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ABSTRACT: Soils comprise the largest terrestrial mercury
(Hg) pool in exchange with the atmosphere. To predict how
anthropogenic emissions affect global Hg cycling and
eventually human Hg exposure, it is crucial to understand
Hg deposition and re-emission of legacy Hg from soils.
However, assessing Hg deposition and re-emission pathways
remains difficult because of an insufficient understanding of the
governing processes. We measured Hg stable isotope
signatures of radiocarbon-dated boreal forest soils and
modeled atmospheric Hg deposition and re-emission pathways
and fluxes using a combined source and process tracing
approach. Our results suggest that Hg in the soils was
dominantly derived from deposition of litter (∼90% on
average). The remaining fraction was attributed to precip-
itation-derived Hg, which showed increasing contributions in older, deeper soil horizons (up to 27%) indicative of an
accumulation over decades. We provide evidence for significant Hg re-emission from organic soil horizons most likely caused by
nonphotochemical abiotic reduction by natural organic matter, a process previously not observed unambiguously in nature. Our
data suggest that Histosols (peat soils), which exhibit at least seasonally water-saturated conditions, have re-emitted up to one-
third of previously deposited Hg back to the atmosphere. Re-emission of legacy Hg following reduction by natural organic matter
may therefore be an important pathway to be considered in global models, further supporting the need for a process-based
assessment of land/atmosphere Hg exchange.

■ INTRODUCTION

Current global Hg models suggest that land surfaces receive
3200 Mg yr−1 through atmospheric deposition and re-emit
1700 to 2800 Mg yr−1,1−3 illustrating the dual role of soils in
global Hg cycling as sink and source for atmospheric Hg. After
long-range transport, atmospheric Hg(0) is oxidized and
deposited directly onto soils with precipitation or indirectly
via plant surfaces with throughfall. Gaseous Hg(0) is also taken
up through plant stomata, oxidized in the plants, and deposited
onto soils with litterfall, or directly deposited from the
atmosphere to terrestrial surfaces as dry deposition. In soils,
Hg(II) may be methylated or reduced to volatile Hg(0) which
is eventually re-emitted back to the atmosphere (Figure 1).4

Several processes have experimentally been shown to reduce
Hg(II): direct and indirect photochemical reduction, micro-
bially mediated enzymatic reduction, and nonphotochemical
abiotic reduction by minerals and natural organic matter
(NOM).5−11 However, their relative importance for reductive

Hg loss from terrestrial ecosystems remains elusive. Quantita-
tive estimates of Hg re-emission fluxes from terrestrial
environments are scarce and suffer from considerable
uncertainties due to large temporal and spatial variations in
Hg fluxes and methodological limitations.5 The establishment
of Hg mass balances in soils remains challenging, because
reliable estimates require knowledge of all Hg fluxes in parallel
to total mass loss by carbon mineralization.12,13 The difficulty of
resolving gain and loss processes simultaneously was illustrated
for instance by a litter decomposition study, in which a net Hg
loss was observed in the absence of additional Hg input in the
laboratory, whereas a net Hg accumulation was found for the
same set of samples under field conditions.14
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Stable Hg isotope analyses offer a new approach for
identifying different Hg sources and processes through
characteristic mass-dependent (MDF) and mass-independent
(MIF) fractionation of Hg isotopes associated with each source
and reduction pathway.15 On the one hand, distinct differences
in isotope signatures of Hg in precipitation, atmospheric Hg(0),
and Hg in litter allow tracing the different pathways of
atmospheric Hg deposition to terrestrial ecosystems.16,17 On
the other hand, different biogeochemical reactions, in particular
reduction processes, have been experimentally shown to be
associated with characteristic Hg isotope fractionation
trajectories offering the potential to gain information on
reduction pathways in terrestrial samples. Photochemical
reduction of Hg(II) favors light isotopes leading to MDF and
is associated with large MIF by magnetic isotope effects
(MIE).11,18,19 Microbial reduction also favors light Hg isotopes,
but without MIF.10 NOM in the absence of sunlight
preferentially reduces light Hg isotopes and exhibits MIF
caused by nuclear volume fractionation (NVF).9

In this study, we measured the Hg isotope composition of
boreal forest soils in Northern Sweden in combination with
radiocarbon dating of the soil NOM to address the following
objectives: (i) to assess the pathways of Hg deposition to boreal
forest soils, and (ii) to investigate the reduction pathways and
quantify reductive Hg losses and re-emission fluxes from boreal
forest soils.

