organic disulfide (purple), as measured by XANES
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microbial activity. Mercury emissions greatly increased during
the industrial revolution (~1850) through the 1970s,”> which
corresponds to increased atmospheric deposition in depths
—25 to —100 cm (hollows, Figure S2: depth profiles of mean
THg and percent MeHg). Microbial decomposition of the peat
increases the concentration of THg by decreasing the mass of
carbon and the volume of peat.”® In the surface depths, 1 cm of
peat may correlate to 1 year of deposition, whereas in the
deeper peat, 1 cm may correlate to several hundred years.”®
Total mercury and MeHg concentrations decreased below —35
cm depth (Figures 3 and S2: depth profiles of mean THg and
percent MeHg, Table S6: mean mercury concentrations by
depth). Our hummock, near-surface, THg concentrations were
approximately S0 ng g~ which is consistent with a hummock
depth profile measured at a similar bog in northern Minnesota
by Benoit et al. (1998) as well as having similar depths for
concentration maxima.”> These same similarities, but for
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hollows, were found with the THg depth profiles in Givelet et
al. (2003) located in southern Ontario, Canada.”” Average
percent MeHg levels (i.e., MeHg concentrations expressed as a
percentage of THg concentrations) were less than 2.6%
throughout peat cores and peaked at depths —35 and —5 cm
for hollows and hummocks, respectively.

No relationship was found between the presence of hgcAB
genes and the MeHg profile because the hgcAB genes are
detected at all depths even where MeHg concentrations are
low. The data do not provide quantitative information, so the
overall abundance of hgcAB in the mesotelm is unknown.
Many factors may impact MeHg distribution besides the
presence of mercury methylators, including their activity and
abundance, which were not measured. A recent study showed
no significant correlation between the gene abundance of
hgcAB (qPCR or metagenomic-based methods) and THg or
MeHg concentrations across diverse environments such as
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and percent MeHg depth profiles are provided in the Supporting
Information (Figure S2).

riverine areas, tidal marshes, and arctic permafrost.78 Generally,
the potential for microbial methylation of mercury appears to
be present throughout the peat profile. There are several
caveats to these data. First, the methods do not give a
quantitative assessment of hgcAB genes across depth. Second,
no overall measure of biomass was collected to assess microbial
abundance. Third, sequencing was not deep enough (i.e., only
five or so clones per depth) to capture the full diversity in hgcA
genes that were present in the clone libraries. However, the
collation of clones from each depth and sample site gives us a
glimpse of mercury methylator diversity at this site. An area for
future investigation is to perform metagenomic sequencing
techniques or higher throughput sequencing of hgcAB
amplicons to overcome these caveats.

3.2. Organic Disulfide is a Product of Mercury
Methylation. The depth profiles of mercury concentrations
and sulfur species were consistent among cores for soils having
similar microtopography (e.g., all hummock profiles are
similar). The most distinguishing feature of all sulfur speciation
profiles was a maximum concentration of organic disulfide in
near-surface peat (within ~30 cm of the surface for both
hummocks and hollows; Figure 2). Within the zone of water
table fluctuation, concentration maxima of MeHg and organic
disulfide co-occur for both hollows and hummocks. Methyl-
mercury and percent MeHg were both positively correlated
with organic disulfide throughout the depth profile in
hummocks but not hollows (RSpearman = 0.62, Table S7:
Spearman’s correlations between sulfur species and mercury).
We performed a statistical correlation analysis and interpret
these results based on well-established chemical and biological
processes.

Hummocks are elevated approximately 30 cm above the
hollows (Figure 2) but the absolute water table occurs at the
same absolute elevation in both, with the result that the surface
layers of hummocks are more oxic than in hollows.”””” The
maximum in MeHg, total sulfur, and organic disulfide
concentrations in hummocks and hollows occur at the same
depths from the microtopographic surface (—3S$ cm, Figures 2
and 3). This indicates that the biogeochemical environment
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(e.g., soil moisture, redox potential, and biophysical properties)
in the mesotelm varies with surface microtopography.®” There
may well be a biogeochemical reason for the significant
correlation between MeHg and organic disulfide in hummocks,
but not hollows. It is also possible that our sampling scheme
did not allow us to resolve that relationship in hollows because
the sampling interval increased from 10 to 60 cm at —35 cm
below the hollow surface.

Microbial sulfate reduction produces chemically reduced
forms of sulfur, such as hydrogen sulfide.””* Hydrogen sulfide
and other forms of sulfur are known to be reactive with organic
matter in a variety of natural settings through processes
referred to as sulfurization or sulfidization reactions.””**~**
Organic disulfide is a possible end-product of microbial sulfate
reduction processes in peatlands and may be a co-product with
MeHg.’*”"* There is evidence that SRB are present at our
study site at depths —30 to —50 cm.***” The 2014 studies by
Lin et al.**®” were performed at our research site and were
generic to all microorganisms in the peat, meaning it differs
from ours in that we selected a subset of microorganisms that
had the hgcAB gene. Microbes containing the hgcAB gene
comprise less than 5% of the general microbial community
across various environment types.78 Based on interpreting the
hgcA phylogenetic classification as sulfate reducers, we saw
SRB that contain the genes for mercury methylation, hgcAB, at
depths +5 cm through —10 cm for the hummock locations
only (Figure S3: depth profile of the presence of hgcAB and
binned microbiological taxa). Not surprisingly, the majority of
the genes detected were binned in the “uncultured” and
“other” group and so little information can be gleaned as to
what geochemical or physico-chemical conditions would allow
the organisms possessing these genes to thrive and be
biochemically active.

