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ABSTRACT: Organic soil is an important transient reservoir of
mercury (Hg) in terrestrial ecosystems, but the fate of deposited
Hg in organic forest soil is poorly understood. To understand the
dynamic changes of deposited Hg on forest floor, the composition
of stable Hg and carbon (C) isotopes in decomposing litters and
organic soil layer was measured to construct the 500 year history of
postdepositional Hg transformation in a subtropical evergreen
broad-leaf forest in Southwest China. Using the observational data
and a multiprocess isotope model, the contributions of microbial
reduction, photoreduction, and dark reduction mediated by
organic matter to the isotopic transition were estimated. Microbial
reduction and photoreduction play a dominant role in the initial
litter decomposition during first 2 years. Dark redox reactions
mediated by organic matter become the predominant process in
the subsequent 420 years. After that, the values of Hg mass dependent fractionation (MDF), mass independent fractionation (MIF),
and Δ199Hg/Δ201Hg ratio do not change significantly, indicating sequestration and immobilization of Hg in soil. The linear
correlations between the isotopic signatures of Hg and C suggest that postdepositional transformation of Hg is closely linked to the
fate of natural organic matter (NOM). Our findings are consistent with the abiotic dark reduction driven by nuclear volume effect
reported in boreal and tropical forests. We recommend that the dark reduction process be incorporated in future model assessment
of the global Hg biogeochemical cycle.

1. INTRODUCTION

Forest ecosystems represent an important sink of atmospheric
gaseous elemental mercury (Hg0).1 Mercury (Hg) sequestered
by litterfall is estimated to be 1000−1200 Mg yr−1 in global
forest,2,3 accounting for nearly 20% of total atmospheric Hg0

burden (5000−5500 Mg).4 Recent studies have established
that Hg in forest soil is mainly derived from litterfall, instead of
Hg wet deposition.5−8 Soil is the largest carbon (C) and Hg
reservoir in the terrestrial ecosystem.8,9 Re-emission of Hg0

and complexation of divalent mercury (HgII) take place
simultaneously during litter degradation, while Hg tends to be
accumulated in the remaining vegetative biomass.10 Microbial
reduction, photoreduction, and dark reduction are considered
the primary processes facilitating the re-emission from forest
soil.7 In particular, dark redox reactions of Hg facilitated by
natural organic matter (NOM), such as those observed in
anoxic sediments and water,11,12 have only recently been
identified in forest soil.7,13 Furthermore, previously deposited
Hg in deeper organic soils (e.g., depth >5 cm) may not
participate in the air−surface exchange processes exten-
sively,14,15 suggesting that the Hg accumulated in the soil pool.

Characteristics of Hg stable isotopes in environmental
samples, quantified as mass dependent fractionation (MDF)
and mass independent fractionation (MIF), provide a useful
fingerprint for tracing Hg translocation and transformation in
the environments.16−18 Hg MDF (reported as δ202Hg) takes
place in a wide variety of physical, chemical, and biological
processes.16,19−24 In contrast, only specific reactions can lead
to Hg MIF (including odd-MIF reported as Δ199Hg and
Δ201Hg and even-MIF reported as Δ200Hg and
Δ204Hg).16,19,22−24 Processes causing odd-MIF include mag-
netic isotope effect (MIE) and nuclear volume effect (NVE).
MIE can be triggered by photochemical (reduction) processes
in aqueous solutions or snow crystals with Δ199Hg/Δ201Hg
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ratios ranging from 1.0 to 1.225−28 and by methylmercury
(MeHg) photodegradation with Δ199Hg/Δ201Hg ratios in
residual MeHg at ∼1.36.25,29 NVE could be caused by
equilibrium evaporation (Δ199Hg/Δ201Hg slope = 1.59−
2.0023,30), dark redox reactions mediated by organic matter
(Δ199Hg/Δ201Hg slope = ∼ 1.6031,32), photo oxidation
processes (Δ199Hg/Δ201Hg slope up to 1.8933), and self-shield
in compact fluorescent lamps.34 Even-MIF, with a slope of
Δ200Hg/Δ204Hg around −0.5, is caused by unidentified
mechanisms in the atmosphere, most likely related to
photochemical oxidation of Hg0 exclusively in the upper
atmosphere.35

Hg from various source components in forest ecosystems
exhibits distinct odd-MIF signatures. For example, Hg in
precipitation shows predominantly positive odd-MIF and even-
MIF,36,37 while Hg in vegetative biomasses shows significant
negative odd-MIF but insignificant even-MIF.1,5,7,36 In
contrast, Hg in bedrock samples exhibits little odd-MIF and
even-MIF.16,38−40 Despite the increasing amount of data
reported in the literature, there is a lack of knowledge in the
interactions between the deposited Hg in the upper soil layer
and the Hg retained in the deeper soil layer where HgII has
been processed for centuries. Knowledge on the fate of Hg
after deposition, such as transformation and translocation
during biomass degradation, immobilization and sequestration
in soil, re-emission to atmosphere, and runoff to downstream,
is critical to the understanding of Hg cycling in forest
ecosystems.
The objectives of this study are to understand the

responsible sources and processes of vegetative biomass after
deposition to the forest floor. We systematically observed the
transition of Hg and C isotopic signatures in the samples of
degrading biomass and organic soils in an attempt to
understand the fate of deposited Hg on forest floor after
active uptake by vegetation, as well as its association of C cycle,
in an evergreen broad-leaf (EB) forest over a five-century
period. The contribution of different biogeochemical processes
to the isotopic shift during the biomass decomposition is
determined using a stable isotope mass balance model. The
transformation of mercury in aging organic soil is analyzed, and
its implications on global mercury cycling are discussed.