■ MATERIALS AND METHODS

Soil Samples. Two major soil types, Podzols and Histosols,
both characteristic for boreal forest ecosystems, were
investigated. Podzols are acidic soils, encompassing different
layers of slowly decomposing NOM (O horizons) overlying the
diagnostic mineral E and B horizons, that typically develop in
more well-drained landscape positions. Histosols (peat soils)
are organic soils having a thickness of more than 40 cm (H
horizons) and commonly form by net accumulation of NOM
under water-saturated conditions. In managed forests, Histosols
are often partly drained remains of former wetlands or riparian
zones along streams and ditches. Podzols cover ∼15% and

Histosols ∼7% of the northern circumpolar region.20 Soil
samples were collected in a remote area north of the town
Junsele in northern Sweden (N:63°50′, E:17°00′) from two
typical boreal Norway spruce (>80 years old) forest stands (see
map in Supporting Information, SI, Figure S1). The area is
covered by glacial till originating from gneissic/granitic bedrock
and has a cold-humid climate. It receives an average annual
precipitation of 530 mm and has a mean temperature of 2 °C
(Jan: −11 °C, Jul: 15 °C, 1961−1990, Swedish Meteorological
Institute, SMHI). All sampling locations were situated in two
forest stands within an area of ∼1 km2, we therefore assume
that all soils were exposed to the same source and amount of
atmospheric Hg deposition. The soil samples were separated
into the organic surface horizons (Oe/He) after removal of
living mosses and loose litter, the underlying Oa/Ha horizons
comprised by older more decomposed NOM, and for Podzols
the mineral horizons (E+B). Composite samples (5 subsamples
within 10 m2) were taken from several transects, each starting
near a small stream and following the inclination of the
landscape uphill along a slope, thereby covering a range of
hydrological conditions. Litter samples were collected after
snowmelt as composite samples from the soil surface (>25
subsamples within 100 m2) at four different locations, two on
Podzols and Histosols, respectively. All litter samples were
similar in composition, mainly consisting of Picea abies needles
and remains from the predominant dwarf shrubs (Vaccinium
myrtillus, Empetrum nigrum, and Calluna vulgaris). The soil
sampling and sample processing scheme is further described in
the SI.

Analytical Methods. For stable Hg isotope measurements,
soil samples were combusted in a two-step oven system
coupled to an oxidizing liquid trap (1% KMnO4). The Hg
recovery was 94% ± 8.5% (1σ, n = 72) and process blanks run
after every 10 samples contained 0.04 ± 0.01 ng mL−1 Hg (1σ,
n = 9), corresponding to less than 1% of total concentrations in
samples. The Hg isotope composition of the trap solutions was
measured using cold vapor multicollector inductively coupled
plasma mass spectrometry (CV-MC-ICPMS) employing
sample-standard bracketing and Tl addition for mass bias

Figure 1. Conceptual model of the terrestrial Hg cycle: Major input and output pathways. Atmospheric Hg is mainly deposited as oxidized Hg(II)
via precipitation and throughfall or taken up by plant stomata and deposited with litterfall. In soils, Hg(II) can be reduced by different pathways: (1)
photochemical, (2) microbial, or (3) nonphotochemical abiotic reduction by natural organic matter (NOM), followed by re-emission back to the
atmosphere. All Hg forms are subjected to leaching from soils with surface or subsurface runoff into aquatic ecosystems.
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correction, following previously developed methods21 (see SI
for details). Hg isotope data are reported relative to NIST-3133
for MDF as follows:

δ = −
‐

Hg
( Hg/ Hg)

