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Natural wetland emissions of methylated
trace elements

Bas Vriens"2, Markus Lenz3#4, Laurent Charlet®, Michael Berg1 & Lenny H.E. Winkel'2

Natural wetlands are well known for their significant methane emissions. However, trace
element emissions via biomethylation and subsequent volatilization from pristine wetlands
are virtually unstudied, even though wetlands constitute large reservoirs for trace elements.
Here we show that the average volatile fluxes of selenium (<0.12 ugm‘zday_1), sulphur
(<37pgm_2day_1) and arsenic (<O.54ugm_2day_1) from a pristine peatland are
considerable and consistent over two summers. We compare these fluxes with the total
concentrations in the peat and show that selenium is up to 40 times more efficiently vola-
tilized than arsenic, and over 100 times more efficiently volatilized than sulphur. We further
show that the volatilization of selenium and arsenic increases with temperature, implying that
emissions of these health-relevant trace elements will increase with global warming. We
suggest that biomethylation and volatilization in wetlands play a crucial role in the mobili-
zation and global biogeochemical cycling of trace elements.
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he trace element selenium (Se) is essential for human

health!. However, many agricultural soils are deficient in

bioavailable Se, and it is estimated that up to 0.5 to 1 billion
people have deficient Se intake?. Despite the importance of Se for
human health, crucial aspects of the biogeochemical behaviour of
Se in the environment are poorly understood. An important
contribution to global Se cycling is suggested to be biological
methylation and subsequent volatilization to the atmosphere®?,
However, global scale estimates of this Se flux are based on little
experimental evidence and contain large uncertainties?.

In the terrestrial environment, quantification of Se volatiliza-
tion has almost exclusively been done in contaminated environ-
ments in the frame of (phyto-)remediation of Se-rich soils, such
as in the San Joaquin Valley in California (US)>. Atmospheric Se
fluxes have been characterized in Se-enriched areas using so-
called closed-box methods (also dynamic flux chambers)®” and in
laboratory incubation experiments of soils®’, which have often
been amended with carbon and/or Se to promote volatilization’.
Globally, however, Se-contaminated sites are relatively small in
size and number compared with the larger and more prevalent
Se-deficient regions. Field and laboratory studies investigating
atmospheric Se fluxes from Se-deficient environments are scarce.
Volatilization may decrease available Se in soils, thus worsening Se
deficiency, and subsequent atmospheric deposition may increase Se
concentrations in surface environments. Quantification of volatile
Se fluxes that control terrestrial Se distribution in natural (pristine)
environments is therefore essential.

Wetlands constitute ~6-11% of the world’s land area and are
significant reservoirs in the biogeochemical cycle of carbon and
other major and trace elements'", Biomethylation is an important
biogeochemical process in carbon-rich environments such as
wetlands. Biomethylation of sulphur (S) occurs in marine and
terrestrial environments, and contributes significantly to the
global biogeochemical S cycle (mostly via dimethyl sulphide
(DMS))!. Due to chemical similarities between Se and S, it has
been postulated that the elements have similar biomethylation
pathways'>13, Similarly to Se, arsenic (As) is a trace element
irregularly distributed in soils and groundwater, and elevated
levels of inorganic As in groundwater in Southeast Asia, for
example, have resulted in serious human health problems!?.
Similar to Se and S, As also forms organic, methylated species in
nature!>!®, Methylation and subsequent volatilization of As have
been quantified in laboratory experiments (for example,
incubation studies with contaminated soils!”’) but rarely in
natural environments!819,

Since the (bio)geochemistry of Se and As is closely inter-
linked with S in many environments'>?, investigating the
biogeochemical cycles of Se and As in relation to that of S is
important. In this context, we study volatilization and surface
concentrations of Se, S and As simultaneously from a
minerotrophic peatland in Southern Switzerland (Fig. 1), using
a novel gas-trapping technique where nitric acid is applied as a
trapping liquid and using state-of-the-art speciation methods. We
report simultaneous volatile Se, S and As fluxes and speciation
from a pristine wetland, and show that Se has a considerably
higher relative volatilization efficiency than S and As.

