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ABSTRACT: Air−soil exchange of elemental mercury vapor (Hg0) is an
important component in the budget of the global mercury cycle. However, its
mechanistic detail is poorly understood. In this study, stable Hg isotopes in air,
soil, and pore gases are characterized in a subtropical evergreen forest to
understand the mechanical features of the air−soil Hg0 exchange. Strong HgII

reduction in soil releases Hg0 to pore gas during spring−autumn but diminishes
in winter, limiting the evasion in cold seasons. Δ199Hg in air modified by the
Hg0 efflux during flux chamber measurement exhibit seasonality, from −0.33 ±
0.05‰ in summer to −0.08 ± 0.05‰ in winter. The observed seasonal
variation is caused by a strong pore-gas driven soil efflux caused by
photoreduction in summer, which weakens significantly in winter. The annual
Hg0 gross deposition is 42 ± 33 μg m−2 yr−1, and the corresponding Hg0

evasion from the forest floor is 50 ± 41 μg m−2 yr−1. The results of this study,
although still with uncertainty, offer new insights into the complexity of the air-
surface exchange of Hg0 over the forest land for model implementation in future global assessments.
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1. INTRODUCTION

As a global persistent pollutant, mercury (Hg) contributes to
ecological and health concerns in a variety of ecosystems. The
pool of gaseous elemental mercury (Hg0), the dominant form
of Hg in the atmosphere amounts to 5000−5600 Mg.1,2 About
60% is collectively inherited from natural and legacy emissions,
but the knowledge is limited concerning the individual
contribution from many of the various types of surfaces in
the environment.2,3 Currently, exchange with forest ecosystems
including foliage, bryophytes, soil vegetation, and so forth is
the single most uncertain type of Hg0 flux in magnitude
(∼±700 Mg yr−1) of all land ecosystems.3 In general, detailed
long-term studies are more unusual, as are those concerning
studies of the interaction of Hg0 with forest floor and soil.4

Air−soil Hg0 exchange in forest ecosystems is a dynamic bi-
directional process, including atmospheric Hg0 gross deposi-
tion and Hg0 evasion,5−7 and the soil pore Hg0 gas plays a
dominant role in linking the atmospheric Hg0 to soil HgII

pool.8−10 The atmospheric gross deposition refers to the
process that Hg0 vapor is passively absorbed or actively
retained through oxidative complexation on the forest floor
from ambient air. Separating the contribution of gross
atmospheric Hg0 deposition from other processes that makes
up Hg0 fluxes represents a challenge because of the limitation
of methodology in determining the individual exchange
components.11 Litterfall deposition has been considered the
single largest component in dry deposition in forest

ecosystems, causing great gaps with ecosystem-air Hg0 flux
using the meteorology method.12 Existing data obtained from
the dynamic flux chamber method does not account for the
total atmospheric gross Hg0 deposition due to its limited
footprint and the isolation of soil from a typical atmospheric
environment.13,14 This leads to uncertainties in estimating the
atmospheric Hg0 dry deposition for global assessments.
Microbial reduction, photoreduction, and abiotic dark
reduction are considered as the primary pathways that
contribute to the pool of Hg0 in the topsoil layer and
indirectly maintain Hg0 effluxes to the surface air.15−18

However, no attempt has been made to determine the
contribution of each process to fluxes measured by a dynamic
flux chamber (DFC) over forest soil.11

Data of stable Hg isotope compositions during exchange
processes and reservoirs provide insight into the complex
exchange processes through the signatures of mass-dependent
(MDF) and mass-independent (MIF) fractionation.19 In
addition to the physical, chemical, and biological processes
that induce MDF (reported as δ202Hg), Hg MIF signatures,
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reported as Δ199Hg and Δ201Hg for odd-MIF and Δ200Hg for
even-MIF, may specifically trace reactions and determine the
contribution of distinct endmembers. For example, in forest
ecosystems, HgII in precipitation shows predominantly positive
odd-MIF and even-MIF and negative values in MDF.19−21 Soil
and forest biomasses display primarily negative odd-MIF and
MDF, and insignificant even-MIF,15,18,21−24 while atmospheric
Hg0 vapor shows negative odd-MIF, positive MDF, and slightly
negative even-MIF (only around −0.05‰ in remote
sites).19,23−27 Given the anthropogenic emissions and biomass
burning, the atmosphere in Southeast Asia showed the slightly
more positive in odd-MIF28,29 (Δ199Hg = −0.13 ± 0.08‰ and
Δ201Hg = −0.12 ± 0.08‰23−25) and comparable even-MIF
(Δ200Hg = −0.04 ± 0.04‰) compared to other remote sites
(Δ199Hg = −0.20 ± 0.08‰, Δ201Hg = −0.17 ± 0.10‰ and
Δ200Hg = −0.06 ± 0.04‰19,25−27,30). Furthermore, most
physico-chemical processes preferentially remove lighter Hg
isotopes and result in the heavier isotopes remaining in the
residual.17,31,32 While microbial reduction does not signifi-
cantly affect odd-MIF,33,34 abiotic oxidation by natural organic
matter (NOM) in the dark gives a positive shift in odd-MIF of
the residual pool of Hg0.35,36 Moreover, abiotic dark reduction
and organosulfur-mediated photoreduction produce a positive
odd-MIF shift in the product Hg0, albeit the MIF is induced
through different mechanisms,37,38 whereas the organic matter-
mediated photoreduction driven preferentially by O-donor
groups cause a negative odd-MIF shift in the product Hg0.39,40