( Hg/ Hg)
1202

202 198
sample

202 198
NIST 3133 (1)

and for MIF as follows:

δ δΔ = − ×Hg Hg ( Hg 0.2520)199 199 202
(2)

δ δΔ = − ×Hg Hg ( Hg 0.5024)200 200 202
(3)

δ δΔ = − ×Hg Hg ( Hg 0.7520)201 201 202
(4)

Isotopic differences in MDF between different pools are
defined as

ε δ δ= −−Hg Hg Hg202
pool1 pool2

202
pool1

202
pool2 (5)

Isotopic differences in MIF between different pools are defined
as follows:

= Δ − Δ−E Hg Hg Hgxxx xxx xxx
pool1 pool2 pool1 pool2 (6)

where xxxHg corresponds to 199Hg, 200Hg, or 201Hg.
The isotopic enrichment factor is defined as follows:

ε α= −Hg Hg 1202
product/reactant

202
product/reactant (7)

with α202Hgproduct/reactant representing the fractionation factor
reported in the corresponding publications (SI Table S4).9−11

Our in-house standard (ETH-Fluka) was measured regularly
and had a reproducibility of δ202Hg = −1.44 ± 0.11‰, Δ199Hg
= 0.07 ± 0.05‰, Δ200Hg = 0.01 ± 0.06‰, and Δ201Hg = 0.03
± 0.06‰ (2σ, n = 21) in agreement with previously measured
values.21−24 A process standard (Montana Soil, NIST-2711)
was combusted in the oven system after every 10 samples and
reproduced at δ202Hg = −0.12 ± 0.10‰, Δ199Hg = −0.23 ±
0.07‰, Δ200Hg = 0.00 ± 0.04‰ and Δ201Hg = −0.18 ±
0.02‰ (2σ, n = 10), consistent with previously published
values.22,23,25 Isotope measurements of peat samples low in
ambient Hg and spiked with inorganic Hg(II) were in
agreement with separate measurements of the inorganic
Hg(II),21 confirming the accuracy of our method for matrices
prevalent in organic topsoils.
Radiocarbon Dating. Homogenized samples of bulk soil

were combusted, graphitized and analyzed using Accelerator
Mass Spectrometry (AMS; ETH Zurich).26 14C data are
reported as fraction of modern 14C (F14C), that is,
concentration of 14C normalized to the standard and corrected
for mass fractionation using δ13C. Radiocarbon ages are
reported according to Stuiver and Polach27 and for samples
containing postbomb carbon the F14C is reported according to
Reimer et al.28 Calibrations of the radiocarbon data were
performed using the OxCal software (version 4.2.3, Bronk
Ramsey, 2013). All prebomb carbon data (F14C <1) were
calibrated using the IntCal13 atmospheric 14C curve.29 Samples
with F14C >1 were calibrated using the postbomb NH1
atmospheric 14C curve.30 It is important to note that carbon in
the soil samples represents a mixture of old and young carbon,
therefore the interpretation of a bulk age should be used with
caution.
Hg Isotope Model. Hg in soils is derived from geogenic

origin or from atmospheric deposition, which can be further
separated into wet deposition (precipitation and throughfall),

litterfall, and dry deposition. For the Hg isotope mixing model
used in this study, the atmospheric Hg deposition was
described by two endmembers with distinct Hg isotope
signatures: litter-derived and precipitation-derived Hg. Litter-
derived Hg was defined based on the four litter composite
samples collected on the forest floor of the study site. The Hg
isotope signature in litter thus integrates the processes taking
place in the canopy and potential uptake of wet deposition
during snowmelt and therefore represents a robust endmember
for the start of pedogenesis as indicated by the similar Hg
isotope signatures of litter and Podzol Oe samples (see Results
and Discussion). However, this approach does not allow
resolving the entire complexity of atmospheric deposition.
We modeled the endmember of precipitation-derived Hg