2. MATERIALS AND METHODS
2.1. Site Description. The field work was performed at the

Ailaoshan Station for Subtropical Forest Ecosystem Research
Studies (ASSFERS, 24°32′ N, 101°01′ E, 2476 m elevation),
Yunnan province, Southwest China. It has a subtropical climate
with an annual mean temperature of 11.3 °C and precipitation
depth of 1840 mm.41 The canopy coverage is dominated by
evergreen beech species (≥85%) with a stand age of >300
years; the detailed site information has been described in our
earlier work.42 Two experimental sites of 30 m × 30 m (A and
B), 100 m apart, were set up for sampling (Figure S1). The
undisturbed soil samples were collected at site A, and the
litterfall decomposition experiments were performed at site B.
2.2. Soil Samples Collection and Litter Decomposi-

tion Experiment. The soil information and sampling
operation are detailed in the Supporting Information (SI),
Section 1. Briefly, three surface soil cores were randomly
collected at 0−15 cm depth with overlaying litters at site A in
January 2018. The soil profile was divided into the recent or
slightly humified litter (horizon Oi), partially humified organic
matter (horizon Oe), highly humified organic soil (horizon

Oa), and mineral soil (horizon Ah, Figure S2). Because of the
spatial heterogeneity, the soil horizon existed in a slight
deviation. Layered soil samples with every 0.5 cm for the first 3
cm of soil column and every 1 cm for the rest 3−15 cm soil
were dried, ground, and sieved with a 200-mesh nylon screen
(74 μm) in sequence.
Litter decomposition experiments were performed according

to the method described in our earlier work.10 In summary,
fresh litter samples were collected under the three dominant
tree species (Lithocarpus xylocarpus, Castanopsis wattii, and
Schima noronhae). The Hg concentration is consistent among
different tree species,10,43 and therefore, mixed composite
samples were made for each experiment. Approximately 10.0 g
of litter sample was placed in a 15 cm × 20 cm nylon bag with
a 2 mm × 2 mm mesh size.44 Twenty-four replicated nylon
mesh bags divided into three groups were placed in three 1.0 m
× 1.0 m ground cells under forest canopy at 2450 m above sea
level at site B on August 31th, 2013. The sampling interval was
every 2 months in the first year and every 4−8 months in the
second year. The total decomposition period was 24 months.
The decomposing samples were taken randomly in exper-
imental plots and lightly rinsed by double distilled water
(DDW) to remove surface soil and dust. The loss of Hg caused
by the water rinse, assessed by exposing litter to water upon
harvest, was negligible (<0.20 ng Hg g−1 dry mass),
comparable to earlier results.10,45 After carefully removing
the impurities (roots and rubbles), the decomposed litterfall
samples were dried at 60 °C for 72 h in an oven, followed by
Hg, C, and stable isotopes analysis.
Total Hg concentration in soil and litter samples was

measured by the Lumex Model RA-915+ (Lumex Analytics,
detection limit: 1 ng g−1) atomic absorption spectrometric
analyzer at 254 nm with Zeeman correction for background
absorption for interference-free measurement after combus-
tion. The method recovery was determined to be 100.5 ± 2.5%
(n = 9, mean = ±1σ) for soil samples using a certified soil
reference material GBW07405 (290 ± 30 ng g−1) and 96.2 ±
3.1% (n = 6, mean = ±1σ) for plant samples using a certified
reference material GBW10020 (150 ± 20 ng g−1).

2.3. Measurement of Hg and C Stable Isotopes. The
measurement of Hg isotopes in composite litter and soil core
samples has been described in our earlier work8 and detailed in
Section 2 of the SI. Mercury isotopic compositions were
measured using a standard-sample-standard protocol and
reported relative to NIST-3133 for MDF as follows:25
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δ = − ×

‐
Hg (‰)

( Hg/ Hg)

( Hg/ Hg)
1 1000x

x

x

198
sample

198
NIST 3133 (1)

where x is the mass number of each Hg isotope from 199 to
202. MDF is reported as δ202Hg, and MIF is calculated as
follows:25

δ δΔ = − ×Hg Hg 0.2520 Hg199 199 202
(2)

δ δΔ = − ×Hg Hg 0.5024 Hg200 200 202
(3)

δ δΔ = − ×Hg Hg 0.7520 Hg201 201 202
(4)

