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ABSTRACT: The karst forest is one of the extremely sensitive and fragile
ecosystems in southwest China, where the biogeochemical cycling of mercury (Hg)
is largely unknown. In this study, we investigated the litterfall deposition,
accumulation, and soil migration of Hg in an evergreen-deciduous broadleaf karst
forest using high-resolution sampling and stable isotope techniques. Results show
that elevated litterfall Hg concentrations and fluxes in spring are due to the longer
lifespan of evergreen tree foliage exposed to atmospheric Hg0. The hillslope has 1−2
times higher litterfall Hg concentration compared to the low-lying land due to the
elevated atmospheric Hg levels induced by topographical and physiological factors.
The Hg isotopic model suggests that litterfall Hg depositions account for ∼80% of
the Hg source contribution in surface soil. The spatial trend of litterfall Hg
deposition cannot solely explain the trend of Hg accumulation in the surface soil.
Indeed, soil erosion enhances Hg accumulation in soil of low-lying land, with soil Hg
concentration up to 5-times greater than the concentration on the hillslope. The high
level of soil Hg migration in the karst forest poses significant ecological risks to groundwater and downstream aquatic ecosystems.
KEYWORDS: mercury deposition, mercury accumulation, mercury migration, karst forest, soil

1. INTRODUCTION
Mercury (Hg) and its compounds are neurotoxic and cause
significant health impacts on the global ecosystems and
humans.1 More than 95% of Hg in the atmosphere exists as
elemental Hg vapor (Hg0) with a residence time of 0.3−1.5
years.2−5 Atmospheric Hg0 deposition is the most dominant
Hg source in terrestrial ecosystems.5−10 Forest has been
regarded as the largest atmospheric elemental Hg0 sink globally
with an annual deposition of 1000−2400 Mg.3,9,11 Thus,
understanding atmospheric Hg sequestration and migration in
forests is the foundation for assessing Hg accumulation and
induced ecological risks.

The karst region of southwest China is one of the three
primary karst areas in the world.12 The relatively shallow and
discontinuous soil layers, extensive rock exposure, and water
leakage of karst ecosystems lead to extremely sensitive and
fragile ecology.12−14 Therefore, karst forests may exhibit a
unique Hg biogeochemical cycling in contrast to other forest
ecosystems.15−20 This hypothesis is based upon the hetero-
geneity of the rocky landscape, discontinuous vegetation
covers, and soil layers12−14 that alter the soil chemistry and
atmospheric deposition spatially. In addition, the highly
fragmented carbonate rock landscape is prone to erosion13,21

and therefore accelerates soil Hg migration with runoff and
leaching.22

The complexity of the karst landscape and hydrological
processes12−14 present challenges in tracing the sources,
accumulation, and migration of Hg. To adequately capture
the signal and variability of Hg cycling in this ecosystem, we
increased the spatial and temporal resolution of the sampling
regimes to measure process heterogeneity and identify areas of
Hg hotspots (i.e., areas with elevated Hg concentrations)
caused by soil Hg migration. Techniques of stable Hg isotopes
were utilized to improve the knowledge of the Hg
biogeochemical cycles in karst forests.7,16,19,22−24 There are
three unique dimensions of Hg isotopic fractionation, i.e., the
mass dependent fractionation (MDF, mainly represented by
δ202Hg), odd mass independent fractionation (odd-MIF,
reported as Δ199Hg and Δ201Hg), and even mass independent
fractionation (even-MIF, reported as Δ200Hg and Δ204Hg).
The isotopic fractionation signals had been successfully applied
for distinguishing the Hg sources and transport pathways of
Hg biogeochemical processes in forest ecosystems,25−28 since
Hg source endmembers (e.g., Hg in rainfall, air, geological
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storages, and etc.) show unique Hg isotopic signatures.9,29

Coupled with mass-balance models, these signals quantitatively
resolve the contributing sources and associated transformation
processes of Hg in forest ecosystems.