using previously published precipitation data,16,31−34 measured
across North America (see SI), based on the assumption that
the Hg isotope composition of precipitation is globally uniform.
Measurements of Hg in precipitation at our sampling site were
unfortunately not available. Consistent Hg isotope signatures of
atmospheric Hg(0) have been reported for North Amer-
ica16,19,31 and Europe.35 Recently published precipitation data
from China36 and preliminary precipitation data from France,
Europe (J. Sonke, personal communication) are in agreement
with the published values from North America. Therefore, we
consider these values to be a reasonable estimate for the
precipitation endmember at our field site as well.
In previous Hg isotope source tracing studies in soils,

geogenic Hg was used as an additional Hg source in mixing
calculations.16,17 We estimated the content of mineral material
in the organic topsoils from the measured Si concentration in
each sample, assuming a SiO2 concentration of 60% (w/w) for
granite, the predominant bedrock in the sampling area.
Alriksson et al.37 reported an average Hg concentration of 13
ng g−1 (SE = ± 0.7 ng g−1, n= 200) for mineral C horizons in
Sweden. Using this value as a conservative estimate (probably
overestimated due to atmospheric influence) for the geogenic
background Hg concentration, its contribution to the total Hg
in the samples was calculated to be on average 0.36%
(maximum 1.8%). The Hg isotope composition previously
reported for rocks has shown no significant MIF and also the
variation in MDF was limited.38 Therefore, we conclude that
the contribution of Hg from geogenic origin can be considered
negligible in the organic topsoils of this study and thus we did
not incorporate a geogenic endmember in the mixing scenarios.
The source contributions and reductive losses in boreal forest

soil samples were modeled by a Monte Carlo simulation
approach, using the pseudorandom number generation
function of the Matlab software (R2012a, MathWorks). The
model consisted of two source components (litter- and
precipitation-derived Hg) and a reductive loss component
incorporating MDF (δ202Hg) and MIF (Δ199Hg, Δ200Hg, and
Δ201Hg). The mixing endmembers were described based on the
average and variance of the four measured litter samples (SI
Table S3) and the average and variance of previously published
precipitation data16,31−34 (SI Table S2) and atmospheric Hg(0)
data35 (SI Table S3). For Hg isotope signatures of soil samples
which could not be described by a mixing of precipitation- and
litter-derived Hg, results from the model including reductive
Hg loss are reported. Experimental fractionation factors for
nonphotochemical abiotic NOM reduction9 and microbial
reduction10 were used for reductive loss estimations (SI Table
S4). Median model parameters for fraction precipitation
( f precipitation) and fraction of reductive loss ( f reduced) with the
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corresponding standard deviation are reported. Further
information on the modeling approach and the mixing
component scenarios is provided in the SI.
Hg Re-emission Flux Calculation. The Hg pool (Hgpool,

μg m−2) for each horizon was calculated using the Hg
concentration, horizon thickness, and soil bulk density. Using
the modeled reductive loss ( f reduced) and mean age of the soil
carbon (calibrated 14C-age, yr) we calculated the re-emission
fluxes (Fre−emission, μg m−2 yr−1) for each horizon:

=
+ × ×

−F
f f(1 ) Hg

calibrated Cagere emission
reduced pool reduced

14
(8)

The overall re-emission flux was calculated from the sum of
the organic horizons. On the basis of recent observations
suggesting that mineral soil horizons might be net sinks for
gaseous Hg(0),39 reductive re-emission from mineral horizons
was not considered.

■ RESULTS AND DISCUSSION
Hg Isotope Signatures of Boreal Forest Soils. All soil

and litter samples exhibited Hg concentrations in the range of
17 to 313 ng g−1 and negative MDF (δ202Hg = −2.56‰ to
−1.55‰) and MIF (Δ199Hg = −0.48‰ to −0.24‰)
signatures (n = 26) consistent with previously reported soil
and litter data.16,17,40 Litter samples exhibited the most negative
MDF (δ202Hg = −2.35 ± 0.09‰) and MIF (Δ199Hg = −0.44
± 0.03‰) (Figure 2). Relative to the average global