The UM-Almadeń standard was measured every 10 samples
during measurement as a secondary standard. To ensure that
the double-stage offline combustion-trapping technique (Hg
recovery at 94.2 ± 1.5%) did not introduce discernible bias,
BCR 482 and GSS-4 standards were measured before each
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analytical session. Results of UM-Almadeń (δ202Hg = −0.51 ±
0.04‰, Δ199Hg = −0.01 ± 0.07‰, Δ200Hg = 0.01 ± 0.06‰,
Δ201Hg = −0.01 ± 0.09‰, ± 2 SD, n = 7), BCR-482 (δ202Hg
= −1.56 ± 0.12‰, Δ199Hg = −0.60 ± 0.06‰, Δ200Hg = 0.06
± 0.09‰, Δ201Hg = −0.63 ± 0.02‰, ± 2 SD, n = 3), and
GSS-4 (δ202Hg = −1.72 ± 0.16‰, Δ199Hg = −0.34 ± 0.06‰,
Δ200Hg = −0.00 ± 0.04‰, Δ201Hg = −0.34 ± 0.06‰, ± 2
SD, n = 3) are consistent with the reported values.25,46,47

Hence, we chose uncertainties of 0.12‰ for δ202Hg, 0.07‰
for Δ199Hg, 0.09‰ for Δ200Hg, and 0.09‰ for Δ201Hg (±2
SD) for the litter samples and 0.16‰ for δ202Hg, 0.07‰ for
Δ199Hg, 0.09‰ for Δ200Hg, and 0.09‰ for Δ201Hg (±2 SD)
for the soil profile samples.
Total organic carbon (TOC) concentrations were measured

by a vario MACRO cube analyzer (Elementar, detection limit
= 10 ppm). Carbon isotope measurements were accomplished
by a Thermo-Fisher MAT 253 analyzer.48 δ13C was calculated
as

δ = × [ − ]‐C (‰) 1000 ( C/ C )/( C/ C ) 113 13 12
sample

13 12
V PDB (5)

where Vienna Pee Dee Belemnite (V-PDB) was used as the δ-
zero reference for C isotope measurement, and the mean δ13C
of IAEA-CH-3 standard substance was determined to be
−24.716 ± 0.070‰ (n = 7, ± 2σ, recommended value =
−24.724 ± 0.041‰).10

2.4. Radiocarbon Measurements. All soil samples were
combusted, graphitized, and analyzed using accelerator mass
spectrometry (AMS; National Electrostatics Corporation) at
State Key Laboratory of Organic Geochemistry, Guangzhou,
China. The 14C results are reported as a fraction of modern
14C (F14C), after being corrected for mass fraction using δ13C.
The dating of soil age using 14C data was calculated using
published methods49,50 with the Bacon Software package.51 It
is noted that the carbon in the soil samples represents a
mixture of old and young carbon, i.e., the younger carbon
could be introduced into the older soil by soil micro fauna
activities and plant root exudate. Therefore, the interpretation
of a bulk age should be used with caution.7 The radiocarbon
signal in the 0−5 cm soil samples resembles the signal of air
samples in the present day.
2.5. Hg Isotopic Fractionation Model. It has been

suggested that secondary processes do not induce Hg isotopic
fractionation since desorbed Hg from soil or decomposing
litter exists as Hg−NOM complexes.52,53 Thus, the runoff
process causes little Hg isotopic shift in residual Hg on the
forest floor.52 Geogenic Hg derived from weathering of bed
rock has a greater (heavier) δ202Hg (−0.68 ± 0.45‰, ± 1SD)
than Hg on forest floor and exhibits little MIF of 199Hg and
200Hg.16,38,54 We conclude that geogenic Hg is not an
important Hg source in the 0−15 cm surface soil at the
study site because of several observations. One is that 14C
dating results indicate that the soil profile is far younger than
the rock, usually formed in a million year scale. The other is
that Hg and C concentrations in 0−15 cm surface soil are 1
order of magnitude greater than those found in the deep soil
and rock (Hg < 10 ng g−1 and C < 1%, respectively).10

Although the C content decreases from 45% to 9% in from 1 to
15 cm depth soil, the level is still 1 order magnitude greater
than the Hg level in deep mineral soil. Finally, observed Hg
odd-MIF signatures decrease with the depth of soil. The trend
does not support significant mixing of geogenic Hg in the soil
layer, which would show positive Hg odd-MIF signatures.

Therefore, four governing processes were considered in
modeling isotopic shift in the organic surface soil layer:
microbial reduction, photoreduction (by organosulfur groups
and DOM, respectively), and abiotic dark reduction mediated
by NOM. The isotope mixing model was based on Hg isotope
enrichment factor caused by Hg processes predicted by the
Rayleigh equation to quantify the contribution of these
processes. We used the Rayleigh equation to set up the
model because of the following reasons. The Hg reduction and
Hg0 re-emission in forest floor to the atmosphere can be
considered as loss of reaction products in an open system. It is
also assumed that the Hg reduction processes are independent
from each other. This is also verified with a model sensitivity
analysis (Section 3.5). Finally, given the extensive Hg pool in
soil compared to the Hg re-emission flux, we assume that each
soil layer is relatively homogeneous. The Hg isotope mass
model is built as follows and can be found in Section 3 of the
SI:

+ + + = −‐ ‐f f f f F1mic pho S pho C dar (6)

ε ε

ε ε

δ
δ δ

× − + × −

+ × − + × −

= −
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= Δ −
Δ + × Δ

+

‐ ‐
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1
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199
process

199
initial

199
precipitation

(8)

where fmic, f pho−S, fpho−C, and fdar are the fractional contribution
of microbial reduction, organosulfur photoreduction, DOM
photoreduction and NOM dark reduction, respectively. ε202