The objective of this work is to understand the spatial
variation of atmospheric Hg deposition, soil Hg sources, and
migration and accumulation processes of deposited Hg in the
karst forest. We selected a 500 × 500 m karst forest watershed
and applied the high-resolution sampling methodology and Hg
isotopic signatures to trace the Hg sources and postdeposi-
tional processes. Implications for Hg accumulation and
induced ecological risks in the karst forest are discussed.

2. METHODS
2.1. Site Description. The study site is located in the

Mulun National Nature Reserve (107°54′01″−108°05′51″ E,
25°07′01″−25°12′22″ N) of Guangxi Province, China. The
Mulun National Natural Reserve covers an area of 10 829 ha
and is characterized by a typical karst landscape including a
series of steep hills separated by low-lying land, potholes, and
underground streams. The reserve was established to protect
the pristine subtropical mixed evergreen-deciduous broadleaf
forest ecosystem that develops on the limestone substrate. The
area has a subtropical monsoon climate with a mean annual
temperature, precipitation, and relative humidity of 19.4 °C,
1500 mm, and 79%, respectively. The soil is calcareous lithosol
(limestone soil), and the average rock exposure ratio is greater
than 60%.30,31 The high rock exposure ratio leads to high

heterogeneities of landcovers and soil layers. The traditional
sampling regime of randomly collecting several (e.g., 5−7) soil
samples cannot support comprehensively quantifying the
atmospheric Hg depositions and soil Hg accumulation and
migration in this karst forest ecosystem.

Our earlier studies have documented the sampling protocols
extensively.30,31 Briefly, we set a 25 ha (500 × 500 m) forest
plot with elevations ranging from 442.6 to 651.4 m above sea
level and slopes varying from 0 to 67°. The 25 ha plot is
characterized by the rugged terrain of low-lying lands and steep
hills. This sampling plot can represent the landform of the
Mulun National Natural Reserve. Based on a recent vegetation
survey, a total of 108 667 plants of 227 species, 147 genera, and
61 families were recorded. Evergreen woody species make up
62.5% of all of the species in the plot. Cryptocarya microcarpa,
Itoa orientalis, Platycarya longipes, Lindera communis, and
Clausena dunniana dominate the forest communities.32

2.2. Sampling Collection and Pretreatment. The 25 ha
sampling plot was subdivided into 625 subplots (i.e., at the
resolution of 20 × 20 m) for collecting surface soil samples
(0−10 cm depth). At each sampling subplot, five subsamples
were collected by a steel auger drill (5 cm diameter) within a
radius of 1 m around the sample point and then mixed into
one composite sample to represent average properties of the
sampling point. We also sampled four deep rock samples in the
elevation range of subplots. For litterfall collection, we set 151
litterfall traps placed in the 25 ha plot based on the terrain and
community features (Figure 1). Each trap covered a 0.5 m2

Figure 1. Description of the 25 ha studied karst forest watershed. (A) Site location and (B) topographical map (unit: m) and (C) sampling point
locations (unit: m).
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area and was 0.5 m above ground. Litterfall samples were
collected monthly from December 2020 to November 2021.

All samples were transported to the laboratory with soil
samples air-dried at room temperature and litterfall oven-dried

for 48 h at 50 °C to a constant weight. Our earlier works had
shown that the oven-dried process would not lead to Hg loss in
vegetation samples (<1%).29,33 The dried samples were ground
and sieved with a 200-mesh (74 μm) sieve, and the fraction

Figure 2. Temporospatial variation of litterfall Hg concentration and deposition in a 500 × 500 m karst forest plot. (A) shows Hg concentration in
winter month (February); (B) shows Hg concentration in spring month (April); (C) shows Hg concentration in summer month (June); (D)
shows Hg concentration in autumn month (September); (E) shows Hg flux in winter month (February); (F) shows Hg flux in spring month
(April); (G) shows Hg flux in summer month (June); and (H) shows Hg flux in autumn month (September). In each subplot, the upper figure is
the 3D spatial distribution, and the lower figure is the 2D spatial distribution through the projection drawing of 3D distribution.
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passed through the sieve was placed in metal-free plastic bags
for chemical analysis.
2.3. Chemical Analysis. The chemical analysis of Hg