3.3. Thiols, Monosulfides, Thiophenes, and Mercury
Bioavailability. Unlike organic disulfides, the organic
monosulfides (thiols, monosulfides, and thiophenes) were
negatively correlated with MeHg (Rspearman = —0.60 and —0.51,
hollows and hummocks, respectively) and displayed a
maximum in the catotelm where THg and MeHg are low
(Figures 2, 3, and S2: depth profiles of mean THg and percent
MeHg, and Table S7: Spearman’s correlations between sulfur
species and mercury). Thiol functional groups in dissolved and
particulate or§anic pools are known to bind to mercury
strongly.”*”%>"* Studies using extended X-ray absorption fine
structure (EXAFS) spectroscopy show that thiol moieties in
organic matter form ligand complexes with Hg(II) and
CH3H§+ which increases THg and MeHg storage in peatland
50il.”*""~* In the aqueous phase, thiols introduced as soluble
cysteine desorb Hg(II) from the solid phase into the
porewaters.”> While the chemical affinity between mercury
and thiols is well demonstrated, the effect of thiols on MeHg
production by microorganisms appears to be species and
compound specific. Mercury methylating microorganisms such
as Pseudodesulfovibrio mercurii ND132 (previously D. desulfur-
icans ND132) exhibit enhanced methylation in the presence of
all thiols, whereas G. sulfurreducens PCA’s methylating ability is
enhanced by small molecular thiols (e.g, cysteine and
mercaptopropionate) and inhibited by larger molecular thiols
(e.g, glutathione and penicillamine).g?’_96 The observed
negative correlation between thiols and MeHg in peat is
consistent with a reduction in the methylation activity in the
porewaters in the presence of solid-state thiols. This finding is
further supported by the observed negative correlation in the
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peat between thiols and the ratio of methylation rate constants
(ky) to demethylation rate constants (kq) (Rspearman = —0.37,
Table S8: Spearman’s correlations between sulfur species and
potential methylation rate constants). To our knowledge, this
is the first finding of this kind outside of a laboratory setting. It
is possible that the strong binding affinity between thiols in
peat and Hg(II) causes a reduction in the bioavailability for
methylation in the porewaters. As opposed to peatland soil,
studies of porewater have found a positive relationship
between k,, and small molecular thiols.”” It should be noted
that in the deep peat, organic monosulfides are not causing a
decrease in MeHg. Methylmercury is low in the catotelm
because THg concentrations are low. The deep peat is also
characterized by lower microbial activity at depths due to
environmental conditions. Organic monosulfides in the
peatland soil affecting the bioavailability of mercury in the
porewater are likely restricted to the acrotelm and mesotelm.

3.4. Ester Sulfate as a Potential Substrate for Sulfur-
Reducing Mercury Methylators. The depths at which the
greatest average methylation rate constant, km, occurred was
—10 to —20 cm and corresponded with the depth of the MeHg
concentration maximum (Figures 3 and 4a). Within the
mesotelm, there was high variability in k. The demethylation
rate constant is variable among replicates and has no significant
differences with depth, so the depth profile can be considered
flat (Figure 4b). The greatest net methylation potential, based
on the ratio of k,, to kg, would occur at —10 to —20 cm depth,
whereas the greatest net demethylation potential would occur
above and below those depths (Figure 4c). Between 2002 and
2012, the water table at the S1 bog is most often located
between 0 and —30 cm.”

Total mercury concentration and methylation rate constant
values are strongly and positively correlated Rg,cqrman = 0.86, p-
value < 0.05 (Figure S4: THg comparison plots with rate data)
and this correlation is consistent with previous findings.””'"’
Total mercury concentration and demethylation rate constant
values are moderately and negatively correlated (Rspeammm =
—0.41, p-value < 0.05, Figure S4: THg comparison plots with
rate data). Methylmercury concentration and the methylation
rate constant values are strongly and positively correlated
(Rspearman = 0.67, p-value < 0.05, Figure S5: MeHg comparison
plots with rate data). This positive correlation is consistent
with a past study based in saltwater marshes where the
correlation between percent MeHg of THg and the
methylation rate constant was Rgpearson = 0.80.”” Methylmer-
cury concentration and the demethylation rate constant values
are weakly and negatively correlated (Rspearman = —0.39, p-value
< 0.0, Figure SS: MeHg comparison plots with rate data).