atmospheric Hg(0) isotope signature (δ202Hg = 0.24 ±
0.24‰, Δ199Hg = −0.19 ± 0.06‰) based on published
results,16,19,31,35 the litter samples were enriched in light Hg
isotopes (ε202Hglitter−Hg(0)atm. = −2.59 ± 0.25‰) and depleted
in odd mass isotopes (E199Hglitter−Hg(0)atm. = −0.24 ± 0.07‰).
This is in agreement with observations by Demers et al.,16 who
reported a large enrichment of light Hg isotopes in tree foliage
relative to atmospheric Hg0 (ε202Hglitter−Hg(0)atm.= −2.89‰).
The Podzol Oe horizons were characterized by similar δ202Hg
and Δ199Hg values as the litter samples. Compared to the
surface organic horizons of both Podzols and Histosols (Oe/
He), the underlying Oa/Ha horizons were enriched in heavy
isotopes (ε202HgOa−Oe= 0.37‰, p < 0.02 and ε202HgHa−He=
0.34‰, p < 0.001, t test) (Figure 3). Podzol Oa horizons
exhibited positive MIF enrichment (E199HgOa−Oe= 0.11‰, p <
0.001, t test), whereas Histosol Ha horizons showed negative

MIF enrichment (E199HgHa−He= −0.08‰, p < 0.02, t test)
when compared to the overlying Oe and He horizons,
respectively.

Hg Deposition Pathways. The results from the mixing
model suggested that litter-derived Hg was by far the dominant
source (average: 90%, 70−99%) for all Histosol and Podzol
samples, with the remaining fraction (average: 10%) attributed
to precipitation-derived Hg (Figure 3). These results are in
agreement with previous estimates based on isotope measure-
ments in Wisconsin, U.S.A., where precipitation-derived Hg
accounted for 16% of the Hg reaching soils in a forested
ecosystem.16 Some previous concentration-based estimates
however suggested higher contributions of precipitation-
derived Hg deposition.12,13,41 Demers et al.16 suggested that
this discrepancy between isotope and concentration based
model approaches may be explained by throughfall having a Hg
isotope composition similar to that of litterfall. Throughfall, by
inclusion of dry deposition, undoubtedly provides an important
source for soil Hg42,43 that may have another isotopic
composition than open field precipitation. However, since its
Hg isotope signature is currently unknown, further inves-
tigations are needed before it can be used as a potential model
input in future studies.
The modeled fraction of precipitation-derived Hg relative to

total Hg increased in Podzols with soil depth from Oe (5% ±
4%), to Oa (16% ± 3%), and E+B (20% ± 9%) horizons (SI
Table S9, no reduction). The calibrated radiocarbon ages in
Podzols ranged from ∼10 years in litter to ∼60 to 120 years in
E+B horizons (Figure 4, SI Table S7). The positive correlation
observed between the modeled f precipitation and the radiocarbon
signature in Podzols (F14C, R2 = 0.81, p < 0.001, SI Figure S9c)
suggests that precipitation-derived Hg is transported vertically
through the topsoil and is accumulated in lower Oa and mineral
horizons over time scales of decades. Obrist et al.44 recently
proposed a time-dependent increase in Hg concentrations in
soils and litter based on elemental ratios and suggested the
accumulation of precipitation-derived Hg over time and/or
mass loss through carbon mineralization as possible causes. The
results from the boreal Podzols studied here suggest that the
accumulation of precipitation-derived Hg over time accounted
for ∼10% of the increase in Hg concentration, with the
remaining fraction attributed to carbon mineralization and
higher atmospheric Hg deposition at the time of deeper soil
horizon formation. Histosol samples with calibrated radio-
carbon ages between ∼20 years up to ∼1000 years exhibited
relatively constant f precipitation of 12% ± 2% for He, and 10% ±
2% for Ha and did not follow time-dependent trends (SI Table
S10, NOM reduction). This may be explained by the
hydrological conditions in Histosols, in which water saturation
is expected to seasonally hinder vertical transport.45,46 None of
the measured soil samples exhibited even-mass Hg isotope
anomalies (Δ200Hg) outside analytical uncertainty, in contrast
to all precipitation measurements published so far,16,31−34

which is further support for a relatively small contribution of
precipitation-derived Hg in soils.