The objective of the study is to examine the gas exchange of
Hg0 between air and soil isotopically upon exposure to ambient
air as well as Hg-free air to estimate the individual contribution
of deposition and re-emission of Hg0 from the forest floor. We
systematically observed the seasonal variations of isotopic
signatures of Hg0 in soil pore gas, ambient air Hg0, and Hg0 in
near-surface air modified by the gas exchange with soil (using a
DFC exposed to ambient and Hg-free air) in a subtropical
evergreen broadleaf forest ecosystem. Based on the multi-
compartmental measurements of Hg isotopic fractionation, we
examine the underlying transport and transformations using a
stable isotope mass balance model. Finally, the implications of
the results for the mercury cycle in forest ecosystems are
discussed.

2. METHODOLOGY

2.1. Site Description. The study site is located in the
experimental area of the Ailaoshan Station for Subtropical
Forest Ecosystem Research Studies (ASSFERS, 24°32′N,
101°01′E, 2476 m elevation), Yunnan province, Southwest
China. Details of this forest ecosystem have been presented in
our previous work.17,24,25,41−43 Briefly, ASSFERS has a
subtropical climate with a canopy level dominated by old-
growth (stand age >300-year) and evergreen beech tree
species, such as Lithocarpus xylocarpus (LX), Castanopsis wattii
(CW), and Schima noronhae (SN).44 ASSFERS is dominated
by alfisols, with a pH of 3.55−3.95 in the topsoil.42 At the
station, which is part of the global mercury observation system
(GMOS) network, for 2014, an average value of 1.4 ± 0.3 ng
m−3 was reported for Hg0 in air,29 which categorizes it as a
background site.45 In addition, the concentration of the
particle-bound mercury (PBM) and gaseous oxidized mercury
(GOM) in air is typically below 40 and 5 pg m−3,
respectively.29 A square-shape, undisturbed plot (30 × 30
m2) was utilized for experiments which were then divided into

two subplots (A and B) for measurements of soil pore gas (A)
and air−soil gas exchange (B) as previously described.42

2.2. Stable Hg Isotope Sampling in Soil Pore Gas. The
methodology of sample collection for Hg0 isotope analysis in
the soil pore gas has been described elsewhere.42 Briefly, the
modified centrifuge tubes, with fifty holes of 1.5 mm diameter
on one side, were horizontally inserted into the undisturbed 10
cm-deep soil profile. The horizontal distance between the two
centrifuge tubes was 50−60 cm. Thirty tubes divided into five
groups with Teflon tees were applied to sample the soil pore
gas (Figure S1).42 We sampled soil pore gas at sub-site A
during April 2018 (spring), July 2019 (summer), October to
November 2019 (autumn), and January 2020 (winter). Each
seasonal sampling was conducted for four to five days except
during the winter when up to ten days were required to obtain
robust samples. Three replicate samples were collected during
each season.
Given the reported Hg0 concentration in soil pore gas (3.5−

13.3 ng m−3),42 the soil pore gas was pumped into 0.4 g of
chlorine-impregnated activated carbon (ClC) traps46 with a
flow rate of 0.5 L min−1 during extensive time to ensure
sufficient amount of Hg0 (>5 ng) is collected (detailed in
Supporting Information, Section 1, and illustrated in Figure
S1). The flow rate of 0.5 L min−1 has been shown to
adequately concentrate Hg0 for stable isotope analysis in our
experiments42 (Table S1). To compensate for the low
sampling flow rate (0.5 L min−1), 0.4 g of ClC material per
trap (system blank: 196 ± 23 pg g−1, which is below 100 pg in
each trap) was applied to ensure a low system blank. The Hg0

concentration in soil pore gas was monitored intermittently for
1 h per day during isotope sampling by a direct-indicating
instrument (Tekran model 2537X, shown in Table S1). The
monitoring indicated that the Hg0 concentration was relatively
stable over the measurement period with a maximum
reduction of less than 15% of the initial values after 96−120
h.42