A unique finding in this study is that k, was positively
correlated to total oxidized organic sulfur species and ester
sulfate in peat (Rspearman = 0.38 and 0.56, respectively). The
positive correlation between ester sulfate and k, provides
evidence for ester sulfate being the reactant in the microbially
mediated methylation process via sulfate reduction. Inorganic
sulfate was detected in a few of the samples but was not
common (Tables S3: proportions of sulfur species for
hummocks and S4: proportions of sulfur species for hollows).
This finding is consistent with past studies that showed that
ester sulfate can be utilized by SRB as a terminal electron
acceptor in the absence of inorganic sulfate.'”'*'™'% Pore-
water sulfate pools are low (sub-umol L™!, Figure S6: depth
profiles of mean porewater chemistry), so the positive
correlation between k, and solid-phase ester sulfate may
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Figure 4. Rate constant profiles from the S1 bog, August 2016. Rate
constant (k,,) is the potential methylation constant (a), kg is the
potential demethylation constant (b), and k., is calculated as k,, + kg
X 100 (c). Error bars are 95% confidence intervals. Means with the
same letter are not statistically different from each other (p > 0.05).
Blue dashed line is the water table height on the day of sampling.

indicate that the solid-phase sulfur pools, which have a much
larger sulfur concentration range, may be available to microbial
activity or exchanging with the porewaters. Congruently, k,
was negatively correlated with total reduced sulfur species
(Rspearman = —0.38), indicating that as sulfur is reduced, along
with producing MeHg, potential methylation rates decrease.
A variety of biogeochemical pools and processes contribute
to the abundance and speciation of sulfur and mercury in an
ombrotrophic peatland. Microorganisms and plants immobilize
atmospherically deposited sulfate as organic sulfur species
through assimilatory and dissimilatory sulfate reduction.'”*~"%”
Sulfate-reducing microbes are known to link sulfate reduction
to the formation of reactive hydrogen sulfide (HZSaq) and
mercury methylation.”**>'%%'% Several lines of evidence in
our findings suggest that dissimilatory sulfate reduction
processes were important in the subsurface peat. Porewater
sulfate concentrations in hollows revealed a substantial
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decrease from 0 to —50 cm and high variability at —30 cm
(Figure S6: depth profiles of mean porewater chemistry). At
the same time, porewater profiles of total dissolved sulfide
(H,S,q and HS™, ) showed maxima at —30 cm, suggesting the
occurrence of sulfate reduction processes at this depth (Figure
S6: depth profiles of mean porewater chemistry). As MeHg is
produced as a co-product with hydrogen sulfide, similar depths
of maximum MeHg concentrations and maximum reduced
sulfur species are expected and substantiated by our data
(Figures 2 and 3). Drying of peatland soils during low water
table events may oxidize these organic sulfur compounds and
provide sulfate to fuel net MeHg production following
subsequent wetting events.'> Thus, dry-to-wet cycles can
liberate sulfate and create the potential for increased MeHg
fluxes to surface waters.'>*"" %!t

Our findings will serve as a time zero characterization of the
SPRUCE project, a large-scale temperature and elevated CO,
manipulation experiment, which was fully initiated in 2016. We
anticipate that projected climate changes in the northern
hemispheric boreal ecotone will change mercury release from
peatlands to downstream aquatic ecosystems and the
atmosphere. For instance, climate change and its associated
effects on water table fluctuations may drive the subsurface
maxima in reduced organic sulfur concentrations, MeHg
concentrations, and microbial activity deeper into the peat.
The net effect of these changes on mercury fluxes from
peatlands under climate warming is currently under inves-
tigation.
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Impact of Water Table Height

The water table is critical in determining how much MeHg is produced and exported from

peatlands. When the water table is high, more MeHg is produced and there is more lateral runoff

leaving the peatland and entering the downstream surface waters. When the water table is low,

MeHg continues to be produced and there is little or no direct export from the peatland to surface

waters. Re-wetting events are also important because MeHg is released as a surge during the re-

wetting event. The porewater mercury concentrations would respond more quickly to changes in

the water table than peat mercury concentrations.

Recent articles by Haynes et al. have directly investigated the impacts of changing water tables

on porewater mercury, gaseous mercury, and peat mercury 2,

Porewater: Lower and more variable water table regimes increase both THg and MeHg
concentrations in peat porewater. These differences are related to greater peat
decomposition and internal renewal of electron acceptors *.

Gaseous: Re-wetting of peat following extended water table drawdown may increase
gaseous mercury fluxes. Once saturated, emission of mercury to the atmosphere may be
inhibited 2.

Solid peat: Peat THg and MeHg concentrations increased significantly within the
mesotelm when water tables were lowered. Increased desorption of Hg(Il) and MeHg
from the solid phase peat into porewater occurred with a lowered water table, likely due
to enhanced aerobic peat decomposition. Deeper, more variable water tables coincided
with increased MeHg accumulation within the mesotelm. Persistent high water tables

promoted the net downward movement of Hg(l1) and MeHg °.
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These studies by Haynes et al. involved an experiment where the water table was experimentally
changed over 20 cm. However, over the course of 1998 to 2012, including prolonged droughts
during 2006 and 2007, the water table in the S1 bog had a maximum elevation change of 94 cm.

This means the findings in Haynes et al. might be even more amplified in our field site.