Results

Elemental emissions from the peatland. Figure 2a,b depicts the
amounts of volatile Se, S and As trapped from the air over the
peat bog over the course of 10 days and 14 days in 2010 and 2012,
respectively. The cumulative trapped Se, S and As concentrations
in the 2012 campaign are best described by a linear fit (R>>0.77
for all elements), indicating similar and relatively constant
emissions during the experiment. From the slope of the linear fit
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to the cumulative total trapped elemental concentrations,
we calculated the average volatilization fluxes over the total
duration of the field campaign: 0.11pg Se m~2 day
37ug S m~2 day ! and 0.16 ug As m ~ 2 day ~ L. In contrast, in
2010, the fluxes decreased towards the end of the campaign, and
the overall trends were better described by parabolic functions
(R*>0.96 for Se and As). In the 2010 campaign, the fluxes were
0.12ug Se m ~2 day ~ ! and 0.54 ug As m ~2 day ~ ! in the first
75h (linear period) of the experiment.

The calculated Se flux in 2010 is similar to that in 2012,
whereas the calculated As flux of 2010 was 3.5 times higher than
in 2012. Differences in the absolute amount and trends of
volatilization of Se and As in 2010 and 2012 are potentially
explained by spatial’! and temporal heterogeneity in peat element
concentration (for example, due to precipitation and surface
water flow) during the two field campaigns (Supplementary
Fig. 1). No systematic relation between the Se and As
concentrations in the trapping liquids is observed, but a
positive correlation between the S and Se concentrations in the
trapping liquids is observed with a linear correlation coefficient
R2=0.60 (N=13) over a wide concentration range (see
Supplementary Fig. 2).

A thorough comparison of the observed fluxes of Se, S and As
in this study with those observed in earlier studies is provided in
Supplementary Table 1. Summarized, the recorded flux of volatile
S (37 ugm ~ 2 day ~!) is within the same order of magnitude as
previous field and laboratory experiments with soils but lower
than the fluxes measured from sediments. The recorded fluxes of
total As (0.16-0.54 ug m ~ 2 day ~!) are higher than the total As
fluxes observed earlier in field and laboratory studies of pristine
and amended soils, possibly due to local enrichments of As
at the surface of the peat in Gola di Lago?>?!. In contrast, the
recorded fluxes of volatilized Se (0.11-0.12 pg m ~2 day ~!) are
considerably lower than the total Se fluxes measured from Se-rich
soils (both in the field and in laboratory studies). These
differences in fluxes imply that volatilization estimates of Se, S
and As may vary significantly depending on the studied
environmental system and experimental conditions, and more
importantly, that natural endogenous Se volatilization may be
consistently overestimated from studies conducted on Se-
enriched peat or soils?’, either in field studies or using
laboratory incubations. In order to accurately assess global
emissions of trace elements from pristine environments, it is
thus crucial to determine volatilization fluxes of trace elements
from representative natural environments.

The relationship between volatilization rates of Se, S and As and
prevailing surface water temperatures is given in Fig. 3 and the
relationship between air temperature and volatilization rates is
given in Supplementary Fig. 3. An increased rate of volatilization
with increasing temperatures of both surface water and air can be
observed, for example, for surface water, a 15 to 40% increase of
volatilization of the studied elements was observed over a 5 °C rise
in temperature. The best fits for the temperature-volatilization
relationships were obtained by non-linear regression (polynomial):
Se (N=13): R*>066, S (N=15): R*>0.79 and As (N=11):
R?>0.70. The present study is the first to report the temperature
dependence of Se volatilization rates in a pristine (unamended)
field site. A comparison with previous studies (see Supplementary
Discussion) reveals that Se volatilization in the studied pristine
environment is up to five times less temperature dependent than
observed in earlier studies’>. In addition, a comparison of the
slopes and shapes of the fitted curves in Fig. 3 and Supplementary
Fig. 3 suggests that Se volatilization is less dependent on
temperature than the volatilization of S and As, which could
indicate that different kinetics and volatilization mechanisms
govern the emissions of Se, As and S.
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Figure 1| Field location and experimental schematic. (a) Geographical location of Gola di Lago, Southern Switzerland. (b) Schematic map of the peat
bog area®, with locations of trapping sets A, B and C. (¢) Diagram depicting the experimental setup with triplicate flow-through boxes. (d) lllustration of a
single flow-through box connected to a glass impinger filled with the trapping liquid (nitric acid). The flow-through boxes were placed in the peat bog, in an
area partially inundated and partially overgrown by vegetation (for details on vegetation2%). Each box was placed over a roughly similar proportion of

inundated surface and vegetation.