Reductive Hg Re-emission Pathways. Some observed
Hg isotope signatures from the Histosols (all four samples from
the Ha horizon and one from the He horizon) could not be
explained by simple litter/precipitation endmember mixing
(blue area in Figure 3) and thus provided evidence for
secondary processes or possibly the influence of additional Hg
sources. A contribution from the isotopic signal of atmospheric
Hg(0) in dry deposition, previously shown to be associated

Figure 2. Mass-independent fractionation (Δ199Hg) vs mass-depend-
ent fractionation (δ202Hg) signatures in boreal litter and soil samples
(this study) and in previously published data for precipitation16,31−34

and atmospheric Hg(0)16,19,31,35 with the filled shapes representing 5-
to 95-percentiles.
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with negative Δ199Hg values,16,19,31,35 could theoretically
explain the low Δ199Hg in the Histosol Ha samples. However,
mixing scenarios involving atmospheric Hg(0) dry deposition
as additional source would require very low contributions of
precipitation-derived Hg (SI Table S10). Furthermore, it can be
assumed that the Hg isotope signatures in the Histosol Ha
samples have evolved from the signatures observed in the
overlying Histosol He samples. Since the addition of
atmospheric Hg(0) to the signatures of the He samples could
not explain the Hg isotope variation observed in the Ha
samples, an important influence of atmospheric Hg0 dry
deposition appears to be unlikely.
Different Hg(II) reduction pathways have been shown

experimentally to be associated with distinct Hg isotope
fractionation trajectories (Figure 3). Photochemical Hg
reduction, potentially active in foliage16,42 and in the forest
floor, has a fractionation trajectory toward the isotope signature
of precipitation-derived Hg (Figure 3: (1a)11) and would lead
to an overestimation of f precipitation in the mixing calculation. The
fractionation trajectory of photochemical Hg reduction in snow
(Figure 3: (1b)19) would lead to negative Δ199Hg signatures,
however the depletion in odd Hg isotopes (E199HgHa−He=
−0.08‰) together with the observed MDF trend
(ε202HgHa−He= 0.34‰) could not be explained by a
combination of photochemical reduction processes alone.
The fractionation trajectory of direct microbial reduction

(Figure 3: (2)), considered to be an important Hg reduction
pathway in natural systems,47,48 is similar to that of NOM
reduction (Figure 3: (3)), except for the lack of MIF. Model
simulations involving microbial reduction as a secondary
process were able to explain the signatures of most of the
Histosol Ha samples, but only in combination with high
reductive losses (∼70%) and low contributions of precipitation-
derived Hg (∼6%) (SI Table S9). However, this requires that
the initial Hg concentrations would have been unreasonably
high (∼850 ng g−1) and that the contribution of precipitation-
derived Hg in the Histosol Ha samples would have been
significantly lower compared with the overlying He samples,

contrary to the expected trend with depth. Therefore, we
suggest that the Hg isotope variation observed in Histosol Ha
samples was not controlled by reductive loss through microbial
reduction alone.
The linear regression of the Histosol Δ199Hg vs δ202Hg data

revealed a significant negative slope of −0.24, (Figure 3a, 95%
confidence interval: −0.09 to −0.40, p = 0.044, n = 8), which
agreed well with the trajectory for NOM-driven Hg(II)
reduction (3).9 The Δ199Hg/Δ201Hg ratio of all soil samples
was 1.02 ± 0.13, consistent with previously reported data for
soils16,17,38,40 and likely dominated by MIE of photochemical
reactions prior to atmospheric deposition, which is expected to
fractionate with a ratio of Δ199Hg/Δ201Hg = 1.11,19 MIF during
NOM-driven Hg(II) reduction, caused by NVF, is expected to
fractionate the odd-mass isotopes in a ratio of Δ199Hg/Δ201Hg
= 1.6.9,49 The linear regression analysis of the Histosol samples,
incorporating residues on Δ199Hg as well as Δ201Hg,50 indicated
an average Δ199Hg/Δ201Hg slope of 1.25 (Figure 3b, 95%
confidence interval: 0.26 to 2.25, p = 0.044, n = 8). This is in
agreement with the slope expected from NVF, the quality of the
regression however did not allow a conclusive mechanistic
determination based on the Δ199Hg/Δ201Hg ratio.
Another process potentially causing Hg isotope fractionation