Detailed Methods
2.2 Sampling Methods

Peat cores were collected to a depth of -200 cm from six locations in triplicate for a total of 18
cores in August 2012. Three cores were obtained within close proximity and composited
according to depth. A total of 164 samples were collected. A 7.5 cm stainless steel drill (rotary)
corer was used to collect surface samples (0 to -30 cm) *. Deeper peat cores were collected with
a Russian peat corer ° from hummock and hollow surfaces to depths of 200 cm. Depths -30 cm to
-50 cm were divided in 10 cm increments and depths -50 cm to -200 cm were divided in 25 cm
increments 4. All depths were reported with respect to hollow surfaces (0 cm); negative values
indicate depths below the hollow surface elevation, while positive values indicate depths within
hummaocks and above the hollow surface. Subsamples were immediately taken for sulfur and
mercury analyses. Subsamples for sulfur analyses were processed in a glove-bag in the field and
stored in argon filled mylar pouches containing Anaeropack oxygen scrubbers (R681001,
Mitsubishi Gas Chemical Co., Tokyo, Japan) in a freezer to prevent oxidative changes to the
samples. All samples for sulfur were protected from ambient oxygen during sample shipping,
storage, and analysis. Subsamples for mercury analyses were stored frozen until freeze-dried for

further analysis.

Porewaters were collected in October 2013 from six piezometer nests located near the location of

the collected cores ©. The day before sampling, all water was removed from the piezometers and
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the headspace was purged with argon. On the day of sampling the porewaters had refilled the
piezometers while still overlayed with argon. The porewaters were pumped via acid-washed
peristaltic pump tubing connected to a hypodermic needle through a luer-lock adapter into pre-
evacuated serum bottles filled with nitrogen. Piezometers were made from 5 cm diameter
polyvinyl chloride (PVC) pipe and were screened with 0.25 mm slots every 1 cm over 10 cm

intervals. The top of the screened interval was placed at 0, -30, -50, and -100 cm depths.

2.3 Sulfur Concentration and Speciation in Peatland Soil

Peat and Sphagnum subsamples (S. divinum and S. angustifolium/fallax) collected from surface
and subsurface layers were dried in a Bel-art gas purge box flushed with argon or nitrogen
continuously for 3 - 4 days. Dried peat and Sphagnum samples were homogenized under liquid
nitrogen using a ceramic mortar and pestle in a portable Captair pyramid glovebox, split for
elemental analysis and sulfur 1s X-ray absorption near edge structure (XANES) spectroscopy,
and sealed in argon filled mylar pouches containing Anaeropack oxygen scrubbers before further
analyses. The purpose of measuring sulfur XANES in Sphagnum was to measure the sulfur

chemistry from living biomass input.

At the SXRMB beamline, ground samples were applied on a low-sulfur double-adhesive carbon
tape and attached to a copper multi-sample plate in a portable glove-bag filled with argon under
positive gas pressure. At the 9-BM beamline, a stainless-steel pelletizer was used to form peat
pellets which were deposited on a double-adhesive carbon tape attached to a sample holder. At
both beamlines, the prepped samples were sealed in a mylar bag until placed into the sample
chamber under a helium atmosphere or vacuum for analysis with fluorescence detection.

Replicate analyses demonstrated that XANES spectra were reproducible in helium and vacuum.
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At both SXRMB and 9-BM beamlines, photon damage to the samples was not observed and each
spectrum was the average of two to three scans per sample. Energy calibration of the
monochromator was performed using gypsum (CaSOas) with the absorption maximum set to a

value of 2482.74 eV.

Sulfur XANES spectra were energy calibrated, averaged, pre-edge subtracted, and post-edge
normalized in Athena ’. Sulfur XANES spectra were analyzed by linear combination fitting
(LCF) with reference spectra using mrfitty 8. Linear combination fitting results in a description of
each experimental spectrum as a proportion of reference spectra on a per atom basis. The
appearance of a reference spectrum, for example, sodium dodecyl sulfate (SDS), in the final best
fit does not indicate that SDS is in the sample. Rather, it indicates that the sulfur in the sample
has a bonding, coordination, and valance state similar to the sulfur in the reference material.
Therefore, LCF results are binned to translate from specific reference spectra (e.g., SDS) to the
sulfur species it represents (e.g., ester sulfate) (Table S4 and S5). For environmental samples, the
quality of the fit depends on the degree to which the reference spectra are representative of the

chemistry of the field site.
2.4 Acid Volatile Sulfur and Sulfate in Porewaters

Porewaters were pumped into 50 ml serum bottles loaded with 1N Zn-acetate and concentrated
NaOH in a pure nitrogen environment and kept refrigerated for acid volatile sulfur analysis. A
measured amount of sample was acidified with HCI in an extraction vessel; all acid-extractable
sulfides in the sample were protonated to form H2S. The H2S was flushed from the extraction jar
by oxygen-free N2 gas into a trapping vial containing 0.25 M NaOH trapping solution. The

methylene blue colorimetric method °® was used for sulfide analysis through the reaction of H2S
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and dimethyl-p-phenylenediamine in the presence of ferric iron in an acidic matrix. Solution
absorbance was measured at 660 nM on a Lachat QuikChem 8000 Autoanalyzer Lachat *°.
Standards were created from a stock saturated sodium sulfide solution. The concentration of the
stock was determined by diluting an aliquot of stock solution in sulfide antioxidizing buffer and
then titrating to the endpoint with 0.1 M lead perchlorate solution. An Orion silver/sulfide
electrode was used to measure the titration. Standards and samples were analyzed within minutes

of creation.
2.5 Total Mercury and MeHg Concentration in Peatland Soil

Prior to THg analysis, freeze-dried peat samples were digested in concentrated nitric acid
overnight at 70 °C 112, Prior to MeHg analysis, separate freeze-dried peat subsamples were
digested in potassium hydroxide/methanol for 4 hours at 90 °C 3, Ten percent of samples
analyzed for THg or MeHg were run in duplicate or spiked with known amounts of THg or
MeHg (respectively). In addition, blanks and standard reference material were run every ~15