2.3. Stable Hg Isotope Sampling during Air−Soil Hg0

Exchange. The air−soil Hg0 exchange experiments under
ambient air and Hg-free air exposure were carried out
seasonally during 2017−2018 with more detailed information
supplied in Table S2. Exposure by Hg-free air was used for
eliminating Hg0 uptake into the soil and therefore only
measuring the unidirectional flux of Hg0 from the soil. The
experimental setup as well as flux data excluding isotope
measurements for chamber exposure to ambient air have been
reported earlier.42 Bidirectional air−soil Hg0 exchange was
measured over three randomly selected forest floor plots in the
vicinity of LX, CW, and SN plants. We utilized traps
containing the 0.8 g ClC material to sample both the inlet
and the outlet of an aerodynamically designed DFC (aero-
DFC) for isotope analysis of gaseous Hg047,48 using a flow rate
of 8−10 L min−1 (illustrated in Figure S2).46 The aero-DFC
described in Lin et al.48 was modified so that a high flow (10−
12 L min−1) of Hg-free (zero) air could be appropriately
introduced over enclosed soil (Figure S2). As a source of the
Hg-free purging air (<20 pg Hg0 m−3 n, Table S3), a Teflon-
lined pump (model N860ATE, KNF Neuberger, Germany)
with an upstream-mounted air scrubber was used (Zero
canister, Tekran). Over a sampling period of 4−5 days, we
were able to obtain two flux samples for exposure to ambient
air and one flux sample for exposure to Hg-free air by using
two aero-DFCs.
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2.4. Stable Hg Isotope Measurements. All exposed
ClC-traps were processed by using double-stage heating
pyrolysis in a tube muffle furnace49 to pre-concentrate the
analyte into 5 ml oxidizing solution of 40% mixture of
concentrated nitric and hydrochloric acid (“reverse aqua regia”,
HNO3/HCl = 2:1, v/v). The oxidizing solution was analyzed
for Hg by cold vapor atomic fluorescence spectrometry (model
2500, Tekran Instruments, Canada) following the steps
prescribed by the US-EPA method 1631 (detection limit: 0.5
ng L−1).50 The pre-concentration recovery was determined to
be 94.2 ± 1.5% (±1σ, n = 6) using a BCR standard reference
material (BCR-482, 480 ± 20 ng Hg g−1), 94.4 ± 3.8% for
ClC-trap samples in laboratory experiments using the vapor
Hg0 source (Tekran 2505) as methodology of Fu et al.,46 and
97.5 ± 6.9% for all ClC-trap samples in field samples (detailed
in Supporting Information, Tables S2 and S5−S7).
Hg isotope compositions were measured by a multi-collector

inductively coupled plasma mass spectrometer (MC-ICPMS,
Neptune II, Thermo Scientific, USA) at the State Key
Laboratory of Ore Deposit Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences, Guiyang. The
sample introduction system for Hg isotope ratio measurements
consists of an online Hg generation system51 (HGX-200,
Teledyne CETAC Technologies, USA) coupled to a CETAC
Ardius II Desolvating Nebulizer System as described in earlier
studies.24,52 Following the calculation from Bergquist and
Blum,40 MDF is reported as

δ = [

− ] ×

Hg(‰) ( Hg/ Hg) /( Hg/ Hg)

1 1000

202 202 198
sample

202 198
ref

(1)

MIF is calculated as

δ δ βΔ = − ×Hg(‰) Hg Hgxxx xxx
xxx

202
(2)

where βxxx is 0.252 for 199Hg, 0.502 for 200Hg, and 0.752 for
201Hg, respectively. (202Hg/198Hg)ref represents such a result in
the standard sample, Nist 3133.
2.5. Mercury Mass Balance Model. An isotopic mass

balance model was applied to measurement data aiming to
budget the contribution of the individual flux components. The
model is based on the following assumptions (more details in
the next section): (1) samples taken during the winter by zero
air exposure and under sunlight determine the photoreduction-
mediated flux endmember isotopically as detailed in Section
3.2, (2) pore gas emission introduces a negative MDF shift in
Hg0 that is ventilated to air without affecting odd-MIF,53 and
(3) gross Hg0 deposition does not lead to odd-MIF transition,
as illustrated by the Hg isotopic signatures of winter Hg0

exchange, as described in Section 3.3. Finally, the calculation of
the bi-directional net Hg0 exchange between soil and the
atmosphere is accomplished by summing up contributions
from atmospheric Hg0 gross deposition, topsoil photo-
reduction sourced emission, and Hg0 pore emission from soil
into air.7,42,54,55 Hence, the following mass balance equations
can be established

+ + = +M M M M Minlet pho emi outlet dep (3)

·Δ + ·Δ + ·Δ

= ·Δ + ·Δ

M M M

M M

Hg Hg Hg

Hg Hg

xxx xxx xxx

xxx xxx

inlet atm pho pho emi emi

outlet exc dep atm (4)

ξ

ξ

·Δ + · ·Δ

= + · ·Δ ‐

M M

M M

Hg Hg

( ) Hg

xxx xxx

xxx

pho pho emi emi

pho emi zero exc (5)

where xxx represents Hg isotopes with mass number 199 or
201. Minlet, Moutlet, Mdep, Mpho, and Memi represent the Hg

0
flux

entering the DFC from the ambient air, exiting the DFC,
removed by gross deposition, supplied by photo-reduction-
sourced emissions and by gas emanating by pore emission,
respectively (unit: ng m−2 h−1). ΔxxxHgatm, ΔxxxHgpho,
ΔxxxHgemi, ΔxxxHgexc, and ΔxxxHgzero‑exc represent Hg0 odd-
MIF signatures of near-surface ambient air, of topsoil
influenced by photo-reduction, of soil pore gas, of ambient
air exchange flux and of the efflux deriving from zero-air
exposures, respectively (unit: ‰) (Section 2 of Supporting
Information). ξ is a correction factor to offset the increased
emission-driven change in the data collected with Hg-free air.
Equations 3 and 4 are based on the Hg isotopic mass balance
during the air−soil Hg0 exchange under ambient air exposure.
Equation 5 is based on the Hg isotopic mass balance during
Hg0 evasion under ambient air exposure. The model structure
and parameter settings are detailed in Supporting Information,
Section 2.