Speciation of volatilized selenium and sulphur. Speciation of
volatilized Se and S was investigated in trapping liquids con-
taining >1pgl~! Se or >50pugl~! S (Fig. 2c,d). The samples
varied in both the total concentrations and the abundance of the
trapped species. The fraction of organic, methylated species in the
trapping liquids was dominated by monomethylated species (see
Fig. 2¢,d): MSeA (trapping product of DMDSe) was present in all
samples, and MSA (trapping product of DMDS) was observed in
all but one sample. Di-methylated Se (DMSeOQ; trapping product
of DMSe) was detected in one, and di-methylated S (DMSO;
trapping product of DMS) in three out of six samples (abbre-
viations and details in Table 1 and Supplementary Methods). The
speciation of volatilized As was not investigated because of
demethylation and the consequent loss of information of spe-
ciation during trapping (B. Vriens et al., unpublished data).
DMDSe has been previously detected in air and water’*2> and
in incubated soils?®, and DMDS has been measured in air and
soils in natural and laboratory systems?’. However, previous
studies suggested that DMDSe in terrestrial environments is
strongly retained on soil particles and thus not efficiently
volatilized?®. It is currently believed that DMSe and DMS
volatilization is more significant than DMDSe and DMDS
volatilization®11?°, In addition to trapping products of DMDSe
and DMDS, the dominating presence of MSeA and MSA in the
trapping liquids could also be explained by other processes, such
as atmospheric oxidation of DMSe inside the flow-through box
before trapping in the acid traps (which potentially leads to the
formation of MSeA in analogy to atmospheric gas-phase
reactions of $3°) or the trapping of other species that are
naturally produced (for example, dimethyl selenenyl sulphide

(CHj3-Se-S-CH3, DMSeS)3!, methane selenol (CH;-Se-H)** and
methane thiol (CH;-S-H)?7>32. Furthermore, the anionic species
selenate (SeO,4) and sulphate (SO,) were present in the trapping
liquids, which may be the result of oxidation of inorganic gas
species (hydrogen sulphide (H,S), carbonyl sulphide (COS),
carbon disulphide (CS)M and Se analogues). Finally, variable
amounts of unidentified species (calculated from the total
elemental concentration minus the sum of all identified species)
were present in the trapping liquids (Fig. 2c¢,d). Our results
indicate that the speciation of volatile Se may be more complex
than primarily volatilization of DMSe, which has often been
assumed to be the main form of volatile Se’, in analogy to DMS.
Because the gaseous speciation may affect atmospheric
transformations and thus atmospheric lifetime and mobility,
additional insight into the speciation and physicochemical
behaviour of volatilized Se, S and As is required.

Peat composition and surface water speciation. The con-
centrations of Se, S and As in the surface peat sampled in the
2012 campaign were 2.0 + 0.4 mgkg ~ ! Se, 4500 + 700 mgkg ~ ' S
and 75+35mgkg ! As, on a dry weight basis. The detected
concentrations are similar to previously reported concentrations
of these elements in the surface peat?®*!, Although As was
previously shown to coincide with enrichment of S in Gola di
Lago?! (and explained by complexation with sulphide groups in
organic matter in the form of thio-arsenates?®), in this study, S
and As concentrations in the peat were not correlated.

The total concentrations of Se, S and As in the surface water of
the 2012 campaign varied considerably, and the low Se
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Figure 2 | Emissions from the peatland and gaseous speciation. (a) Cumulative total amounts of trapped Se, S and As (error bars indicate the s.d. of the
triplicate boxes) in set A in 2012, with linear trend lines and correlation coefficients (R2) thereof. (b) Cumulative total amounts of trapped Se and As
(error bars indicate the s.d. of triplicate boxes) in sets A and B in 2010, with polynomial trend lines and correlation coefficients (R2) thereof. (€) Speciation
of Se and (d), S in selected traps, with indicated sampling times (from sets A and C, 2012 campaign). The fraction of unidentified species (other species)
was determined by the difference between the total elemental determination and the sum of all identified species. Error bars indicate the s.d. of the

measurements of triplicate samples.
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Figure 3 | Temperature dependence of emissions. Relationship between
the observed volatile fluxes of Se, S and As and the 24 h average
temperature of surface water (sets A and C, 2012 campaign). The volatile
fluxes were calculated from the measured concentrations in the acid traps
and correlated with the recorded temperatures within the corresponding
trapping period. The trend lines illustrate the best fit non-linear regressions,
with regression type, correlation coefficient (R2) and number of
measurements (N) indicated per element. The error bars represent the s.d.
of the measurements of triplicate trapping liquid samples.

concentrations (on average 0.08 ugl~!) indicate that Se was
relatively depleted in the aqueous phase (Fig. 4a). After rainfall,
the elemental concentrations of most elements decreased due to
dilution (as indicated by decreasing concentrations of conserva-
tive elements such as magnesium and calcium). Redox potential

4

Table 1 | Original volatile Se and S species and
corresponding non-volatile trapping products.