samples.
2.6 Instantaneous mercury methylation and demethylation rate constants

Samples for instantaneous methylation/demethylation rates were collected in 2016 from the S1
bog. Using the same approach as outlined in Mitchell and Gilmour (2008) *#, peat was incubated
with simultaneous additions of enriched-abundance 2°°Hg?* (94.3%) and Me**Hg* (84.7%; both
isotopes from Trace Science International) and analyzed for the production or degradation of
labelled MeHg to assess potential methylation and demethylation rates constants, respectively.
Peat was incubated in clear polycarbonate 5 cm diameter core tubes in the dark at 19 °C for 16

hours. Incubations were finalized by extruding the top 30 cm at 5 cm intervals and then 10 cm
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intervals for the remainder of the core (to -50 cm), and then immediately freezing the samples.

Peat samples were freeze-dried and homogenized before analysis.

For MeHg analysis, samples were distilled and then analyzed by isotope dilution — gas
chromatography — inductively couple plasma mass spectrometry (ID-GC-ICPMS), as established
by Hintelmann (1997) *® and recently described in Haynes et al. (2019) 3. Concentrations of both
ambient and Me?®Hg concentrations in excess of natural abundance were obtained from the
same sample according to the isotope dilution calculations of Hintelmann and Ogrinc (2003) °.
For THg analysis, the peat samples were digested in at 70 °C nitric acid and analyzed per US
EPA Method 1631 17 on a Tekran 2600 system, but hyphenated to the ICP-MS for detection of
isotopes. The initial concentrations of excess Me?*Hg were given as the value of excess T?'Hg

at the end of the incubation, given that the methylated mercury isotope was entirely MeHg.
2.7 hgcAB Primer Sequencing

A total of 47 samples were collected from the S1 bog as described in section 2.2. Soil samples
were stored at —80 °C prior to DNA extraction. Genomic DNA (gDNA) was isolated from soils
using the MoBio Powersoil kit (now Qiagen DNeasy) with the addition of a 30-minute

incubation at 65 °C following the bead beating step.

For hgcAB amplification, 20 pL reaction mixtures contained 0.5 uM of primers ORNL-HgcAB-
uni-F (5" AAYGTCTGGTGYGCNGCVGG) and ORNL-HgcAB-uni-32R (5° CAG GCN CCG
CAY TCS ATR CA), Apex TagRed polymerase (Genesee Scientific, San Diego, CA, United
States), and 0.5 ng pL* (final concentration) gDNA template 8. A touch-down PCR protocol was
used with pre-incubation (2 minutes at 98 °C), then 5 cycles of denaturation (30 seconds at 98 °C),

annealing (30 seconds at 68 °C; —1 °C per cycle), and extension (30 seconds at 72 °C), then 30

S6
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cycles of denaturation (30 seconds at 98 °C), annealing (30 seconds at 63 °C), and extension (60

seconds at 72 °C), then a final incubation step (2 minutes at 72 °C).

To create the clone libraries, hgcAB PCR products (~ 950 bp) from each sample were excised
from an 1% agarose gel, cleaned with Wizard SV Gel and PCR Clean-Up system (Promega,
Madison, WI, United States) and cloned into One Shot TOP10 cells with TOPO-TA cloning kit
(Invitrogen, Waltham, MA, United States). Cloned plasmids were screened for the ~ 1150 bp
insert using 100 pM of MI13F (5 GTAAAACGACGGCCAG) and MI3R (5
CAGGAAACAGCTATGAC) primers with Apex TagRed polymerase. The insert size was
confirmed (on 1% agarose gel), cleaned (Wizard SV Gel and PCR Clean-Up) and sent for Sanger
sequencing by Eurofins Genomics (Louisville, KY, United States). Approximately 5 clones were

chosen from each of the 47 sample libraries for sequencing, totaling 227 clones.

For classification of the clone sequences, the following pipeline was used. The hgcAB clone
sequences were trimmed of poor-quality bases and forward and reverse sequences aligned using
Geneious version 10.2. While both genes (hgcA and hgcB) were present in cloned sequences, only
the hgcA portion of the sequence was used for downstream analyses. Clone hgcA sequences were
trimmed to 654 nucleotide (nt) base pair (bp), corresponding to the 268 — 955 nt bp region of hgcA
in Pseudodesulfovibrio mercurii ND132 (previously D. desulfuricans ND132, Genbank
CP003220.1, 1150554:1151240) °. Clone hgcA sequences were clustered using ‘cd-hit-est” on a
90 % sequence identity cut-off, then taxonomic classifications were assigned to operational
taxonomic  units  (OTU) using the  ORNL HgcA  reference  package
‘ORNL HgcA 654 full.refpkg’ 820, Taxonomic classifications of HgcA are based on
phylogenetic placement of translated HgcA sequences on a reference tree using ‘pplacer’ and