concentration and isotopic compositions in vegetation and soil
samples and the associated quality assurance/quality control
(QA/QC) have been described in our earlier stud-
ies.7,11,29,34−36 Briefly, Hg concentrations were measured by
using a DMA-80 Hg analyzer. We determined the Hg
concentration of one certified soil reference material and one
parallel sample in every nine samples. The National Standard
Reference Materials (SRM) of China GBW07405 (GSS-5, soil,
Hg = 290 ± 40 ng g−1) and GBW10020 (GSB-11, vegetation,
Hg = 150 ± 25 ng g−1) were used for QA/QC with a recovery
of 95−105%. The bias of the parallel sample was less than 5%.
We also measured soil organic carbon (SOC), copper (Cu),
iron (Fe), and manganese (Mn) of surface soil samples.
Detailed information can be found in the SI (Supporting
Information).

Given the tempospatial distribution of litterfall Hg and
surface soil Hg concentrations, we selected 28 litter samples,
35 surface soil samples, and 4 rock samples to determine Hg
isotopic compositions (Figures S1−S2). For measurements of
Hg isotopic composition, Hg in sample was preconcentrated
by double-stage heating pyrolysis in a tube muffle furnace. The
pure oxygen gas flow was set to 25−30 mL min−1 for sample
combustion. The temperature programming of the first
combustion furnace was carried out for soil and litter samples
with a temperature increase of 10 °C min−1 for temperature
ranges of 25−250 and 650−950 °C and 2.5 °C min−1 for 250−
650 °C and finally was maintained at 950 °C for half an hour.
The temperature of the second combustion furnace was
maintained at 950 °C during the whole procedure. The Hg
vapor from the sample was then captured using 5 mL of 40%
reverse aqua regia (HCl:HNO3 = 1:3, v/v) trapping solution.37

The Hg concentration enriched in the trapping solution was
measured by Tekran 2500 following US-EPA Method 1631.
The preconcentration recovery was in the range of 91−106%.
The Hg isotopic compositions were determined by a
multicollector inductively coupled plasma mass spectrometer
(MC-ICP-MS, Nu-Plasma II, Thermo Scientific). According to
Bergquist and Blum,38 the Hg MDF is reported as

Hg(‰)

1000 ( Hg/ Hg )/( Hg/ Hg ) 1

202

202 198
sample

202 198
NIST 3133= × [ ]

(1)

where (202Hg/198HgNIST‑3133) represents the isotopic ratio in
the standard sample (NIST-3133). MIF is calculated as

Hg(‰) Hg 0.2520 Hg199 199 202= × (2)

Hg(‰) Hg 0.5024 Hg200 200 202= × (3)

Hg(‰) Hg 0.7520 Hg201 201 202= × (4)

To evaluate whether isotopic composition bias occurs during
the preconcentration, we determined the Hg isotopic
compositions of BCR-482 (vegetation SRM) and GSS-4 (soil
SRM) in every 10 samples. The Hg isotopic signatures of
BCR-482 were measured as δ202Hg = −1.66 ± 0.11‰, Δ199Hg
= −0.56 ± 0.08‰, Δ200Hg = −0.01 ± 0.04‰, and Δ201Hg =
−0.58 ± 0.08‰ (mean ± 2σ, n = 5), and those of GSS-4 were
measured as δ202Hg = −1.70 ± 0.16‰, Δ199Hg = −0.34 ±
0.06‰, Δ201Hg = −0.34 ± 0.06‰, and Δ200Hg = −0.00 ±

0.04‰ (mean ± 2σ, n = 5). The NIST-8610 was analyzed for
every 10 samples during Hg isotope measurements, with
δ202Hg = −0.54 ± 0.08‰, Δ199Hg = −0.00 ± 0.06‰, Δ200Hg
= 0.00 ± 0.03‰, and Δ201Hg = −0.03 ± 0.05‰ (mean ± 2σ,
n = 9). All measured Hg isotopic signatures of SRM were
consistent with their recommended values.39,40