in organic soil horizons is sorption of Hg(II) to NOM.49

However, since in principle all Hg is bound to NOM functional
groups, we expect only very small net isotope effects from
sorption. In line with this, we observed no Hg isotope
fractionation between soil horizons and corresponding creek
runoff in an ongoing study from the same study area.46 Mercury
methylation and demethylation processes were also not able to
affect the bulk Hg isotopic composition, as methyl-Hg levels
were low (≤1.3% of Hgtot, SI). Reoxidation of Hg(0) could
potentially cause significant Hg isotope fractionation, but this
has not yet been investigated.
Little is known about the temporal variation of Hg isotope

signatures in atmospheric Hg(0) and precipitation, thus the Hg
isotope composition of the atmospheric sources was assumed
to be constant. The amount of atmospheric Hg deposition was

Figure 3. (a) Mass-independent fractionation (Δ199Hg) vs mass-dependent fractionation (δ202Hg) and (b) mass-independent fractionations Δ199Hg
vs Δ201Hg in boreal litter and soil samples. The blue area represents the 5- to 95-percentile interval of mixing scenarios for litter- and precipitation-
derived Hg (dotted line = median). The arrows represent the trajectories for photochemical reduction (photored.) in the presence of DOC (1a)11

and in snow (1b),19 microbial reduction (2),10 and nonphotochemical abiotic reduction by natural organic matter (NOM-red.) (3)9 with the
respective amount of reductive loss ( f reduced). The linear regressions for the Histosol samples discussed in the text are illustrated by dashed lines.
Note that each data point represents a composite sample taken from an area of about 10 m2 (soils) and 100 m2 (litter).
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variable over time and decreased by about 50% in Scandinavia
over the last two decades,51 potentially affecting the Hg isotope
signatures in the soil horizons. Reconstructions of Hg emissions
from coal combustion indicate relatively constant Hg isotope
signatures over time,52 and thus do not suggest a direct causal
relationship between coal emission signatures and the Hg
isotope variations in boreal forest soils reported here. Peat bogs
and lake sediments have been used as archives for Hg
concentration and isotope composition to record historical
atmospheric deposition and anthropogenic contamination.53,54

However, our results suggest that such archives may be
susceptible to overprinting by secondary processes such as
reductive Hg losses or accumulation of precipitation-derived
Hg. Significant reductive Hg losses from peat bogs might
potentially provide an alternative explanation for observed
discrepancies between peat and lake sediment archives in the
ratio of Hg accumulation rates of preindustrial to modern
times.55,56

On the basis of the discussion above, the NOM-driven
Hg(II) reduction hypothesis appears to be the most plausible
explanation for the observed Hg isotope signatures in the
Histosol samples. Nonphotochemical abiotic reduction of
Hg(II) by NOM has been previously observed in laboratory
experiments.6−8 NOM plays a dual role in Hg redox reactions;
on the one hand providing electrons, but on the other hand
decreasing rates of Hg(II) reduction and Hg(0) evasion by
strong complexation to organic thiol groups and reoxidation.8

Together with previously missing evidence for NOM-driven
Hg(II) reduction under natural conditions, this led to
ambiguity about the importance of the process for global Hg
cycling.7 The remarkable correlation between the δ202Hg and
Δ199Hg values of Histosol samples and the theoretical NOM-
reduction trajectory (R2 =0.65, Figure 3a) suggests that NOM
reduction may be an important process in boreal forest soils.
Recent measurements of interstitial soil air, exhibiting the
highest Hg(0) concentrations in organic-rich soil layers at high
temperatures and low redox potentials,57 provide further
support for this hypothesis.