2.6. Quality Assurance/Quality Control and Statistical
Analysis. During the whole experiment, we have conducted
strict quality assurance (QA)/quality control (QC) and the
detailed information can be found in Section 3 of Supporting
Information. Statistical methods are described with the data
provided in the text. Correlations between Hg0 flux and
isotopic signatures were obtained by Pearson’s correlation tests
using SPSS software (SPSS 20.0). The differences in the
correlation coefficient are determined using a significant level
of 0.05 if not otherwise stated.

3. RESULTS AND DISCUSSION
3.1. Sources of Hg0 in Soil Pore Gas and Underlying

Mechanisms. Soil acts as both a source and sink for Hg0 in
near-surface air depending on the Hg0 concentration in pore
gas.5,9,10 We have reported the time series of Hg0

concentrations measured in pore gas,42 which exhibits a
distinct seasonal pattern. High and varying concentrations
were observed during spring (11.9 ± 4.7 ng m−3), summer
(17.6 ± 15.9 ng m−3), and autumn (5.0 ± 2.8 ng m−3). The
concentrations observed in winter were comparatively low and
consistent (2.2 ± 0.9 ng m−3, Table S2). The factors driving
the seasonal variation have been attributed to soil temperature
and soil water content.42 The former speeds up the rates of
both microbial and abiotic reduction processes that contribute
to higher levels of Hg0 in the pore gas as well as the pore
diffusion rate of Hg0.9,42 In turn, the soil water content restricts
the space available for gas in the pores, hence inhibiting soil
pore Hg0 concentration and lowering the pore diffusivity.42,56

Variations in atmospheric pressure, on the other hand, have an
undetectable effect on the soil pore Hg0 level. Although Hg0 is
a small atom compared to typical gas molecules, it is
significantly more polarizable than many other trace gases,57

suggesting interaction with, for example, π-system moieties58

of NOM and some degree of retention to soil particles.59,60 In
addition to sorption on soil surfaces, Hg0 in pore gas is
controlled by the redox chemistry and pore diffusion driven by
concentration gradients.9,18,33−35,37 Since sunlight penetrates
<1 cm into the forest floor,61,62 Hg0 produced in the photic
zone of the O-horizon makes little contribution to the Hg0
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pool in pore gas sampled at a depth of 10 cm but representing
a mixture from the organic soil profile.
In the present work, the isotopic signatures in soil pore Hg0

are determined to be δ202Hg = −0.94 ± 0.32‰, Δ199Hg =
−0.49 ± 0.04‰ and Δ200Hg = −0.03 ± 0.05‰ (n = 3, 1σ) for
spring; δ202Hg = −0.48 ± 0.60‰, Δ199Hg = −0.49 ± 0.04‰
and Δ200Hg = −0.02 ± 0.05‰ (n = 3, 1σ) for summer; δ202Hg
= −0.45 ± 0.47‰, Δ199Hg = −0.55 ± 0.04‰ and Δ200Hg =
−0.05 ± 0.05‰ (n = 3, 1σ) for autumn; and δ202Hg = −1.72
± 0.41‰, Δ199Hg = −0.31 ± 0.08‰ and Δ200Hg = −0.03 ±
0.05‰ (n = 3, 1σ) for winter (Figure 1 and Table S2). The
isotope signals among spring, summer, and autumn (Figure 1
and S3) are not significantly different (p > 0.05, ANOVA test),
but differ significantly for both δ202Hg and Δ199Hg compared
to those of winter samples (p < 0.01, ANOVA test).
In a comparison with soil pore Hg0, Hg0 in near-surface air

samples (n = 24) is isotopically characterized by more positive
values in MDF (δ202Hg = 0.37 ± 0.30‰) and odd-MIF
(Δ199Hg = −0.16 ± 0.07‰) but the pools exhibit insignificant
Δ200Hg (−0.05 ± 0.04‰). In turn, ASSFERS soil δ202Hg
signature increases with depth from −2.61‰ on surface to
−1.79‰ in soil at 15 cm deep, with soil Δ199Hg signature
displaying a corresponding decrease with depth from −0.44 to
−0.69‰17 (outlined in Figure 1). The Δ199Hg signatures in
soil pore gas in spring, summer, and autumn are comparable to
the signatures of surrounding soil down to a depth of 15 cm,
but δ202Hg is 1−2‰ more positive in the gas compared to the
surrounding soil. Interestingly, the δ202Hg values of soil pore
gas during winter are similar to those of soil Hg, but the
corresponding Δ199Hg values are shifted by nearly +0.2‰.
One explanation for the similar Δ199Hg but more positive