Original volatile species Transformed trapping product*

DMSe Se— DMSeO O
/ N
Se—
DMDSe MSeA O\
_ \
Se-Se Se~OH
DMS S— DMSO O
/ N
S_
/
DMDS / MSA (I)I
S—S
—S—0OH
/ Il
(0]

DMDS, dimethyldisulphide; DMDSe, dimethyldiselenide; DMS, dimethyldisulphide; DMSe,
dimethylselenide; DMSeO, dimethylselenoxide; DMSO, dimethylsulphoxide; MSA,
methanesulphonic acid; MSeA, methaneseleninic acid.

*Based on (B. Vriens et al., unpublished data).

and pH values ranged between — 51 and + 118 mV (versus SHE)
and 4.8 and 6.75, respectively (see also Supplementary Fig. 4),
which can be considered characteristic for suboxic and slightly
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Figure 4 | Surface water composition and speciation. (a) Total concentrations of Se, S and As in surface water of set A in 2012. (b) Speciation of
non-volatile Se, (¢) S and (d) As of selected surface water samples (sets A and C, 2012 campaign), sampled at the indicated sampling times. Errors bars

indicate the s.d. of the measurements of triplicate samples.

acidic peatland waters. No significant correlations were observed
between aqueous elemental concentrations or speciation and
surface water parameters such as dissolved oxygen content, redox
potential, pH and conductivity.

Figure 4b-d depicts the Se, S and As species quantified in
surface water samples (samples were collected parallel to trapping
liquid samples shown in Fig. 2c,d). Non-volatile, methylated Se
(in the form of MSeA) was present in only one of the seven
analysed surface water samples, and to our knowledge, MSeA has
not previously been reported in natural aqueous samples. Other
surface water samples contained selenite (SeO;) and selenate
(SeOy) only. Sulphate was detected in all analysed surface water
samples, but no dissolved methylated forms of S (DMSO or MSA)
were identified. In contrast, the surface water was richer in non-
volatile methylated As than inorganic As (methylated As was
present in the form of monomethyl arsenic acid and dimethyl
arsenic acid; trimethyl arsenoxide was not observed), which
agrees with other studies'® that identified monomethyl arsenic
acid and dimethyl arsenic acid as important organoarsenic
compounds in natural waters. All surface water samples
contained a fraction of unidentified species. Since no
unmatched peaks occurred within 90min in anion
chromatography, other anionic species of Se, S or As were
excluded as present in significant concentrations. The fraction of
unidentified species is most likely explained by dissolved gaseous
species or by (overall) neutral or cationic species (for example,
complexes with organic matter, colloidal Se*3, S or As*, or
elemental Se, which is thermodynamically the most stable species
in water at slightly acidic and redox neutral conditions?).
Although combined As-S or Se-S species have been observed in
natural waters (for example, thio-arsenates in geothermal
waters®>, or DMSeS in marine waters’!), the absence of
corresponding peaks for Se, S or As indicates that such species
were not significantly present in the surface water samples.

Substantial methylation and volatilization from the peat bog
could be inferred from the large fractions of methylated Se and S

species in trapping liquids (Fig. 2c,d). However, potential
methylated precursors for volatile species were scarcer than
inorganic Se and S species in the aqueous phase (Fig. 4b-d). This
dissimilarity between the speciation of the trapping liquids and
surface waters may be caused by a rapid exchange of volatile
species from the aqueous phase with the atmosphere (volatile,
methylated species of Se and S were only indirectly measured in
the gaseous phase), or by plant-mediated volatilization. Man;r
plants are known to directly secrete volatile (methylated) Se!®,
which does not necessarily involve transport through the surface
water.