Hgmic, ε202Hgpho‑S, ε202Hgpho‑C, and ε202Hgdar are MDF
enrichment factors caused by each of the four processes.
E199Hgmic, E

199Hgpho‑S, E
199Hgpho‑C, and E199Hgdar are odd-MIF

enrichment factors caused by the respective processes,
referring to the fraction of residual Hg, which means Hg
remained in the soil without being involved in the reactions.
Δ202Hginitial and Δ199Hginitial represent the Hg isotopic
signatures in initial samples as Sp1 and So1, detailed in Tables
S2 and S3. δ202Hgprecipitation and Δ199Hgprecipitation represent the
Hg isotopic signatures in precipitation.55 T refers to the
fractional contribution of HgII by precipitation mixed in the
soil pool. Since throughfall Hg comes from rainfall Hg and
additional Hg input during washout, it is assumed that the
fraction of washed-out Hg contained in throughfall remains the
in soil. Therefore, the products of T by throughfall Hg
represent the amount of Hg retained in soil. The value of F in
eq 6 is further estimated by

=
− × + ×

×
−

F
t t T

Hg

( ) (Hg Hg )
100%i

i i 1 L T (9)

where ti is the age for the ith soil stage, Hgi is the Hg mass
retained in a given soil stage, HgL is the annual litterfall Hg
deposition, and HgT is the annual throughfall Hg input. We
assumed constant values for litterfall and throughfall Hg
depositions during last 500 years on the basis of several
reasons. One is that the variation of litterfall Hg deposition is
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mainly controlled by the litter biomass production since
ASSFERS is a remote primordial forest with Hg0 concen-
trations at 1.5−2.0 ng m−356 without any deforestation or
forest fires in last 500 years. The average precipitation Hg
concentration is 4.9 ± 3.1 ng L−1 in the lower range observed
at T/B forest sites in Europe and North America.10 Therefore,
the variation of throughfall HgII would not distinctly vary in
last 500 years. Our earlier work suggested litterfall Hg
deposition at ∼75 μg m−2 yr−1 and throughfall at ∼30 μg
m−2 yr−1.10,43 The uncertainty associated with this assumption
introduces immeasurable impact on our model results,
especially in stage C with 420 year decomposition.
2.6. Sensitivity Analysis and Model Uncertainty. To

explore the sensitivity of model response to the changes in
fractionation parameters, the model results obtained by varying
the input values of model parameters were compared using a
two-level factorial design of experiment. The factorial design is
meant to gauge the extreme variation caused by the possible
range of all parameters. Data analysis of the factorial
experiments was performed using Minitab 6.0. In short, values
of model parameters were varied individually and in
combinations at the two selected levels (i.e., a high and a
low value). Then, the contribution of the reductive pathways
(Table S4) at the changed input values was calculated and
compared to estimate the sensitivity. The two-level factorial
design of experiments provides an approximate estimate of
model uncertainty. A Monte Carlo simulation was also
performed to more accurately quantify the model uncertainties
caused by model parameters. A 10 000 sample size of isotopic
enrichment factors randomly ranging from the low level to the
high level of Table S5 were selected for model simulation to
estimate the range of contribution by different processes using
eqs 6−9.

3. RESULTS AND DISCUSSION
The calibrated 14C dating results suggest that the soil layer at
0−15 cm depth was formed in a 500 year period. On the basis
of the observed Hg stable isotopes and the soil accumulation
rate (Figure 1), the Hg biogeochemical processes in the soil
profile can be divided into four stages. The first stage (∼2
years) is the initial decomposition of litter biomass,
represented by surface litters decomposition bags experiments.
The second stage (∼15 years) is the subsurface processes
associated with continued litter decomposition, represented by
0−5 cm Oi and Oe soil horizons. In this stage, the soil samples
show 14C isotope characteristics similar to those found in
present-day air samples. The third stage (∼400 years) is within
the Oa soil horizon, represented by soil from 6 (dated as 17 ±
40 years old) to 11 cm (dated as 415 ± 60 years old) depth.
The fourth stage is Hg immobilization in Ah soil horizons,
represented by deeper soil from 11 (415 ± 60 years old) to 15
cm (486 ± 45 years old).
3.1. Hg Processes during the Initial Two Year Litter

Decomposition. The litter decomposition experiment was
designed to record the changes of concentration, mass, and
isotopic signatures of Hg and C.10 After two years of
decomposition, the percentage of biomass loss is 61% ± 4%
(n = 3) (Table S1), corresponding to a decrease from 45.9% to
31.5% for C content and an increase from 1.03% to 1.79% for
N content. This yields a decrease in C/N ratios from 44.5 to
17.6 (Table S1 and Figure 2). Meanwhile, the Hg
concentration increases from 97 ± 15 to 157 ± 13 ng g−1

with 26% ± 1% loss of total Hg mass after two years of

decomposition, suggesting relatively smaller Hg loss during the
mineralization process (Table S2). During this period, δ202Hg
increases from −3.23 ± 0.12‰ to −2.93 ± 0.12‰ and
Δ199Hg decreases from −0.28 ± 0.07‰ to −0.34 ± 0.07‰.
The MDF and odd-MIF shifts occur primarily during the
second year (Figure 2c,d). Similar to the MDF change for Hg,
δ13C shows a small increase from −29.12 ± 0.07‰ to −28.69
± 0.07‰ (Figure. 2g). The microorganisms responsible for
litter decomposition preferentially consume lighter C, which
therefore increases δ13C in the decomposing litter.57,58