‘guppy classify” with posterior probability classification cut-off of 90 % 2.
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histogram showing the range of daily water table positions (minimum: -35 cm, maximum: +6

cm) in 2012. Blue dashed line is the water table height on the day of sampling.
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Figure S3 hgcAB gene presence by binned group. Both hgcA and hgcB must be present but the
taxonomy profile is based only on hgcA. Geobacter includes the genus Geobacter which uses
iron as a terminal electron acceptor. Methano-x includes the genera Methanolobus,
Methanomicrobia, Methanoregula, and Methanosphaerula which are methanogens. X-sulfuro-x
includes the genuses Desulfuromonas and Desulfobacca which use sulfate as a terminal electron
acceptor. Other includes the genuses Auricularia, Bradyrhizobium, Dehalococcoides,
Ethanoligenens, Granulicella, Koribacter, Microvirga, Pseudomonas, Rhodoplanes, Solibacter,
Sulfuricella, and Vigna. Uncultured are microbes that have not yet been cultured and
characterized. In the hollows, hgcAB was not identified in depths 0 cm to -30 cm. At a depth of -
100 cm the sampling interval increased, resulting in a wider spacing in the bars.
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Figure S5. MeHg comparison plots of rate data from the S1 bog, August 2016. The left panel is
the comparison of methylation rate constants to MeHg concetration and the right panel is the
comparisn with demethylation rate constants. The spearman correlation coefficients are labeled

as “Rho =" and the significance is listed below rho. All trends are significant (p < 0.05)
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197  Table S1. Complete list of sulfur reference compounds.

Reference Filename S)ézc;r;?:r::n Compound Species Bin Name Sulf:;(—)iet?/ring O);Lci:;t)i(on Energy (eV) Source
ANSA_ALS*® ALS-10.3.2  1-Amino-2-napthol-4-sulfonic acid Sulfonate R-SOz-H +5 2481.31 e
Benzo_thiophene_YF_CLS" CLS-SXRMB Benzothiophene Thiophene Aromatic =R-S-R'= +1 2473.72 f
Bithiophene_YF_CLS CLS-SXRMB Bithiophene Thiophene Aromatic =R-S-R'= +1 2474.62 g
Cysteine_CLS_TEY_May 2015 ° CLS-SXRMB Cysteine Thiol R-S-H +0.2 2473.60 h
Cystine_APS_TEY d APS-9BM Cystine Organic Disulfide R-S-S-R' -0.4 2472.75 ] 2474.46 h
Gypsum_ALS_TEY ALS-10.3.2 Gypsum Inorganic Sulfate CasSO, +6 2482.69 e
Homocysteic_acid_ALS ALS-10.3.2 Homocysteic acid Sulfonate R-SO3-H +5 2481.10 e
Methionine_CLS_TEY CLS-SXRMB Methionine Organic Monosulfide R-S-R' +0.3 2473.60 h
Methionine_sulfoxide_CLS_TEY CLS-SXRMB Sulfoxide Sulfoxide R-S(=0)-R' +2 2476.33 h
Saccharin_YF_CLS CLS-SXRMB Sulfonamide Sulfone R-SO,-R' +4 2480.02 g
SDS_CLS_TEY CLS-SXRMB Sodium dodecyl sulfate Ester Sulfate RO-S(=0),-O- +6 2482.75 h
Sulfite_ALS ALS-10.3.2 Sulfite Sulfite Na25032' +4 2478.54 /1 2482.14 e i

a. Advanced Light Source (ALS) are measured in Total Electron Yield (TEY)
b. Canadian Light Source (CLS) are measured in TEY unless designated as "ambient"”

c. Total Electron Yield (TEY) detection mode

d. Advanced Photon Source (APS)
e. Zengetal. 2013
f. Behyan etal. 2013
g. Current article
h. Cron et al. 2020
198 i. Manceau and Nagy 2012
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199  Table S2. Potential rate constant quality control and assurance measures

Ambient MeHg Me?*Hg Me?**Hg
-, L CRM - o . L
Precision Det. Limit - Precision Det. Limit Precision Det. Limit
recovery
0.035 0.04ng g* 102 + 5% 0.07 0.01ngg? 0.01 0.01ngg?
Ambient THg T20Hg T2Hg
-, . CRM . . -, .
Precision Det. Limit - Precision Det. Limit Precision Det. Limit
recovery
0.017 1.2ngg? 103 + 5% 0.037 11lngg? 0.051 02ngg*

*CRM = certified reference material; ERM CC580 for MeHg, MESS-3 for THg
200

201
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Table S3. Hummocks - Proportions of sulfur species as calculated by linear combination fittings in living Sphagnum and peat profiles

from cores collected in 2012. All values are reported at mol % on a per atom basis. Total oxidized sulfur is the sum of inorganic

sulfate, ester sulfate, sulfone, sulfonate, and sulfoxide. Total reduced sulfur is the sum of thiol, organic monosulfide, thiophene, and

organic disulfide.

