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a b s t r a c t

Soils, especially permafrost in the Arctic and the Tibetan Plateau, are one of the largest reservoirs of
mercury (Hg) in the global environment. The Hg concentration in the grassland soils over the Tibetan
Plateau and its driving factors have been less studied. This study analyzes soil total mercury (STHg)
concentrations and its vertical distribution in grassland soil samples collected from the Tibetan Plateau.
We adopt a nested-grid high-resolution GEOS-Chem model to simulate atmospheric Hg deposition. The
relationship between STHg and soil organic carbon (SOC), as well as atmospheric deposition, are
explored. Our results show that the STHg concentrations in the Tibetan Plateau are 19.8 ± 12.2 ng/g. The
concentrations are higher in the south and lower in the north in the Tibetan Plateau, consistent with the
previous results. Our model shows that the average deposition flux of Hg is 3.3 mg m�2 yr�1, with 57%
contributed by dry deposition of elemental mercury (Hg0), followed by dry (19%) and wet (24%) depo-
sition of divalent mercury. We calculate the Hg to carbon ratio (RHg:C) as 5.6 ± 6.5 mg Hg/g C, and the
estimated STHg is 86.6 ± 101.2 Gg in alpine grasslands in the Tibetan Plateau. We find a positive rela-
tionship between STHg and SOC in the Tibetan Plateau (r2 ¼ 0.36) and a similar positive relationship
between STHg and atmospheric total Hg deposition (r2 ¼ 0.24). A multiple linear regression involving
both variables better model the observed STHg (r2 ¼ 0.42). We conclude that SOC and atmospheric
deposition influence STHg simultaneously in this region. The data provides information to quantify the
size of the soil Hg pool in the Tibetan Plateau further, which has important implications for the Hg cycles
in the permafrost regions as well as on the global scale.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is a toxic heavy metal that is associated with
cardiovascular effects in adults and neurocognitive defects in fe-
tuses (Koos and Longo, 1976). Mercury in the environment is
emitted by both natural sources such as biomass burning and
volcanism and anthropogenic sources such as fossil fuel combus-
tion, artisanal gold mining, metal smelting, and industrial pro-
duction (Pacyna et al., 2010; UNEP, 2013). Once released into the
atmosphere, it is transported and recycled among air, soil, and
water and eventually removed from the surface environment
through burial in deep ocean sediments and subsurface soils (Amos
e by J€org Rinklebe.
et al., 2014; Selin, 2009).
Soil plays an important role in the global biogeochemical cycling

of Hg and serves both as a source and a sink of Hg in the atmo-
sphere (Grigal, 2003). Mercury in the soil originates from the
weathering of parent rock, vegetation-fall, and direct atmospheric
deposition (Stein et al., 1996; Zhou et al., 2018). When the Hg from
atmospheric deposition and vegetation-fall is input to the soil, it is
combined with soil organic carbon (SOC) (Obrist et al., 2017). Loss
of Hg from soil includes evasion to the atmosphere after the com-
bined SOC is decomposed by microorganisms and leaching with
dissolved organic carbon into runoff or soil solution (Åkerblom
et al., 2008; Kocman et al., 2011). The forms, sorption, and trans-
formation of soil Hg are influenced by the amount and composition
of soil organic matter, oxidized minerals, as well as soil pH and
redox conditions (O’Connor et al., 2019; Beckers and Rinklebe,
2017). In cold regions, Hg can be frozen into the permafrost
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because of stagnant microbial activity. Soils in permafrost regions
are estimated to hold 1656 ± 962 Gg of Hg, of which 793 ± 461 Gg
(48%) is stored in the permafrost (Schuster et al., 2018). Mercury
isotope data suggest that 1088 ± 379 Gg of Hg are stored in the
surface soil globally, of which 7% is stored in the tundra soils (Wang
et al., 2019). Permafrost degradation associated with climate
warming resumes soil microbial activity, which largely accelerates
the release of Hg to the atmosphere and rivers (Li et al., 2012; Wang
et al., 2006; Yang et al., 2007; Lim et al., 2019; Schuster et al., 2011;
Fisher et al., 2012). This could serve as an important source of Hg
into the atmosphere and has a substantial impact on the global Hg
cycle (Obrist et al., 2017; Schuster et al., 2018; Mu et al., 2020).