δ202Hg values in the pore gas compared to the surrounding soil
from spring to autumn is a combination of: (1) strong Hg0

emission driven by the concentration gradient from the soil
pore gas (4.6−23.6 ng m−3) to ambient air (0.80−2.2 ng m−3)

and (2) Hg0 emission induced by soil water evapotranspira-
tion56,63 (detailed in Section 3.4). The outgoing Hg emission
leads to heavier Hg0 isotopes in the soil pore. This
phenomenon is further supported by the more negative
δ202Hg in Hg efflux under the Hg-free air than those in the soil
pore gas (Figure 1). Mean δ202Hg0 values of these atmospheric
Hg0 sources are broken down by season as follows: −2.30 ±
0.58, −2.20 ± 0.63, and −3.69 ± 0.87‰ in the soil efflux gas
versus −0.94 ± 0.32, −0.48 ± 0.60, and −0.45 ± 0.47‰ in the
soil pore gas for spring, summer, and autumn, respectively.
Analogous to proven strong MDF during Hg0 emission in
small-bore tubes,53 upward emission may drive the remaining
Hg0 toward more positive δ202Hg values despite that oxidation,
reduction, and desorption act in the negative MDF direction
on the Hg0 pool in the porous soil. We found comparable
Δ199Hg values in the pore gas and in the surrounding soil at
the same depth during spring to autumn. Microbial reduction
occurs without the odd-MIF shift,33,34 and abiotic Hg dark
reduction induced by organic matter causes a small odd-MIF
shift17,18,64 with an enrichment factor of 0.18.37 It is plausible
that the pore gas Hg0 comes from a mixture of Hg microbial
reduction and abiotic dark reduction and few atmospheric Hg0

deposition during the spring, summer, and autumn seasons.
Although Hg0 concentration in the soil pore gas (∼2.2 ng

m−3) was higher than the value observed in the ambient air
(0.8−0.9 ng m−3) in winter, Hg0 deposition onto soil clearly
occurred despite the concentration gradient favoring Hg0

evasion from soil (discussed in detail in Section 3.4). During
winter, the changed isotope composition relative to that of
surrounding soil indicates an influx of Hg0 from ambient air
since air Δ199Hg has a more positive value. This makes the
isotopic signature in pore gas closer to that in near-surface air
(δ202Hg = 0.66 ± 0.22‰ and Δ199Hg = −0.08 ± 0.05‰).
Furthermore, the pore air exhibits a Δ199Hg/Δ201Hg ratio of
unity (1.00 ± 0.13, Figure 2) indicating that this Hg0 pool has

Figure 1. Observed Hg isotopic compositions (Δ199Hg vs δ202Hg) in aerial compartments and surface soil during air−soil Hg exchange flux of the
ASSFERS forest ecosystem. The surface soil profile (blue filled circles) isotopic data were from Yuan et al.,17 which is near the experiment plot. The
blue arrows associated with “Increasing Depth” indicate the positive direction for MDF and negative direction for odd-MIF during soil depth
increasing from 0 to 15 cm.17 The experiments occurred at different seasons are marked at the top of each scatterplot. The measured endmembers
are marked at the bottom of the scatterplot. The error bars represent ±2 standard deviation.
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air65 or microbial reduction as its source rather than abiotic
dark reduction associated with a larger ratio.37

3.2. Isotope Characteristics for Evasion of Hg0 Stored
on Forest Floor. The observed Hg0 evasion flux over soil
under Hg-free air exposure are shown in Table S3. The flux
(range: 0.21−3.83 ng m−2 h−1) features a diurnal pattern
related to temperature and solar radiation at noon (Figures

S4−S6). Seasonally, each of the three plots examined in such
Hg-free air exposure shows higher Hg0 emissions during spring
and summer than during autumn and winter (Table S3).
The efflux Hg0 in the outlet of the flux chamber under Hg-

free gas shows considerable seasonal variation in both Δ199Hg
(range from −0.39 to 0.28‰) and δ202Hg (range from −4.67
to −1.73‰) signatures (Figure 1 and Table S5). The evading
Hg0 is derived from photo-reduction that occurred at the
surface floor and Hg0 emission through the porous organic soil
when exposed to zero air, as indicated by the observed
Δ199Hg/Δ201Hg of 0.98 ± 0.06 (R2 = 0.97). Unlike the data
reported elsewhere, the Hg0 effluxes measured during the
winter in the vicinity of Schima noronhae and Lithocarpus
xylocarpus show nearly zero flux most of the day when light is
limited (Figures S4 and S5). This suggests that the
contribution of pore gas Hg0 emission can be neglected. The
isotopic shifts of the Hg0 efflux under Hg-free gas exposing
between daytime and light in winter are likely caused by the
surface soil Hg photoreduction. An earlier study has depicted
that 33% reduction is caused by organosulfur photoreduction,
6% reduction by photoreduction mediated by organic matter,
and ∼60% by microbial reduction on the forest surface floor at
ASSFERS.17 Considering the Hg odd-MIF during each
reduction processes, the photoreduction-induced Hg0 efflux
can cause 0.20−0.23‰ of Δ199Hg (Supporting Information
Section 3). This is consistent with the average value of Δ199Hg
for winter Hg0 efflux under Hg-free gas exposing (Δ199Hg =
0.23 ± 0.04‰ and Δ201Hg = 0.19 ± 0.04‰). Therefore, the
values of 0.23 and 0.19‰ for Δ199Hgpho and Δ201Hgpho are
applied in eqs 3−5.