However, this is balanced by the remaining lignin, which is
recalcitrant to most soil bacteria and therefore exhibits a more
negative δ13C.57,58 Such a result is consistent with the earlier
studies,57,59 showing that litter bag decomposition experiments
of up to five years cause insignificant δ13C isotopic enrichment,
even though the biomass loss can be as high as 69%.57

Manceau et al.60 further showed that a substantial portion
(up to 57%) of foliage bulk HgII consisted of precipitated
nanoparticulate β-HgS at contaminated sites using X-ray
absorption near-edge structure, suggesting a relatively inert
state of this portion. After two years of litter decomposition, up
to 74% of original Hg mass remains in the sample with >60%
litter mass loss, also supporting that the inert Hg portion in
litter is not readily reduced.5,10 Our two year observation
depicts that lighter isotopes appear to escape from
decomposing litter with +0.30‰ shift in MDF (2 times of
analytic uncertainty). In addition, the small negative shift of Hg
odd-MIF in residual HgII of decomposing litter is only
−0.06‰ after the two year period, comparable to the
uncertainty level.
Δ200Hg signatures in the samples remained relatively

constant (Δ200Hg = −0.04 ± 0.09, n = 8, ± 2σ), suggesting
negligible contribution from precipitation Hg to the decom-
position litters. The Δ200Hg found in precipitation samples
collected at ASSFERS is 0.23 ± 0.06‰ (±2σ),55 consistent
with the reported values in precipitation at remote sites (range,
0.08−1.18‰; mean, 0.25 ± 0.37‰; n = 47, ± 2σ).36,37,61,62

The reactive HgII in precipitation reaching forest floor is

Figure 1. (a) Soil profile on forest floor down to 15 cm deep in
present study. (b) Calculated soil age using radioactivity 14C
results49,50 along the soil profile. The 0−5 cm soil profile represents
stage B, which deposited during 2002−2018; the 5−11 cm soil profile
represents stage C, which deposited during 1603−2012; the 11−15
cm soil profile represents stage D, which deposited during 1532−
1603. The horizontal blue areas in (b) represent the calibrated 14C
dates (horizontal blue), the dark gray shadows indicate the more
likely calendar ages, and gray stippled lines present the 95%
confidence intervals; the red curve is the model ‘best’ estimated
age. Only 14 cm yr−1 in stage D could be the result of a combination
between soil compaction and gross matter deposition.
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possibly reduced to Hg0 readily and re-emitted back to the
atmosphere.63 Another possibility is that the precipitation HgII

is quickly transported to the downstream through runoff.
Given that precipitation mainly contains HgII,10 we

estimated the contribution of HgII reduction pathways to the
observed isotopic shifts in the litter samples under varying
precipitation HgII during the two year decomposition period
(Figure 3 and Figure S4). At 1% precipitation HgII mixed in
forest floor, the contributions caused by microbial reduction,
organosulfur-derived HgII photoreduction, photoreduction
caused by DOM, and NOM dark reduction processes are 37
± 6%, 36 ± 16%, 6 ± 5%, and 21 ± 15%, respectively. At 4%
precipitation HgII input, the contributions from the above four
pathways become 67 ± 4%, 29 ± 5%, 0 ± 1%, and 4 ± 4%,
respectively. The increased contribution of microbial reduction
with the elevated precipitation HgII input implies that the
active HgII in wet deposition is expected to be preferentially
reduced by microbes.63 Further increasing the precipitation
HgII input causes model divergence, suggesting that the
precipitation HgII is <6%. This is consistent with model
estimates using Δ200Hg signature in air (mean: −0.05 ±
0.07‰, n = 33, ± 2σ)42,64 and precipitation,55 showing that
2−5% of Hg in decomposed litter comes from atmospheric

HgII deposition. We highlight the importance of microbial
reduction (48%∼67%) and photoreduction (29%∼37%) in the
observed Hg loss during the two year litter decomposition,
which is confirmed by ∼1.0 slope of Δ199Hg/Δ201Hg in
decomposing litter (Figure 4).

3.2. Hg Processes during the First 20 Years of
Decomposition. With the continuous litterfall input, the
aging litter biomass is gradually buried and compacted over
time. In the 0−5 cm soil layer (deposited from 2002 to 2018),
Hg concentration increases from 147 ± 1 to 190 ± 5 ng g−1

and then decreases to 177 ± 4 ng g−1 (Figure 5a and Table
S3). The increasing soil bulk density with depth (from 802 to
1255 g m−2 cm−1) offsets the decrease of soil Hg concentration
(Figure S3), leading to a relatively constant soil Hg pool size of
143−205 μg m−2 cm−1. The observed δ202Hg gradually
increases from −2.61 ± 0.16‰ in the topmost Oi soil to
−2.13 ± 0.16‰ at 5 cm depth soil. In contrast, Δ199Hg
decreases from −0.44 ± 0.07‰ in topmost Oi soil to −0.53 ±
0.07‰ at 5 cm depth soil. The decrease trend is consistent
with the observed C content (43.2%−20.3%), C/N ratio
(21.38−16.09), and δ13C shift (−29.02‰ to −27.28‰),
respectively.