2.4. Data Analysis. IBM SPSS Statistics v26.0 was utilized
for statistical analysis at the 95% confidence level. We used
one-way ANOVA to determine significant differences of
measured values when data were normally distributed.
Otherwise, the Kruskal−Wallis test was applied. Pearson
correlation analysis was applied to evaluate the relation
among variables. Specifically, we analyzed the correlation
between Hg isotopes and the topographic wetness index
(TWI). TWI is commonly used to quantify terrain-driven
variation in soil moisture. TWI was calculated as the ratio of
the area upslope from any given point on the landscape to the
local slope at that point as follows:

a bTWI ln( /tan )= (5)

where a is the upslope contributing area and b is the slope. We
also construct a Hg isotope mixing model to quantify the Hg
source contribution in surface soil. Our earlier studies have
shown that the Hg isotope mixing model coupled with Monte
Carlo simulations would effectively estimate the uncertainties
of the model results.8,11 These uncertainties were quantified by
generating one million groups of MIF signatures randomly
ranging from mean − 2SD (standard deviation) to mean +
2SD to solve the Hg isotope mixing model.

3. RESULTS
3.1. Tempospatial Distribution of Litter Hg Deposi-

tion. Figures 2 and S3 display the temporospatial distribution
of the litterfall Hg concentration and flux. The annual average
Hg concentration in litterfall was 143 ± 28 ng g−1, leading to
the total litterfall Hg deposition of 60.5 ± 12.9 μg m−2 year−1.
The litterfall Hg concentration exhibited a seasonal trend with
the lowest concentration in autumn (109 ± 14 ng g−1) and the
highest Hg concentration in spring (185 ± 36 ng g−1). The
litterfall Hg deposition flux followed the same trend, at 8.2 ±
4.4 μg m−2 month−1 in spring and 4.3 ± 1.6 μg m−2 month−1

in autumn.
The litterfall Hg concentration showed a significant spatial

heterogeneity in the 25 ha sampling plot. The hillslope points
had elevated litterfall Hg concentration compared to low-lying
land points (Figure 2A−D). Specifically, almost hillslope
sampling points in spring (up to 90% of whole watershed) had
Hg concentrations greater than 180 ng g−1 (i.e., about 2−3
times of observed Hg concentration in remote subtropical
litterfall9), while low-lying lands had Hg concentration in the
range of 80−100 ng g−1. However, in autumn, there were few
Hg sampling points with a Hg concentration more than 180 ng
g−1 on the hillslope. In summer and winter, the number of
sampling points with >180 ng g−1 Hg concentration on the
hillslope fell between the values in autumn and in spring.
Litterfall Hg deposition was controlled by litterfall biomass
production (Figure S4) and Hg concentration. The hillslope
samples had elevated Hg concentration yet low litterfall Hg
deposition (Figure 2E−H).
3.2. Spatial Distribution of Surface Soil Hg Concen-

tration. The surface soil Hg concentration showed large
spatial heterogeneity, ranging from 42 to 828 ng g−1 with a
mean of 399 ± 105 ng g−1. Hg is greatly accumulated in
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surface soil compared to the values in deep rock, with a mean
value of 3 ± 1 ng g−1 (n = 4). The Hg concentration in surface
soil exhibited a spatial trend opposite to that of the litterfall Hg
concentration (Figure 3A). The watershed of low-lying land
showed high surface soil Hg but low litterfall concentration.
Specifically, Hg was highly accumulated in the region of the
watershed outlet (i.e, downstream drainage point, as the point
on the surface at which water flows out of a watershed), with
concentrations higher than 800 ng g−1 and nearly 5 times the
Hg concentrations on the hillslope. In addition, the surface soil
Hg concentration showed a significant correlation to Mn, Fe,
and Cu concentrations (p < 0.001; Figure 3C−E) but did not
correlate to the SOC (Figure 3B).
3.3. Hg Isotopic Signatures. Figure 4 shows the

relationships among Hg isotopic compositions and with
other measured parameters. The average δ202Hg in litterfall
was −2.95 ± 0.23‰, Δ199Hg was −0.16 ± 0.04‰, and

Δ200Hg was −0.02 ± 0.03‰. The Hg isotopic signatures of
litterfall did not show a distinct temporal trend (Figure S5). In
surface soil, the average δ202Hg was −2.17 ± 1.14‰, Δ199Hg
was −0.30 ± 0.18‰, and Δ200Hg was −0.00 ± 0.03‰. The
Hg isotopic signatures in rock showed −0.67 ± 0.37‰ of
δ202Hg, −0.14 ± 0.03‰ of Δ199Hg, and −0.04 ± 0.03‰ of
Δ200Hg.