Figure 2. Mass-independent fractionation of odd isotopes (Δ199Hg vs
Δ201Hg) of Hg0 in near-surface atmosphere (green filled triangles), in
efflux gas of aero-DFC under ambient air exposure (orange filled
squares), in efflux gas of aero-DFC under Hg-free air exposure (purple
filled diamonds), in soil pore gas (red filled stars), and HgII in 0−15
cm surface soil (blue filled circles). The surface soil profile of isotopic
data are from Yuan et al17 Linear fits are obtained from the
Williamson-York bivariate regression method.80 Each slope is marked
with one standard error of the mean in corresponding color. The error
bar given in bottom right represents ±2 standard deviation.

Figure 3. Scatterplot of isotopic signatures vs Hg0 flux from all aero-DFC experiments under ambient air exposure. (a) δ202Hg vs flux, (b) Δ199Hg
vs Flux in the efflux gas of aero-DFC, (c) δ202Hg vs Flux, and (d) Δ199Hg vs Flux in near-surface ambient air. Error bars indicate ±2 standard
deviations. The straight lines represent the regression fitting results, and the envelopes represent the 95% confidence interval. The dotted line
encircled points that are not included in the present fit line in (c,d).
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As seen in Figure 1, summertime Hg0 efflux data form a
cluster (δ202Hg = −2.20 ± 0.63‰ and Δ199Hg = −0.36 ±
0.07‰) much closer to that of the organic soil horizon
(δ202Hg = −2.23 ± 0.27‰ and Δ199Hg = −0.52 ± 0.06‰)
with respect to Δ199Hg and δ202Hg than is the case in other
seasons. Corresponding negative-shifted odd-MIF signatures
(Δ199Hg = −0.36 ± 0.07‰ and Δ201Hg = −0.36 ± 0.09‰)
are also considerably similar to those of the pore gas (Δ199Hg
= −0.49 ± 0.04‰ and Δ201Hg = −0.46 ± 0.14‰). In turn,
the isotopically lighter efflux relative to the pore gas is an effect
of MDF caused by emission. The contribution of photo-
reduction on efflux is weaker because of the more intensive
canopy shading constraining the sunlight breakthrough into
the forest floor.66 The observed isotopic signatures in Hg0

efflux are largely controlled by pore Hg0 gas emission through
the organic matter in soil, which is also evidenced by the
higher evasion flux (Figures 1 and S3).42 When all samples for
Hg0 efflux and Hg0 in pore gas are plotted in the odd-MIF
versus MDF space, a linear relationship is evident with a slope
for Δ199Hg/δ202Hg and Δ201Hg/δ202Hg of −0.57 ± 0.07 and
−0.53 ± 0.07, respectively (Figure S7). The significant
relationship (p < 0.01) represents a binary mixing of Hg0

derived from surface photoreduction and from pore gas.
3.3. Process of the Air−Soil Hg0 Exchange Indicated

by Hg Isotopic Evidence. Air−soil Hg0 net exchange (FHg)
measured by the aero-DFC (detailed in Supporting Informa-
tion Section 3 of Yuan et al.42) shows continuous deposition
(−0.46−−1.82 ng m−2 h−1) in winter and continuous emission
(1.99−11.75 ng m−2 h−1) in summer, while the spring and
autumn measurements contain periods of deposition but
predominantly emission (−0.97−4.84 ng m−2 h−1). Overall,
the forest floor is a net Hg0 source with an annual flux of +6.7
± 20.5 μg m−2 yr−1.42 Temperature is the most important
factor driving the air−soil Hg0 exchange, followed by air Hg0

concentration.42

The isotopic signatures in the air−soil Hg0 net exchange
show seasonal variability (Figures 1 and S8 and Tables S6 and
S7). During the winter, there is insignificant difference (paired
t-test, p = 0.445 for δ202Hg and p = 0.486 for Δ199Hg) between

ambient air entering (δ202Hg = 0.66 ± 0.22‰ and Δ199Hg =
−0.08 ± 0.05‰, n = 3, Table S6) and exiting (δ202Hg = 0.52
± 0.55‰ and Δ199Hg = −0.10 ± 0.04‰, n = 3) through aero-
DFC, while during the summer (paired t-test, p < 0.01), the
outgoing air modified by the gas exchange is more negative
(δ202Hg = −0.15 ± 0.23‰ and Δ199Hg = −0.33 ± 0.05‰, n =
3) compared to the ambient air (δ202Hg = 0.43 ± 0.13‰ and
Δ199Hg = −0.20 ± 0.05‰, n = 3). Also, the difference in
isotope compositions during spring and autumn is insignificant
(paired t-test, all p > 0.05). Similar to the air samples collected
at ASSFERS and other forest sites in China, the flux measured
by the DFC method yields a Δ199Hg/Δ201Hg ration close to
unity (0.97 ± 0.09 and 0.87 ± 0.13, respectively). This is in
contrast to that of Hg bound in the soil profile being shaped by
the nuclear volume effect during thermal reduction.17