Reductive Hg Re-emission Fluxes. Using the isotopic
enrichment factor for NOM-driven reduction,9 we calculated
reductive Hg losses for soil samples which could not be
described by a mixing of litter- and precipitation-derived Hg.
The calculated loss for Histosol Ha horizons was between 24%
and 33% (average 28%) of the total previously deposited Hg
(Figure 5, SI Table S10). For the Histosol He sample which
could not be explained by the mixing scenarios for litter- and
precipitation-derived Hg (Histosol-He-4), a reductive Hg loss
of 12% was calculated. The isotopic enrichment factor reported
for microbial reduction (ε202Hgproduct/reactant= −0.4‰)10 is
much smaller than that for NOM-driven reduction
(ε202Hgproduct/reactant= −1.5‰).9 Therefore, assuming an
important contribution of microbial reduction would result in
even higher reductive Hg losses (SI Figure S8, Table S9). For
indirect microbial Hg(II) reduction, using NOM as electron
shuttle, we would expect a Hg isotope fractionation trajectory
following the NOM-driven reduction.9 Considering the Hg
pool sizes in the soil horizons and the radiocarbon age, a
reductive loss of 28% in Histosol Ha horizons corresponds to a
calculated Hg re-emission flux of 2.2 μg m−2 yr−1 (Figure 5). If
reductive re-emission from the He horizons is also included,
then Histosols are expected to exhibit re-emission fluxes of ∼5
μg m−2 yr−1. These estimates based on Hg isotope signatures
and radiocarbon ages, integrating over the entire history of the
soil horizons, are higher but on the same order of magnitude as
compared to estimates based on the extrapolation of Hg flux
measurements from forest soils.5,58

Implications for Global Hg Cycling. Global models
suggest that ∼60% of today’s Hg deposition originates from re-
emitted legacy anthropogenic Hg, making Hg re-emission from
terrestrial surfaces one of the major sources of Hg emissions to
the atmosphere.3 Current global Hg models account for Hg
evasion from soils by coupling the Hg loss to carbon respiration
in soils, based on empirical correlations between Hg and C
observed in some studies.2,3 However, large uncertainties exist
concerning the long-term storage of Hg in soils and terrestrial
re-emission rate coefficients.59,60 Our data suggest that poorly
drained Histosols exhibit significant reductive Hg re-emission
rates, despite being characterized by high carbon accumulation
rates. This finding indicates a higher mobility of Hg in reducing
environments than previously suggested. The significant Hg re-
emission upon reduction reported here clearly reveals the

Figure 4. Time dependence of Hg isotope signatures in soil: (a) mass-
dependent fractionation (δ202Hg) vs Hg/C ratio (b) Hg/C ratio vs
calibrated radiocarbon age in bulk soil, and (c) modeled fraction of
precipitation-derived Hg from stable Hg isotope signatures vs
calibrated radiocarbon age of bulk soil. The width of the bars
represents the calibrated age ranges (for certain radiocarbon signatures
multiple age ranges are possible as indicated by multiple bars).
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limitations of the coupling approach of Hg to C used in global
Hg models.2,3 No dependence of Hg dynamics on C
mineralization was observed in a recent study, suggesting
Hg(0) immobilization in mineral soils.39 We anticipate that
with higher temperatures and precipitation at northern
latitudes, driven by global warming leading to generally more
anoxic conditions in peatlands and a melting of permafrost,51

Hg reduction and subsequently Hg re-emission from organic
soils will increase. Therefore, we demonstrate the need for a
process-based ecosystem-specific assessment of Hg re-emis-
sions to improve predictions of future global Hg cycling. Stable
Hg isotope approaches as applied in this study can be an
important tool in this future research direction and provide new
insights into the mechanisms and fluxes associated with land/
atmosphere exchange of Hg.

■ ASSOCIATED CONTENT
*S Supporting Information
Additional method details, figures, and tables. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acs.est.5b00742.

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: martin.jiskra@get.obs-mip.fr (M.J.).
*Phone: +41-44-6336008; fax: +41-44-6331118; e-mail:
wiederhold@env.ethz.ch (J.G.W.).
Present Address
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