Sample ID

Depth to

Inorganic

Ester Sulfate

Sulfone &

Sulfoxide (%)

Total Oxidized

Thiol & Organic

Monosulfide &

Organic

Total Reduced

midpoint (cm)  Sulfate (%) (%) Sulfonate (%) Sulfur (%) Thiophene (%) disulfide (%) Sulfur (%)
$. angustifolium Top 0 10 33 0 43 36 15 51
/ fallax
S. divinum Top 16 0 30 0 46 33 13 46
06_T_Hum 21 0 17 22 0 39 39 14 52
10_T_Hum 25 13 0 32 0 45 37 12 49
13 T _Hum 25 0 21 14 11 46 46 0 46
Average 4 13 23 4 43 41 9 49
06_T_Hum 15 0 34 0 12 46 32 17 49
10_T_Hum 15 0 23 20 14 56 37 0 37
13 T _Hum 15 0 21 18 13 53 40 0 40
Average 0 26 13 13 52 37 42
06_T_Hum 5 0 33 0 12 45 33 19 52
10_T_Hum 5 0 16 21 0 37 36 23 59
13 T _Hum 5 0 18 22 0 40 36 16 52
Average 0 22 14 4 41 35 19 54
06_T_Hum -5 0 12 16 0 29 37 27 64
10_T_Hum -5 0 12 19 0 31 34 28 62
13 T _Hum -5 0 13 20 0 33 35 27 61
Average 0 13 18 0 31 35 27 62
06_T_Hum -25 0 16 20 0 35 34 25 59
10_T_Hum -25 0 14 24 0 38 35 22 57
13_T_Hum 25 0 0 22 0 22 48 25 73
Average 0 10 22 0 32 39 24 63
06_T_Hum -35 0 11 20 0 32 39 24 63
10_T_Hum -35 0 12 23 0 35 37 23 59
13_T_Hum -35 0 0 23 0 23 47 26 73
Average 0 8 22 0 30 41 24 65
06_T_Hum -95 0 10 15 0 25 47 23 70
10_T_Hum -95 0 12 19 0 31 42 22 64
13_T_Hum -95 0 11 17 0 28 45 23 68
Average 0 11 17 0 28 45 23 67
06_T_Hum -188 0 8 15 0 23 49 23 72
10_T_Hum -188 0 8 18 0 26 44 26 70
13_T_Hum -188 0 7 17 0 24 47 24 71
Average 0 8 17 0 25 47 24 71
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207  Table S4. Hollows - Proportions of sulfur species as calculated by linear combination fittings in living Sphagnum and peat profiles
208  from cores collected in 2012. All values are reported at mol % on a per atom basis. Total oxidized sulfur is the sum of inorganic
209  sulfate, ester sulfate, sulfone, sulfonate, and sulfoxide. Total reduced sulfur is the sum of thiol, organic monosulfide, thiophene, and

210  organic disulfide.

Thiol & Organic

Depth to Inorganic  Ester Sulfate Sulfone & . Total Oxidized . Organic Total Reduced

SampleID  iioint cm)  Sulfate (%) (%) Sulfonate (%) U9 (%) g e (06 ?Ahﬁ?)gi”e':ed@/f)‘ disulfide (%)  Sulfur (%)
06_T_Hol -5 21 0 18 12 51 40 0 40
07_T_Hol -5 15 0 18 0 33 36 24 60
10_T_Hol -5 0 30 0 14 44 35 16 51
13_T_Hol -5 0 21 16 12 49 43 0 43
17_T_Hol 5 0 26 13 12 50 42 0 42
21 T Hol -5 0 34 0 13 47 31 18 49
Average 6 18 11 10 46 38 10 48
06_T_Hol -25 0 18 20 0 38 38 20 58
07_T_Hol -25 0 23 16 0 39 32 22 54
10_T Hol -25 0 10 17 0 28 36 30 66
13 T _Hol -25 0 15 16 0 31 39 23 62
17_T_Hol -25 0 10 18 0 28 38 27 66
21_T_Hol -25 0 0 32 12 44 30 21 52
Average 0 13 20 2 35 36 24 59
06_T_Hol -35 0 11 20 0 31 38 25 62
07_T_Hol -35 0 15 19 0 33 33 28 61
10_T_Hol -35 0 15 20 0 36 33 24 57
13_T_Hol -35 0 11 18 0 28 43 24 66
17_T_Hol -35 0 0 26 0 26 46 24 70
21 T Hol -35 0 14 17 0 31 35 29 64
Average 0 11 20 0 31 38 25 63
06_T_Hol -95 NA NA NA NA NA NA NA NA
07_T_Hol -95 0 12 11 0 23 44 25 69
10_T_Hol -95 NA NA NA NA NA NA NA NA
13_T_Hol -95 0 10 14 0 24 47 22 69
17_T _Hol 95 8 0 13 0 22 51 24 75
21 T Hol -95 0 9 16 0 25 45 24 69
Average 2 8 14 0 24 47 24 71
06_T_Hol -187.5 0 10 13 0 24 47 20 67
07_T_Hol -187.5 0 9 13 0 23 49 22 71
10_T Hol -187.5 0 10 10 0 21 49 26 75
13 T_Hol -187.5 0 12 11 0 22 52 21 74
17_T_Hol -187.5 0 8 13 0 21 52 22 74
21_T_Hol -187.5 0 8 15 0 23 50 23 I3
211 Average 0 10 13 0 22 50 23 72
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212 Table S5. Mean sulfur speciation in two Sphagnum taxa and peatland soils as a function of hummock and hollow topography and
213 depth. All values are reported at mol % on a per atom basis. Total oxidized sulfur is the sum of inorganic sulfate, ester sulfate, sulfone,
214  sulfonate, and sulfoxide. Total oxidized sulfur decreases with depth. Total reduced sulfur is the sum of thiol, organic monosulfide,

215  thiophene, and organic disulfide. Total reduced sulfur increases with depth.