The Δ199Hg values showed a strong anticorrelation to
δ202Hg in litterfall and surface soil samples, a significantly
positive correlation to Δ200Hg in surface soil, and a
significantly negative correlation to Hg concentration in litter
and surface soil (Figure 4A−C). The scattered plot of Δ199Hg
versus Δ201Hg in litterfall and surface soil (Figure 4D) showed
a slope of ∼1.0. Finally, δ202Hg in litterfall and surface soil
samples displayed the significantly positive correlations to Hg
concentration and TWI (topographic wetness index; Figure
4E,F).

Figure 3. Spatial variation of surface soil Hg and correlations. (A) is for soil Hg concentration; (B) shows correlation between soil Hg
concentration and SOC; (C) shows correlation between soil Hg concentration and Mn; (D) shows correlation between soil Hg concentration and
Fe; (E) shows correlation between soil Hg concentration and Cu. In (A), the upper figure is the 3D spatial distribution, and the lower figure is the
2D spatial distribution through the projection drawing of 3D distribution.
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4. DISCUSSION

4.1. Understanding Tempospatial Trends of Hg
Accumulation in Litterfall. Hg in litterfall of remote
subtropical regions has a concentration of 40−90 ng

g−1.9,29,41 We observed that litterfall Hg concentrations in
the studied karst forest are 1−2 times greater than those
observed elsewhere, which leads to 1−2 times litterfall Hg
fluxes compared to remote subtropical forests.9,20,42 This is

Figure 4. Correlations of Hg isotopic signatures: (A) Δ199Hg versus δ202Hg; (B) Δ200Hg versus Δ199Hg; (C) Δ199Hg versus Hg concentration; (D)
Δ199Hg versus Δ201Hg; (E) δ202Hg versus Hg concentration; (F) δ202Hg versus TWI (topographic wetness index); (G) source contribution; (H)
rainfall Hg contribution versus Δ199Hg. The error bars stand for 2σ. The Hg isotopic data of rainfall are obtained from previous measurements in
another karst forest.22
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likely due to that the karst forest watershed is 20−30 km away
from several mining sites and therefore influenced by
anthropogenic Hg emissions. The Hg isotopic signatures
confirm this hypothesis. The litterfall in remote subtropical
forests has a typical Δ199Hg ranging from −0.4‰ to
−0.2‰29,42,43 but −0.16 ± 0.04‰ in this study. The close
to zero Δ199Hg signatures point to the contribution of
anthropogenic sources9,44, thus diluting the negative Δ199Hg
in background air.

There is a clear seasonal trend of litterfall Hg concentration.
Spring has the highest Hg concentration, followed by summer
and then autumn and winter (Figure 2A−D). Earlier field
observations displayed that the seasonal trends of atmospheric
Hg concentration in South China depend on trends of
anthropogenic emissions and monsoon shifts and possibly
higher atmospheric Hg concentrations in autumn and winter45

due to the elevated anthropogenic Hg emissions and weaken
monsoon.46,47 The elevated litterfall Hg concentration
observed in spring cannot be explained by the seasonal trend
of the atmospheric Hg concentration.