The isotopic signatures of outgoing air modified by the gas
exchange over the plot enclosed in the chamber show a
significant linear anticorrelation (p < 0.001) with FHg (in the
range from −1.82 to 11.75 ng m−2 h−1, n = 12) expressed in
the form −0.08FHg + 0.33 (R2 = 0.49) and −0.02FHg − 0.15
(R2 = 0.59) for δ202Hg and Δ199Hg, respectively (Figure 3a,b).
Since the near-surface air into the DFC is often isotopically
similar to the outgoing air, there is an anticorrelation with the
former and FHg (Figure 3c,d). Based on the analysis in Section
3.2, the net Hg0 flux between soil and air is determined as the
result of a ternary mixing process among gross deposition,
photo-reduction in the topsoil mediated by organosulfur-
containing ligands and by emission-ventilated pore gas.
However, the anticorrelation can also be caused by an
increasing relative contribution of soil emission to near-surface
ambient air, which leads to the isotopic signatures similar to
those observed in soil pore gas with negative MDF and odd-
MIF.

3.4. Sources of Hg0 Contributing to the Air−Soil Hg0

Fluxes. Results from model simulations for each season are
presented in Figure 4. The simulated Mdep normalized for the
soil surface enclosed by the chamber is highest in summer (7.8
± 2.9 ng m−2 h−1), followed by autumn (6.8 ± 2.3 ng m−2

h−1), spring (2.8 ± 1.2 ng m−2 h−1), and winter (1.7 ± 0.3 ng

Figure 4. Model results on the contribution flux in the air−soil Hg0 exchange process. Flux unit: ng m−2 h−1. Inlaid arrows represent the
atmospheric Hg0 gross deposition for a filled in blue, the surface soil HgII photoreduction for b filled in orange, and Hg0 emission from deeper soil
for c filled in yellow, respectively.
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m−2 h−1), consistent with a declining trend for the Hg0 level in
near-surface air from 1.81 ± 0.46 in summer to 0.86 ± 0.13 ng
m−3 in winter42 (Figure S9). The simulated Memi increases
from 0.03 ± 0.03 ng m−2 h−1 in winter to 11.3 ± 2.5 ng m−2

h−1 in summer (Figure 4). Finally, the simulated photo-
reduction-driven flux also varies in the following order: 0.3 ±
0.3 ng m−2 h−1 (winter) < 1.9 ± 1.1 ng m−2 h−1 (summer) <
2.6 ± 1.3 ng m−2 h−1 (autumn) < 3.3 ± 0.9 ng m−2 h−1

(spring). The highest value in spring is consistent with the
highest annual observations of photosynthetically active
radiation below the canopy (40−52 μE m−2 s−1).42 Our
isotope mass balance model suggests that legacy Hg re-
emission (∼50 ± 41 μg m−2 yr−1) plays an important role in
the air−soil Hg0 exchange at ASSFERS, with an estimated
contribution of 17 ± 17 μg m−2 yr−1 by photoreduction-driven
emission and 33 ± 25 μg m−2 yr−1 of Hg0 emanating from the
organic soil horizon by pore emission.
Hg0 deposition through litterfall has been considered as an

important pathway of dry deposition in forest ecosystems.13,14

We applied a mass balance model based on measured Hg
isotopes and estimated the gross air Hg0 deposition to forest
floor to be −4.7 ± 3.8 ng m−2 h−1 (−42 ± 33 μg m−2 yr−1)
accounting for approximately 60% of Hg in the litterfall flux at
ASSFERS (∼75 μg m−2 yr−1).66,67 This suggests that using
only litterfall flux to represent the total dry deposition
significantly underestimates the total Hg0 dry deposition to
forest ecosystems. We attributed the large observed Hg0 dry
gross deposition to the deposited Hg0 being rapidly adsorbed
and oxidized into Hg2+ in the surface organic soil layer due to
the high level of reduced sulfur or N/O functional
groups.15,35,66 The adsorption induced the ∼−0.4‰ enrich-
ment factor of lighter Hg isotopes into the adsorbed state
which was independent of the equilibration time and
fraction.68 The pseudo-first-order oxidation rate of Hg0 has
been observed to be up to 5.4 h−1 for N/O-mediated redox
reaction and 0.14 h−1 for thiol compounds redox.69,70

Figure S12 further explains the conceptual model of the air−
soil Hg0 exchange. Absorption and oxidation in the surface soil
layer are the primary drivers for the gross deposition. Diffusion
between air and soil pores and soil water evapotranspiration
induce soil pore Hg0 evasion. During spring, summer, and
autumn, the deposition flux driven by chemisorption from air
to soil is 1−2 orders of magnitude greater than the values
predicted by static diffusion using the Fick’s first law. This
highlights the importance of the absorption and oxidation
process on the soil surface. The emission from the soil pore to
air is also 2−30 times higher than the value explained by
diffusion, because other processes such as the soil water
evapotranspiration facilitates the gross emission in these warm
seasons.56,63,71 The total gross emission from the soil pore to
air is also 1−2 orders of magnitude higher than the gross
deposition from the air to soil pore, consistent with the
observed trend of Hg0 odd-MIF signatures. In winter, the total
gross emission from the soil pore to air is largely reduced
because of the much-reduced rate of formation and diffusion of
pore Hg0 and the soil water evapotranspiration under low
temperatures.56,63 This yields a more positive value of the pore
Hg0 odd-MIF signatures, similar to the signatures of air Hg0.
3.5. Model Uncertainties. The uncertainties of the model