Thiol &
Sample Depth SE(:EL Inorganic Ester Sulfate Sulfone & Sulfoxide (%) Total Oxidized Organic Organic Total Reduced
Description (cm) (MM/kg) Sulfate (%) (%) Sulfonate (%) ° Sulfur (%) Monosulfide &  disulfide (%) Sulfur (%)
4 Thiophene (%)
S. a”gf“;tl';)‘f"”m ! NA NA 0 10 33 0 43 36 15 51
S. divinum NA NA 16 0 30 0 46 33 13 46
5 48 6 18 11 10 46 38 10 48
25 63 0 13 20 2 35 36 24 59
Hollow -35 7 0 11 20 0 31 38 25 63
-95 59 2 8 14 0 24 47 24 71
-1875 69 0 10 13 0 22 50 23 72
+25 33 4 13 23 4 43 41 9 49
+15 39 0 26 13 13 52 37 6 42
+5 41 0 22 14 4 4 35 19 54
5 7 0 13 18 0 31 35 27 62
Hummock
-25 68 0 10 22 0 32 39 24 63
-35 63 0 8 22 0 30 41 24 65
-95 64 0 11 17 0 28 45 23 67
-1875 76 0 8 17 0 25 47 24 71

216
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217

218

219

220

Table S6. Mean mercury concentrations in peatland soils as a function of hummock and hollow

topography and depth. % MeHg is calculated as MeHg + THg x 100.

Sample

Depth

THg

MeHg

Description (cm) (ng/g) (ng/g) % MeHg
Hollow 5 74.5 0.8 1.2
Hollow 25 126.7 25 1.9
Hollow .35 102.6 2.7 2.4
Hollow -95 33.4 0.7 2.2
Hollow -187.5 36.8 0.2 0.6

Hummock +25 42.4 0.3 0.7
Hummaock +15 57.8 0.3 05
Hummaock +5 92.9 1.3 14
Hummaock 5 140.7 3.6 2.6
Hummock -25 104.0 13 1.2
Hummock -35 79.0 1.4 18
Hummock -95 35.0 0.5 1.4
Hummock -187.5 44.2 0.6 1.2
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221  Table S7. Spearman’s correlations (rho) between sulfur species and mercury in samples from

222 hollow (n = 30) and hummock cores (n = 24). Only significant p-values are displayed (p < 0.05).

223 Black rho values are positive and red rho values are negative. Variables with an “NA” did not

224  have correlation results that were statistically significant.

Hollow Hummock
Total Mercury
Rho P-Value Rho P-Value
MeHg (ng/g) 0.726 <0.0001 MeHg (ng/g) 0.793 <0.0001
Ester Sulfate (%) 0.516  <0.01 Ester Sulfate (%) NA NA

Sulfone and Sulfonate

Sulfone and Sulfonate

(%) 0.467 0.01 (%) NA NA
Thiol, Monosulfide, Thiol, Monosulfide,

Thiophene (%) -0.751 <0.0001 Thiophene (%) -0.557 <0.01
Oxidized Total (%) 0.596 <0.001 NA NA
Reduced Total (%) -0.598  <0.001 NA NA

Methylmercury
Rho P-Value Rho P-Value
THg (ng/g) 0.726 <0.0001 THg (ng/g) 0.793 <0.0001
Sulfone and Sulfonate Sulfone and Sulfonate
%) 0.634 <0.001 %)
Thiol, Monosulfide, Thiol, Monosulfide,
Thiophene (%) 0.594 <001 Thiophene (%) -0.506 0012
Organic Disulfide (%)  0.617  <0.01
Oxidized Total (%) 0.433  0.021
Reduced Total (%) -0.418  0.028

Percent Methylmercury

Rho P-Value Rho P-Value
Total Sulfur (mM/kg) 0.472 0.02
Sulfone and Sulfonate
0.500 <0.01 NA NA
(%)
NA NA Sulfoxide (%) -0.436  0.03

225

Organic Disulfide (%)  0.670  <0.001
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227

228

229

230
231

232

Table S8. Spearman’s correlations between sulfur species and potential methylation rate
constants in the S1 bog from 2012 and 2016, n=36. Variables with an “NA” did not have

correlation results that were statistically significant.

K (d7) ®
Rho  P-Value
Ester Sulfate (%) 0.555 <0.001
Sulfone/Sulfonate (%) -0.377  0.023
Total Oxidized (%)  0.377  0.023
Total Reduced (%) -0.377  0.023
ka ()"
Rho  P-Value
N/A N/A N/A
kratioC
Rho  P-Value
Ester Sulfate (%) 0.466  <0.01
Thiols / Monosulfides
/ Thiophenes (%) 03740035

a. potential methylation constant

b. potential demethylation constant

C. Kiatio = Ki/Kg*100

Table S9. Mean potential rate constants in peatland soils as a function of depth. The Kratio iS Km/

kg * 100.

T k@) k@) ko
0 0.001 2.702 0.021
-5 0.003 2.539 0.123
-10 0.011 1.638 0.653
-15 0.012 1.449 0.815
-20 0.008 1.742 0.464
-25 0.005 2.441 0.214
-30 0.003 1.935 0.151
-40 0.002 2.312 0.081
-50 0.001 3.024 0.041
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