The seasonal trend of litterfall Hg concentration is most
likely caused by the seasonal vegetation types that exhibit
varied atmospheric Hg0 assimilation abilities. The karst
watershed is a mixed forest plot with evergreen broadleaf
(EB) and deciduous broadleaf (DB) tree species. The
instantaneous air-foliage Hg exchange flux of EB foliage is
comparable to the flux of common DB foliage.29 However, the
EB foliage has a 1 to 1.5 year lifespan, with the peak litterfall
flux in spring, while DB foliage has a 6 to 8 month lifespan with
peak litterfall flux in autumn and winter (Figure S4). A longer
foliage lifespan increases the quantity of atmospheric Hg0

uptake,3,9,29 thus leading to the elevated Hg concentration in
spring EB litterfall. The nearly double Hg concentration in
spring compared to in autumn (185 ± 36 ng g−1 versus 109 ±
14 ng g−1) is consistent with double foliage lifespan of EB in
contrast to DB tree species.

We observed the higher Hg concentration in litterfall mainly
scattering on the hillslope in each season. Such elevated Hg
concentrations on the hillslope can be attributed to several
causes. One is that topographical variations induced elevated
atmospheric Hg on the hillslope. The prevailing wind direction
in warming seasons is from south to north (i.e., East Asian
monsoon) and in cold seasons is from north to south (i.e.,
winter monsoon). The southeastern−northwestern trending of
hillslopes in the karst watershed can partially block the air mass
transportation to reduce Hg accumulation in the air of low-
lying land areas. This topographical impact is obvious in
spring, since litterfall in this season is only derived from EB
tree species, thus without different vegetation influences. The
prevailing wind in spring also likely is related to elevated
atmospheric Hg0 concentration in southwestern China.48,49

Therefore, most sampling points on the hillslope in spring have
a litterfall Hg concentration greater than 180 ng g−1.

The spatial distribution of EB and DB tree species also has
an effect on the observed spatial trend of litterfall Hg in
summer, autumn, and winter seasons. The low-lying land has
predominant EB tree species, compared to predominant DB
over the hillslope (Figure S6). The DB litterfall occurs
predominantly in the autumn and winter. As previously
discussed, the DB litterfall has a lower Hg concentration in
contrast to the EB litterfall. The higher biomass production of
DB litterfall on the hillslope can partially offset differences in

litterfall Hg deposition between the low-lying land and
hillslope in these seasons.

The spatial variation of tree physiological processes that
control foliage uptake of atmospheric Hg0 and its subsequent
accumulation and translocation also have an impact on the
spatial distribution of litterfall Hg concentrations. Our earlier
study showed that the tree species competitive regime (i.e.,
tree species response manifested when two or more
individuals’ demand for resources exceeds resource supplies)
could cause different atmospheric Hg0 uptake on the canopy
layers.50 In this study, we found that the Shannon and Simpson
index (i.e., a measure of vegetation diversity, a greater value
means higher diversity of tree species) is significantly
correlated to the litterfall Hg concentration in each season
(Figure S7). This can be explained by trees growing in a
competitive environment tending to maximize the efficiency of
light and water use to assimilate and transport nutrients, thus
influencing atmospheric Hg0 uptake rate.50

The observed Hg isotopic compositions showed insignif-
icant tempospatial trends (R2 = 0.05 between Δ199Hg and
slope; Figure S5). This can be explained by two causes. One is
the relatively small range of Δ199Hg of atmospheric Hg0,35,44

thus leading to the Δ199Hg being unable to distinguish the fine
resolution of atmospheric Hg0 variations in the watershed.
Another potential explanation is that the complicated
disturbances of anthropogenic, topographical, and monsoon
variations lead to the insignificant tempospatial trends of
atmospheric Hg isotopic compositions. We recommend further
studies to verify these issues, specifically the spatiotemporal
variations of isotopic signatures of atmospheric Hg0.
4.2. Quantifying Hg Sources and Postdepositional

Processes in Surface Soil. Three source endmembers have
been identified for soil Hg accumulation in forest, including
atmospheric Hg2+ deposition, atmospheric Hg0 deposition, and
geogenic sources. Hg2+ in precipitation exhibits negative MDF
as well as positive odd-MIF and even-MIF signals.16,51−53

Atmospheric Hg0 in remote regions shows slightly negative
odd-MIF, negative even-MIF, and small MDF signa-
tures.15,54−56 Geogenic Hg sources feature negative MDF
and negligible odd-MIF and even-MIF signals.33,57 Most Hg
biogeochemical processes in the forest soil can induce MDF,
while only several Hg redox processes can induce odd-MIF.9,44

The soil Hg0 emission processes usually lead to the heavier Hg
isotopes accumulated in soil, i.e., +MDF in soil Hg.19,58,59 Dark
oxidation or reduction of soil organic matter is usually
associated with a small negative odd-MIF in soil.15,60

Photoreduction of soil Hg bounded by S-containing organic
ligands leads to a relatively large positive odd-MIF in the
product Hg0.61,62 Therefore, we used the MIF signatures to
trace Hg sources and processes in the surface soil.