Preferential volatilization of selenium. To assess the relative
efficiency of volatilization for Se, S and As, the measured con-
centrations in the trapping liquids were compared with those in
the peat and surface water. The absolute volatilization efficiency
(7vo1) of an element X is defined as follows:

Volatilization efficiency from surface water to air:

n _ [X ] Vair
T X] Viater

air

(1)

water
Volatilization efficiency from peat to air:
[X] Vair
Nyol = [X] \
peat

air

(2)

peat

where [X],;, is the average concentration of element X in air (over
the entire field campaign), [X]water and [X]pea: are the average
concentrations of element X in the surface water and surface peat
(over the entire field campaign), respectively. Vyir, Vivater and Vpea
are the volumes of air, surface water and surface peat considered
in the calculation (details in Supplementary Table 2). A schematic
comparison of the relative volatilization efficiencies of Se, S and
As, obtained by normalizing the absolute volatilization efficien-
cies to that of Se, is shown in Fig. 5. Selenium was on average
110 times more efficiently volatilized from the aqueous phase
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Figure 5 | Preferential volatilization of selenium. Diagram illustrating the
relative volatilization efficiency (7,0)) of Se over As and S by the size of the
squares. The relative volatilization efficiency is calculated for water to air
(left) and peat to air (right), using average measured concentrations in air,
water and peat from set A of the 2012 field campaign. Details provided in
Supplementary Table 2.

than S and 27 times more efficiently than As. Considering the
volatilization efficiency calculated with concentrations in the
surface peat, Se was on average seven times more efficiently
volatilized than S, and on average 40 times more efficiently
volatilized than As.

To explain the volatilization rates and efficiencies from the
peatland, we consider production processes ((bio)formation of
methylated volatile species) and loss factors (for example,
demethylation reactions and outgassing of the volatile species to
the atmosphere through the air-peat or air-water interface). To
start with production processes, methylation and volatilization of
Se and S in the environment are known to be mainly the result of
biocatalysis, involving different pathways in multistep enzymatic
reactions!®?”. The fact that trapped Se and S concentrations are
positively correlated (Supplementary Fig. 2), although S is
volatilized to a much higher extent than Se on an absolute scale
(on average up to a factor 335), might indicate that Se is
volatilized by the same enzymatic system(s) as S due the chemical
similarities between these elements!>>>. For instance, thioether
S-methyltransferase (EC 2.1.1.96) catalyses the methyl group
transfer on DMSe and DMS with similar affinities (K, 1 and
0.4 M, respectively)®®. However, whereas the aqueous S
concentrations in this study were still considerable (up to
84 uM, Fig. 4a), the low aqueous Se oxyanion concentrations
(max ~1nM, Fig. 4a) can hardly induce specific Se volatilizing
enzymes for detoxification, which is often presumed to be the
main driver for methylation of Se¥’. Furthermore, the higher
volatilization efficiency of Se over As may be caused by the fewer
required intermediates in the methylation process of Se compared
with As!'®15, which concurrently may explain the abundance of
non-volatile, methylated As in the surface water.

In addition, the relatively more efficient volatilization of Se
over S and As might be explained by the reduction step in the
multistep methylation pathway!'®>!°. By comparing the energy
gain that a reduction reaction of major aqueous species of Se, S
and As can yield (Gibbs free energies of reduction reactions
leading to possible hydride intermediates in the reduction

6

pathway are given in Supplementary Table 3), it becomes
evident that reduction of Se (from SeO; or SeO,) provides two
to three times more energy than the reduction of S (from SO,)
and As (from arsenate (AsO,)). This suggests that the reduction
of Se is favourable over the reduction of S and As, and Se
accumulation may take place in organisms (such as observed in
plants®®3° and marine algae’'?). Subsequent (un-)selective
volatilization could explain the higher volatilization efficiency.
An estimated lower apparent activation energy for Se emissions
compared to S and As emissions (Supplementary Discussion and
Supplementary Fig. 5) agrees with the relatively higher Se
volatilization efficiency compared with S and As volatilization
efficiencies. In a study in marine waters during a phytoplankton
bloom?!, not only a similar positive correlation between volatile
methylated Se and S such as observed in the present study was
found (Supplementary Fig. 2), but also relatively more volatile Se
than S was measured, compared with what could be expected
from the concentrations of dissolved inorganic forms of Se
and S in seawater. Because an entirely different enzymatic
pathway may underlie methylation in the marine environment,
our results indicate that Se may be efficiently volatilized in
different environments, irrespective of the exact mechanism of
biomethylation.