Figure 2. Temporal variation of the investigated variables with degradation time during the litter degradation experiments: (a) Hg concentration in
residual litter, (b) total Hg mass in residual litter, (c) δ202Hg in litterfall, (d) Δ199Hg in litterfall, (e) Δ200Hg in litterfall, (f) C concentration in
litterfall, and (g) δ13C in litterfall. The data points represent the mean of equal mass mixing of three experimental plots, except the total Hg
concentration plot (a). Measurement error bars represent ±1 standard deviation.

Figure 3. Evolution of accumulated Hg pool during postdepositional decomposition of litterfall along the soil profile in subtropical forest. The
stages A−D represent the respective periods during postdepositional decomposition for 2 years, 20 years, 420 year, and 500 years. For stages A−C,
the contributions from different reduction pathways were further calculated with various levels of precipitation HgII mixing.
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During the 17 year deposition period, the Hg accumulation
rate is ∼925 μg m−2. We estimated 28%∼30% Hg loss from the
original litters. Given the +0.48‰ δ202Hg shift, the lighter Hg
isotope is preferentially reacted in this decomposition stage.
Assuming 1% contributions of Hg from precipitation (Figure 3
and Figure S4), the Hg loss caused by microbial reduction,
photoreduction facilitated by organosulfur, photoreduction
facilitated by DOM, and NOM dark reduction processes are 4
± 4%, 13 ± 6%, 2 ± 2%, and 82 ± 5%, respectively. With
2%∼8% precipitation HgII input to soil Hg, the four pathways
contribute to 6 ± 4%∼45 ± 3%, 20 ± 7%∼47 ± 14%, 2 ±
3%∼9 ± 7%, and 72 ± 5%∼5 ± 7% Hg loss in this soil profile,
respectively. Compared to stage A during the first two years of
decomposition, the fraction of photoreduction increases
because of the longer period of exposure to sunlight, and the
fraction of NOM dark reduction also increases because of the
shading by subsequent litters.
3.3. Hg Dark Reduction Mediated by NOM in 20−420

Years of Soil Layer. During the period from 1603 to 2002

(corresponding to the 11−6 cm soil samples) with an average
soil accumulation rate of ∼80 yr cm−1, the soil bulk density
increases from 1990 g m−2 cm−1 at 6 cm to 3917 g m−2 cm−1 at
11 cm due to soil compaction. The Hg concentration shows a
relatively small increase from 102 ± 3 to 138 ± 1 ng g−1. The
Hg pool size also increases from 274 to 417 μg m−2 cm−1.
Given that the 5 cm soil shows δ202Hg at −2.13 ± 0.16‰ and
Δ199Hg at −0.53 ± 0.07‰, there is a gradual positive shift
(+0.34‰) in MDF and a −0.12‰ shift in odd-MIF at 11 cm
depth (420 years old). The decreasing tendencies also
occurred in the C content, C/N ratio, and δ13C signature,
with decreases at 9.2%, 15.59, and −26.48‰ (Table S3),
respectively.
During this period (20−420 years), the Hg pool

accumulated in this soil profile is ∼2200 μg m−2, suggesting
∼93% Hg loss from the original litters. Assuming 1%
contribution of Hg from precipitation (Figure 3 and Figure
S4), the observed Hg loss caused by microbial reduction and
NOM dark reduction is 33 ± 8% and 67 ± 4%, respectively. At
elevated HgII input from wet deposition (2%∼8%), the
contribution from the above two pathways becomes 30 ±
13%∼37 ± 11% and 63 ± 9%∼70 ± 12%, respectively.
Compared to the earlier decomposition stages, the dark redox
reactions induced by NOM are expected to play a more
dominate role in Hg reductions in such soil layers,7,32 which is
also supported by observational evidence. The slope of
Δ199Hg/Δ201Hg is a useful fingerprint to identify the
geochemical processes,16,35 since microbial reduction does
not shift Hg odd-MIF.20,21 The soil samples collected from the
0−15 cm soil profile show a Δ199Hg/Δ201Hg ratio of 1.33 ±
0.13 (mean ±1 SD, R2 = 0.85, by Williamson−York
regression,65 P < 0.0001) (Figure 4). Especially, the slope of
Δ199Hg/Δ201Hg obtained from the 6−11 cm soil samples is
1.36 ± 0.28. In addition, the linear regression of the Δ199Hg
versus δ202Hg data exhibits a significant negative slope of
−0.26 (−0.28 for all samples) (Figure S5), similar to those
found in NOM-driven HgII dark reduction in soil with a slope
of −0.24.7,31 Moreover, the observed Δ199Hg/Δ201Hg ratio
increases with increasing soil depth and reaches a maximum
value (1.15−1.20) at the 420 year soil age (Figure S6). These
findings suggest that nonphotochemical abiotic reduction of
inorganic HgII by organic matters during pedogenesis is the
most probable mechanism, followed by microbial reduction.