The negative Δ199Hg signatures (Figure 4A) and the
significantly negative correlation between Hg concentration
and Δ199Hg in litterfall and surface soil (Figure 4C) suggest
that vegetation uptake of atmospheric Hg0 contributes to Hg
accumulation in surface soil. However, Δ199Hg signatures of
surface soil show −0.2 to −0.1‰ more shift than signatures of
litterfall, indicating that the Hg postdepositional processes have
altered the odd-MIF. The Δ199Hg signatures cannot be directly
used to quantify the contribution of the atmospheric Hg
sources. Since known Hg biogeochemical processes in forests
do not shift Δ200Hg,9,63 Δ200Hg is a superior tracer to identify
the atmospheric Hg2+ deposition sources. Therefore, Δ200Hg
signals were utilized for estimating the contribution of rainfall
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inputs (i.e., atmospheric Hg2+) and nonrainfall inputs as
following:

f fHg Hg (1 ) Hg200
rainfall rainfall

200
nonrainfall rainfall

200
soil× + × =

(6)

where Δ200Hgrainfall is the signature of atmospheric Hg2+ inputs
and obtained from an observation in another karst forest;22

f rainfall is the atmospheric Hg2+ input contribution. The Δ200Hg
signatures of rock and litterfall are comparable and both with a
mean of −0.03 ± 0.03‰. Thus, we set Δ200Hgnonrainfall = −0.03
± 0.03‰ in this study.

Earlier studies have depicted 10−25% contribution of
atmospheric Hg2+ input to forest soil.8,9,15,43,64 The result of
the Hg isotope mixing model is similar to an average of 17 ±
10% of atmospheric Hg2+ input (Figure 4G), which increases
with the increasing Δ199Hg signatures in surface soil (Figure
4H). This is consistent with the significantly positive
correlation between Δ199Hg and Δ200Hg, as shown in Figure
4B.

The positive δ202Hg values and much lower Hg concen-
tration in rock (10−100 times lower) than in surface soil
suggest that the contribution of the geogenic source can be
ignored. There are two main pathways of deposited
atmospheric Hg0: litterfall Hg deposition and direct atmos-
pheric Hg0 deposition to organic soil. Given the strongly
negative correlation between δ202Hg and Δ199Hg in litterfall
and surface soil (Figure 4A), litterfall Hg deposition appears to
be more important in contributing to Hg accumulation in
forest soil. We further estimated the postdepositional processes
induced an odd-MIF shift by

f

f

Hg Hg Hg

(1 ) Hg

199
shift

199
rainfall rainfall

199
litterfall

rainfall
199

soil

= × +

× (7)

The estimated Δ199Hgshift ranges from 0.1 to 0.3‰ in Figure
S8. There are two reduction processes inducing positive odd-
MIF in the product of Hg0. One is photochemical reduction of
Hg2+ complexed to S-containing organic ligands, and another is
dark reduction of Hg2+ by organic matter.9,44 The photo-
chemical reduction of Hg2+ complexed to S-containing organic
l i g ands i s u sua l l y a s soc i a t ed w i th the l a r ge r
εodd‑MIFHgproduct‑reactant (i.e., odd-MIF enrichment factor
between the product and reactant) than dark reduction of
Hg2+ by organic matter (εMIFHgproduct‑reactant: 1.03 versus 0.17−
0.26).60,61 Additionally, the intensive canopy shading limits Hg
photoreduction, while the elevated SOC (4−12% in this
study) in surface soil promotes soil organic matter (SOM)
induced dark reduction.9,44 The observed 0.1−0.3‰ of
Δ199Hgshift is most likely caused by an SOM-induced dark
reduction, which has also been observed in boreal and
subtropical forests.15,19 SOM-induced dark reduction is usually
associated with a slope of 1.5−1.7 for Δ199Hg/Δ201Hg.60,62 In
this work, the slope is 1.0 (Figure 4D). This is because the
extent of this SOM-induced dark reduction is less than 50%
based on the estimation of Rayleigh fractionation model,15,50