In addition to variations in the methylation process, observed
differences in volatilization may be due to specific transformation
processes for certain species, before the trapping process.
Demethylation reactions by strict anaerobes (for example,
Methanococcus) are improbable, on the one hand due to the
(sub-)oxic conditions ( — 51 to + 118 mV) at the wetland surface,
and on the other hand because of the low aqueous Se
concentrations (nM)*42. More plausible are abiotic oxidation
and demethylation reactions (for example, atmospheric instability
and photo-oxidation in the transparent flow-through box), but
comparing the reactions for Se, S and As is impeded by a lack of
mechanistic and kinetic information, and further investigation is
required.

Finally, differences in the exchange of volatile species with the
atmosphere could be responsible for the differences observed in
the volatilization efficiencies. Potential outgassing of dissolved
volatile species from surface water can be assessed by comparing
the vapour pressures and gas-liquid partitioning constants
(Henry constants) of individual compounds. Thermodynamic
data for species deducted in the trapping experiments are scarce,
but vapour pressures and Henry constants of naturally relevant,
volatile species of Se, S and As (Supplementary Table 4) indicate
that Se species (DMSe or H,Se) are generally less volatile (lower
vapour pressure) and more soluble (higher Henry constant) than
their structural S and As analogues (DMS or H,S and TMA or
H;As, respectively). Thus, the physical outgassing of these species
probably does not explain the preferential suggesting of Se over S
and As, suggesting that biomethylation plays a key role in
endogenous volatilization.

Discussion
Ombrotrophic (rainwater-fed) peat bogs constitute valuable
environmental records for atmospheric trace element deposi-
tion*>. However, our study indicates that substantial and variable
losses of trace elements may take place in peat bogs due to
methylation and subsequent volatilization. Such potential losses
via methylation processes need to be carefully considered for all
elements that undergo methylation (amongst others Hg, Pb, Sb,
As and Se**), and may present a limitation for the use of peat
bogs as archives of atmospheric trace element deposition.

Our field experiments provide the first quantification of fluxes
of volatilized Se, As and S measured in a pristine terrestrial
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environment, and our results suggest that wetlands may be
significant sources of volatile Se. Extrapolation of observed
fluxes (0.11-0.12 ug Se m ~2 day ~ 1) to the global wetland area
(9 x 10°km?)*> would equal global Se volatilization in the range
of 0.19-0.37 x 10° g Se per year from wetlands. This flux equals
5-10% of the currently estimated marine Se volatilization
(5-8 x 10°g Se per year)® and 1-3% of estimated global Se
emissions (15 x 10°g Se per year)?’. We found that Se and S
volatilization are positively correlated (Supplementary Fig. 2), but
that Se is up to 40-110 times more efficiently volatilized than As
and S, respectively. Corroborated by results of studies in a mine
spoil*® and in the North Atlantic Ocean!, we suggest that Se is
preferentially methylated and volatilized over S and As in various
environments. Furthermore, the efficient Se volatilization from
low Se surface waters suggests that biomethylation of Se is not
necessarily only a detoxification mechanism. These new insights
accentuate the necessity for a more profound understanding of
the underlying mechanisms that govern the biomethylation and
volatilization of trace elements.

With increasing temperature, we recorded increasing amounts
of Se, As and S in the gas traps, which shows that volatilization of
these elements is higher when temperatures are higher, but to a
different extent (Supplementary Discussion). This is relevant
because the global annual average temperature is projected to rise
this century by 1.0-5.5 °C (ref. 47), and in certain parts of Europe
(for example, France, Greece and the Iberian Peninsula) up to
6°C during summer®. Over a 5-degree rise in temperature, we
observed an ~15% increase in the production of volatile Se,
~20% increase in the production of volatile As and an ~40%
increase in the production of volatile S from our study site. This
indicates that emissions from wetlands alone may increase with
~0.30-0.54 x 108 g Se per year, ~1-4 x 108g As per year and
~48x10°g S per year when temperatures increase by 5°C
(using the fluxes observed in this study). Since global wetlands
present large pools of trace elements'? and are highly sensitive to
climate change®®, our results indicate that better knowledge of
trace element cycling in these environments is indispensable, and
that atmospheric fluxes need to be considered in global
biogeochemical cycle assessments.