3.4. Hg Immobilization beyond 420 Year Soil Age. In
the soil samples corresponding to the period from 1532 to

Figure 4. Scatter plots of Δ199Hg versus Δ201Hg in ambient air (pink
filled diamonds),42 fresh litter (blue filled triangle),64 decomposing
litter (green filled square), and soil profile (yellow filled circle) from
present study. The yellow linear fit was obtained from Williamson−
York bivariate regression method65 using the soil samples. The gray
dotted linear fit was obtained in only 6−11 cm soil results. The pink
and blue linear fits were quoted from Yuan et al42 for ambient air
results and Yu et al.64 for fresh litter results, respectively. The marked
slopes are shown as mean ±1 standard deviation (SD). Measured
error bar represents ±2 standard deviation.

Figure 5. Vertical profiles of the investigated variables with soil depth in the undisturbed soil profile: (a) soil Hg concentration, (b) soil δ202Hg, (c)
soil Δ199Hg, (d) soil Δ200Hg, (e) soil C concentration, and (f) soil δ13C. The litter represents the fresh litter on soil surface, which is from Yu et
al.64 The data points represent one experimental plot of #3. Measurement error bars represent ±1 standard deviation.
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1603 (15−11 cm soil depth) with an average rate of ∼14 yr
cm−1, the soil bulk density remains constant at 4041−4506 g
m−2 cm−1 (mean = 4390 g m−2 cm−1). In this layer, soil Hg
concentration increases with soil depth from 112 ± 1 (11 cm)
to 145 ± 1 ng g−1 (15 cm), enhancing the soil Hg pool from
490 to 653 μg m−2 cm−1. Different from the steadily positive
shift (up to +0.48‰) of δ202Hg in stages A−C, the δ202Hg and
Δ199Hg signatures remain nearly constant at −1.81‰ to
−1.83‰ for δ202Hg and −0.64‰ and −0.69‰ for Δ199Hg in
stage D.
Since Hg MDF occurs nearly universally in transformational

and transitional processes16,35 and heavier isotopes are
preferentially remained in the residual soil, the relatively stable
MDF in this soil layer indicates limited Hg transformation.
Given the absence of immediate Hg sources, the increased Hg
concentration in the deeper organic soil is likely due to the
further loss of organic carbon mass. This is supported by the
deceasing C (from 7.5% to 6.4%) content and increasing of
Hg/C ratio (from 1.2 to 2.3), as shown in Figure 6.

Conversion of thiol-bound HgII to nanoparticulate β-HgS
under ambient conditions can occur in natural organic matter,
and at least 90% of the Hg stored in the Ah soil horizon is
precipitated as nanoparticulate metacinnabar (β-HgSNP).

60,66

Therefore, it is possible that that Hg is immobilized and
accumulates in the macromolecules or reprecipitated as nano
β-HgS.
3.5. Modeling Uncertainties. There are additional

processes contributing to the observed isotopic shift, but
they were not included in the modeling because of existing
knowledge gaps. The atmospheric Hg deposition flux treated
in the model can only rely on the measurements made in the
last decades at the study site (∼30 μg m−2 yr−1 throughfall
deposition and ∼75 μg m−2 yr−1 litterfall deposition).10,43

Uncertainties in wet and dry deposition over the past 500 year
period could be variable due to the changes in climate,
vegetative development, and Hg emissions, causing immeas-
urable impact on our model results, especially in stage C with
420 years of decomposition. Another factor not considered in
the model is the Hg loss through runoff and infiltration flows.

It is known that Hg is bound to NOM in forest runoff.52

Although HgII carried away by runoff is of small quantity on an
annual basis,53 the total cumulative loss via runoff over the 500
year period should not be ignored. Also not considered in the
model is the dynamic bidirectional air−soil exchange of
Hg0,67,68 which may be another direct Hg0 input to forest floor.
The porous nature of the litter layer and its high organic
content can facilitate sorption of Hg0 vapor and store the Hg
uptake with the reduced sulfur functional groups in humic
substances.5,10,69 The lack of understanding in Hg0 sorption by
soil (direct Hg0 input) and dark oxidation by NOM also limits
model parametrization for these processes that are not well
understood. The observed level of Hg isotopic fractionation
caused by Hg0 sorption and dark oxidation by NOM on forest
floor is diverse. Under designed laboratory conditions, Zheng
et. al32 suggested two possible mechanisms: One is the
oxidation of Hg0 to Hg2+ caused by thiols with the kinetic
isotope effect (KIE), and the other is the equilibrium isotope
effect (EIE) between thiol-bound Hg2+ and residual Hg0

vapor.32 The overall Hg isotopic fractionations are predom-
inantly caused by EIE, leading to enrichment factors for MDF
and MIF (ε202HgP/R and E199Hg) ranging from 1.10‰ to
1.56‰ and from −0.16‰ to −0.18‰.32 Given the multiple
mathematical constrains of the unknown processes, an exact
model solution is not possible, which is a limitation of the
modeling work.
A two-level factorial modeling experiment and a Monte