estimates come primarily from a lack of comprehensive
understanding of processes that contribute to the MIF shifts.
First, the MIF caused by atmospheric Hg0 absorption and dark
oxidation, both being important pathways to fix deposited Hg0

in organic soil, are close and inseparable in model parameter-
ization. Given the nearly zero odd-MIF shift occurred at
absorption and the small positive odd-MIF shift caused by dark
oxidation,35,36 there was no odd-MIF transition in our
experiment with net deposition flux during winter. Another
source of uncertainties arises from the potentially unknown
processes taking place in soil profiles. For example, the
photoreduction induced by large organic molecules and the
Hg0 absorption onto organic soils were not incorporated in the
present model. In essence, the negative odd-MIF shift in
product Hg0 can also be caused by photoreduction mediated
by organic matter.38,40 Since the photoreduction induced by
large organic matter molecules contribute to <6% of total soil
Hg reduction,17 the induced odd-MIF shift in product Hg0 is
not considered in the model. Data quantifying the MIF shift
during HgII absorption onto organic matter molecules68,72 are
not available, and therefore, the soil pore gas Hg0 signature
represents the endmember of the emission process. Finally, the
sensitivity analysis in Figure S13 suggests that the soil pore-to-
air emission flux is more dependent on the variation of gross
atmospheric Hg0 deposition flux than the surface HgII

photereduction flux. This indicates that not-yet-identified
processes could lead to the current Hg isotopic mass balance
model under-constrained, especially for estimating the soil
pore to air Hg0 evasion flux.
Uncertainty is also introduced from the Hg isotopic

signatures used for the endmembers. The values used in the
model represent mean values that potentially eliminate process
signals. For example, the specific isotopic signatures of Hg in
soil pore gas in spring, summer, and autumn are applied in
each season during simulation, while the winter soil pore Hg0

is expected to be impacted by the atmospheric Hg0 mixing and
oxidation. The mean value of odd-MIF in other seasons was
applied in winter simulation. In addition, although the
observed Hg isotopic signatures in near-surface ambient air
at the ASSFERS23−25 and other remote sites are consis-
tent,19,27,30 the true atmospheric Hg0 isotopic signatures
without being modified by the air−soil exchange was not
independently quantified. We found that using the inlet Hg0

compositions to represent the signature of atmospheric Hg0

endmember is reasonable. Little difference (1−3%, Figure
S11) was observed with the mean atmospheric Hg0 isotopic
compositions at ASSFERS (Δ199Hg = −0.13 ± 0.08 and
Δ201Hg = −0.12 ± 0.08‰23−25) as the model input. We
recommend more studies to demonstrate these unknown
mechanisms of soil Hg biogeochemical processes for future
modeling updates.

4. IMPLICATIONS
Few studies have quantified the multi-process contribution
during the air−soil Hg0 exchange because of the limitations of
measurement methodology that is capable of quantifying the
net flux only. In this study, the processes contributing to the bi-
directional exchange has been quantitatively attributed based
on the stable isotope data of Hg. Currently, the net flux
exchanged between atmosphere and forest ecosystems is
estimated to be 151 Mg yr−1 (range: 97−247 Mg yr−1)
globally.2,3,73−76 These estimates ignore contribution from
intermediate Hg processes in forest ecosystems, especially the
role of legacy Hg re-emission. We calculated that ∼11.5 μg
m−2 yr−1 Hg0 was emitted from Hg deposition on foliage,24,42

and the legacy Hg re-emission from forest floor is estimated up
to ∼50 ± 41 μg m−2 yr−1 in the present study. The relatively
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large uncertainties need more observation and isotopic data to
quantify in future. This study demonstrates a new method-
ology in estimating Hg0 exchange fluxes derived from various
pathways on the forest floor with the observed characteristics
of Hg stable isotopes and provides data of Hg stable isotopes
in different soil compartments. The new findings facilitate a
better understanding of Hg cycling in forest ecosystems. The
negative transition in both MDF and odd-MIF during soil-air
Hg exchange offsets the positive shift in those during the
foliage-air Hg exchange, maintaining the stability of the
atmospheric Hg0 isotopic feature.
The slightly negative (−0.2−−0.1‰) odd-MIF signatures

of atmospheric Hg0 have been reported at multiple remote
sites19,22−27 and cannot be explained by the near-zero odd-MIF
signatures observed in air samples of anthropogenic Hg
release32,77−79 and positive odd-MIF shifts after experiencing
the air-foliage bi-directional exchange.24 It is likely that the
negative odd-MIF is forced by the evasion of Hg stored in the
surface forest floor layer. More studies on legacy Hg reemission
with Hg isotopic signatures in other ecosystems are needed to
improve our understanding of global cycling of Hg mass.
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