Methods

Field campaigns. Experimental field campaigns were conducted in 2010 (3-23
August) and 2012 (20 August-6 September) in the minerotrophic (groundwater
and surface water-fed) peatland Gola di Lago (Ticino, Switzerland, 46° 06' 16.00"
N; 8° 57’ 55.00" E, area 3 ha, elevation 972 m a.s.l.) (Fig. 1), which is characterized
by geogenic enrichments of As and Se at depth in the peat?>?!, In the 2010

field campaign, Se and As volatilization fluxes were determined using gas-trapping
experiments; in the 2012 field campaign these measurements were
complemented by the determination of S volatilization, gaseous speciation analyses,
and by qualitative and quantitative analyses of dissolved Se, As and S in the
surface water. Furthermore, surface peat samples were collected and analysed for
total Se, As and S.

Gas-trapping experiments. A chemotrapping method was applied in combina-
tion with a closed box flow-through system (Fig. 1). Briefly, the chemotrapping
method is based on trapping of Se, S and As compounds in concentrated nitric
acid, where volatile, methylated Se and S species are converted to non-volatile,
specific derivatives. This enables the reconstruction of the original speciation of Se
and S (Table 1), and the determination of the total volatilized quantities of Se, S
and As (B. Vriens et al., unpublished data). Flow-through boxes were equipped
with temperature (°C) and humidity (% saturation) data loggers (Humipick, Spirig,
Rapperswil, Switzerland) recording at 1 min intervals. Additional information on
the gas sampling experiments is given in the Supplementary Methods.

Surface water sampling and analysis. During the 2012 field campaign, surface
water samples were collected at 1 or 2-day intervals by submerging acid-washed
(1% HNOs3) 50 ml polypropylene tubes (Greiner Bio-One GmbH, Frickenhausen
Germany) in the upper 5cm of the peat bog water. After sampling, the water was
immediately filtered using 0.45 um Teflon filters (Faust AG, Schaffhausen, Swit-
zerland). Filtered aliquots (10 ml each) were kept non-acidified (for surface water

speciation analysis) or were acidified using concentrated ultrapure HNOj; (Carl
Roth GmbH, Karlsruhe, Germany) to a final concentration of 1% HNO; (for total
elemental analysis). All water samples were stored in acid-washed 10 ml poly-
propylene tubes at 10 °C (for maximum 4 days), and subsequently stored in the
dark at 4 °C until analysis. Before water sampling, the pH, electrical conductivity
(uS cm 1), dissolved oxygen content (% saturation) and redox potential (mV)
were recorded using a field multimeter (Multi 340i, WTW GmbH, Weilheim,
Germany). Surface water temperatures were recorded using mercury-free ther-
mometers that were placed in duplicate at 10 cm depth in the peat bog.

Peat sampling and analysis. Peat samples were collected at 20 cm below the
surface water table at days 1, 10 and 18 of the 2012 field campaign, and were stored
in the dark in 11 polyethylene zip bags at 10 °C (for a maximum of 4 days) and
subsequently stored at — 20 °C until processing. One aliquot (~ 10 g (dry weight))
of the peat material was vacuum-freeze-dried at — 20 °C for 48 h (LyoAlpha 10-55,
Telstar, Madrid, Spain), and manually ground to fine powder using a ceramic
mortar and liquid nitrogen. Digestion of the peat material took place in 15ml
Teflon-tetrafluormetoxil (PTFE-TFM) tubes on an MLS ultraClave 4 (Milestone,
Shelton, USA). For digestion, 100 mg of dried and ground peat material was mixed
with 4 ml of concentrated ultrapure HNO;, and digested at 230 °C and 130 bar for
1.5h. Digests were diluted 1:100 with ultrapure water (18.2 MQ, Thermo Fisher,
NANOpure, Reinach, Switzerland) to obtain a 1% HNO; matrix. For quality
control, two samples were digested in triplicate, and three certified reference
materials were simultaneously digested (European Community Bureau Reference
Standard BCR 62 (Olive Leaves), NCS DC 73349 (Bush Branches and Leaves) and
NIST SRM 1515 (Apple Leaves)). The recovery of the certified values was
109-122% for Se, 108% for S (only certified in BCR 62) and 76-107% for As.

Analytical procedures. Total elemental concentrations of Se, S and As in the
trapping liquids, peat digests and surface waters and speciation of Se and S in
trapping liquids and of Se, S and As in surface water samples were measured using
methods described elsewhere (B. Vriens et al, unpublished data). All chemicals
were of analytical grade or higher.
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