Carlo simulation were performed to quantify the uncertainties
caused by the model parameters (Figures S7−S12, Tables S4
and S5, and Section 4 in the SI). In the two-level factorial
modeling experiment, a main effect is the mean effect of one
independent variable on the response, and two-way interaction
effect is the combined effect compared to the sum of two main
effects for determining synergistic or antagonistic effect of two
factors on the response. Figures S7−S9 show that precipitation
Hg input is the predominant factor in shifting the contribution
of various reduction pathways during stages A and B. On
average, an increase in precipitation Hg input from 2% to 8%
significantly increases the fractional contribution of microbial
reduction by 3%−11%, organosulfur photoreduction by −1%
to +8%, DOM photoreduction by −1% to +0.5%, and NOM
dark reduction by −17% to −2%. The isotope enrichment
factor of NOM dark reduction also plays an important role in
shifting its process contribution, resulting in ±3% of variability
in stages A and B and up to ±15% in stage C. Other main and
interaction effects among Hg isotope enrichment factors are
relatively weak (∼3% or below). Overall, the generally low
main and interaction effects among Hg isotope enrichment
factors indicate independence of each reduction process in soil.
The Monte Carlo simulation further confirms that the Hg

isotopic fractionation model results depend primarily on the
assumed Hg input from precipitation (Figures S10−S12). With
a given precipitation Hg input, the results of Monte Carlo
simulation fall within a narrow range (±10%) of estimated
means of Hg isotopic fractionation factors. This suggests that
variations of Hg isotope enrichment factors in the mixing
model does not significantly influence the model results.

3.6. Relationship between Hg, C, and Its Isotopic
Transition. The C/N ratio is a useful metric for estimating the
degree of vegetative biomass decomposition. A higher C/N
ratio is found in fresh foliage, while a lower C/N ratio is
indicative of decomposed biomass and soil.70,71 The C/N
ratios gradually decrease from 45 (surface layer) to 15 (at 15

Figure 6. Ratios of (a) Hg/C versus δ202Hg, (b) Hg/C versus
Δ199Hg, (c) δ13C versus δ202Hg, and (d) δ13C versus Δ199Hg from the
litterfall degradation to deep organic soil. The regression lines are
based on all samples, including the litterfall and soil samples.
Measured error bar represents ±2 standard deviation.
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cm depth) over the 500 year period (Figure S3). Since a large
fraction of HgII is retained in soil through complex formation
with soil organic matter (SOM),52 the Hg/C ratio also
increases with the soil age and depth (Figure 6a,b). Obrist et
al.72 attributed such increases to two reasons. One is that Hg
accumulation due to sorption may be more important than
“internal” accumulation. The other is selective Hg sorption to
different organic matter fraction in the decomposing process.
Interestingly, the observed Hg MDF (δ202Hg) increases with

the Hg/C ratio until approaching a value of ∼−1.8‰ at Hg/C
of 1.2 (Figure 6a) and then stays relatively constant from Hg/
C of 1.2−1.8. Similarly, Hg odd-MIF (Δ199Hg) decreases with
increasing Hg/C until Hg/C > 1.2 and then stabilizes (Figure
6b). A Hg/C ratio >1.2 is found in stage D, indicating that Hg
is complexed with aged organic matter72 and remains stable as
discussed in Section 3.4. The δ13C correlates consistently with
δ202Hg (R2 = 0.94) and Δ199Hg (R2 = 0.92) in this organic soil
profile (Figure 6c,d), reinforcing the hypothesis that Hg
reduction during litter humification can cause kinetic MDF
and odd-MIF in correlation with δ13C values. The micro-
biologically mediated NOM decomposition is the primary
cause for the isotope fractionations of C on forest floor.73,74

Decomposition of NOM possibly releases the absorbed Hg
that is subsequently subject to reduction-induced Hg isotopic
fractionation driven by sunlight, microbes, and organic matters.
The strong correlation between Hg and C isotopes supports
the global geospatial distribution of Hg storage in soil reported
earlier8,72,75 and implies that the fate of Hg in aging soil is
closely linked to soil organic matters.

4. IMPLICATIONS

A large amount of Hg is sequestered in vegetated surface soil
globally (0−20 cm, 1088 ± 379 Gg).8 Thirty-two percent of
the surface Hg resides in tropical/subtropical forest where Hg
biogeochemical cycling is particularly active due to the
moderate temperature and abundant rainfall.8 Approximately
70% of global Hg0 dry deposition through litterfall (1000−
1200 Mg yr−1) occurs in the tropical and subtropical regions
due to the rapid biomass production.2,3 In this study, we
demonstrated that the compositions of stable Hg and C
isotopes reflect the transformation and sequestration processes
of Hg contained in litters and soil on the forest floor of
subtropical evergreen broad-leaf forest ecosystem. Our findings
indicate that microbial reduction and photoreduction are the
predominant processes shifting Hg isotopic composition in the
first 20 years decomposition period, after which organic matter
dark reduction continues to modify Hg isotope signatures. It is
likely that Hg reduction under dark conditions driven by NVE
is ubiquitous in forest organic soil, which has been observed in
boreal forests,7 tropical forests,13 and now in subtropical
evergreen forests. Although the abiotic reduction by NOM has
been included in a global box model,18 we recommend the
process be incorporated in comprehensive chemical transport
models, such as GEOS-Chem.70,76 Hg in the deeper organic
soil layer is unlikely to participate in the air−soil exchange
process in the subtropical forest ecosystem. Hence, the large
inert Hg reservoir in the deeper layer of organic soil (soil depth
depending on sites) should also be considered in optimizing
current Hg global cycle models.
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