and the small distribution of Δ199Hg in surface soil would
induce a large uncertainty for the calculation of Δ199Hg versus
Δ201Hg slope.
4.3. Hg Migration in Surface Soil. The spatial

distribution of litterfall Hg shows the opposite trend of the
spatial distributions of surface soil Hg. The surface soil in the
low-lying land of the watershed shows comparatively higher
Hg concentrations (Figure 3A). Since SOC mainly comes from

decomposed litterfall and the surface soil Hg shows a weak
correlation with SOC (Figure 3B), litterfall Hg deposition
cannot explain the spatial trend of the surface soil Hg
concentration. Direct atmospheric Hg0 deposition and the
subsequent oxidation on SOM also induce a small odd-MIF
shift (<0.3‰).65 However, the estimated Δ199Hgshift shows an
insignificant correlation to the surface Hg concentration
(Figure S8). This suggests that the elevated level of Hg
accumulation in the low-lying land was not caused by direct
atmospheric Hg0 deposition in these regions.

Given the high erosion rate of fragmented carbonate rock in
the karst region, we examined the influence of soil erosion on
shaping the spatial trend of the surface soil Hg concentration.
The distribution of elevated Hg concentration coincided with
the water flow direction. The most concentrated Hg
accumulation in the outlet region of the watershed is where
the surface soil has a 400-times greater concentration of Hg
than in rock (Figure 3A). This suggests distinct Hg migration
through soil erosion. This can be further supported by several
evidences. There is an increase in soil δ202Hg signatures with
increasing TWI (Figure 4F). The higher TWI represents a
greater ability to accumulate water and to intercept the
sediment of upland runoff. The legacy Hg with the heavier
isotope43,59 tends to be absorbed to organic compounds in fine
soil particles66−70 and transported and accumulated in the low-
lying land with the high TWI. Additionally, we observed the
elevated SOC contents (ranging 8−13% in Figure S9) in the
downstream drainage point with the highest TWI. During the
soil erosion and sedimentation processes, the soil minerals also
likely play a role in enhancing Hg accumulation. At the
mineral−organic matter interface, Fe oxides and Mn oxides can
adsorb organometal complexes at the particle−water inter-
face.71,72 This is supported by the significant correlations
among Fe, Mn, Cu, and Hg in surface soil (Figure 3C−E).

5. IMPLICATIONS
In nonkarst forests, Hg efflux via soil erosion and runoff
accounts for less than 5% of total Hg inputs,9,73,74 except
during the deforestation that causes a pulse of soil Hg
erosion.9,75,76 In this study, the high soil erosion resulting in
the unusually high Hg accumulation in the low-lying land of
the karst forest watershed is highlighted. The surface soil Hg
concentration in the low-lying land is 4−10 times higher than
the values observed in most remote/rural forest soil.9,34 Hg
transported through soil erosion increases the Hg burden to
the downstream aquatic ecosystems where inorganic Hg can be
transformed into highly toxic methylated Hg and then
bioaccumulated and biomagnified via food chains.77−79 In
addition, the high connectivity of ground and underground
water flow in the karst forest12−14 also promotes soil Hg
leaching into the groundwater and increases the risk of
groundwater Hg pollution. Using the Hg isotopic tracing
techniques, an earlier study has shown that Hg in groundwater
was derived from the surface soil Hg leaching.22 We
recommend further assessing the ecological risks caused by
soil Hg migration in the karst forest watershed.
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Additional data for Hg signatures in Table S1.
Additional figures as mentioned in the text in Figures
S1−S9 (PDF)
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