The Hg concentrations in soil are largely influenced by the SOC
content, and significantly positive correlations have been identified
between soil total Hg concentrations (STHg) and SOC worldwide
(Grigal, 2003; Obrist et al., 2011). This is because of the high affinity
of divalent Hg to appropriate receptor sites in organic molecules,
such as forest soils and agricultural soils (O’Connor et al., 2019;
Beckers and Rinklebe, 2017). Thus, the SOC provides a good indi-
cator of the number of receptor sites and how much Hg can be
retained (i.e., receptor-limited regime) (Schuster et al., 2018).
Except this, mercury to carbon ratio (RHg:C) also provides a useful
normalized tracer of the driving factors of Hg contamination.
Changes in RHg:C in different soils reveal that STHg concentrations
are influenced by parent rock and/or atmospheric input (Xue et al.,
2019). So far, most studies only focus on the influence of SOC on
STHg, but the role of atmospheric input is less quantitatively
studied.

The Tibetan Plateau, known as the ‘Third Pole’, is one of themost
remote and cold regions in the world that accounts for about three-
quarters of alpine permafrost in the Northern Hemisphere (Wang
and French, 1995). The Tibetan Plateau is a pristine area with
negligible local sources, but sensitive to anthropogenic impacts
(Yao et al., 2012), especially input of Hg transported from nearby
populous and industrialized regions in India (Huang et al., 2016).
The Tibetan Plateau also receives deposition from the Northern
Hemispheric background air with Hg from long-range sources
(Wang et al., 2017). Sedimentary and glacier ice core records show
that concentrations of Hg in the Tibetan Plateau substantially in-
crease since the 1860s (500%, from about 0.5 ng L�1 to 3 ng L�1)
(Kang et al., 2016;Wang et al., 2010). The large permafrostmass and
proximity to source regions make the Tibetan Plateau a unique
geographical location to study the storage of soil Hg and its driving
factors such as SOC and atmospheric input (Loewen et al., 2007).
Previous studies have reported the concentrations and distribution
of Hg in the surface soil (e.g., 0e20 cm) of the Tibetan Plateau (Zhu
et al., 2014; Sheng et al., 2012), but data in the permafrost grassland
soils are limited, especially for deeper layers. Here we provide new
data on Hg of grassland soils in the Tibetan Plateau. We also eval-
uate the driving factors of Hg content in the soil and permafrost,
including the SOC content and the atmospheric deposition of Hg
from the GEOS-Chem model. The analysis is also extended to the
whole country based on a compilation of literature data.

2. Methods

2.1. Sites and samples

The Tibetan permafrost regions are mainly covered by three
grassland types (Fig. 1c), including Alpine Steppe (AS, dominant by
Stipe purpurea and Carex moorcroftii), Alpine Meadow (AM, Carex
moorcroftii and Kobresia pygmaea), and Swamp Meadow (SM,
K. humilis and K. tibetica) (Yang et al., 2015). The climate is cold and
dry across the Tibetan Plateau with mean annual temperature �4.9
to 6.1 �C and mean annual precipitation 84.3e593.9 mm, 90% of
which falls from May to September (Ding et al., 2016). Similar to
other permafrost regions around the world, Tibetan permafrost has
experienced significant thaw, such as increased active layer thick-
ness (Wu and Zhang, 2010) and thermal erosion (Ding et al., 2016).
We used the 114 samples collected by Ding et al. (2016) during the
summers (July and August) of 2013 and 2014 in the Tibetan Plateau
(Fig.1a). The detail of the sampling procedure has been described in
Ding et al. (2016). Briefly, the sampling sites covered broad climatic
gradients and major grassland types. Of all sampling sites, 52 sites
were fromAS, 55 sites were from AM, and 7 sites were from SM and
all in permafrost or seasonal frozen regions. The altitude of the
samples ranges 3000e5000 m with roughly similar samples
(n¼ 37, 16, 31, and 28) in four subgroups (<3500 m, 3500e4000 m,
4000e4500 m, and >4500 m, respectively) (Fig. 1b). At each site,
five 1m� 1m quadrats were set up, locating at each corner and the
center of a 10 m � 10 m plot. For each quadrat, aboveground
biomass was clipped at the ground level and pooled. Pedon samples
were collected within three quadrats along a diagonal line of the
plot. Three samples for each site (a total of 342 boreholes from 114
sites) were drilled at 10 depths. In the laboratory, all samples were
dried indoor for 48 h and stored in a refrigerator under dark con-
ditions. The samples are sieved (2 mm mesh) and handpicked to
remove fine roots for subsequent measurements. In this study, we
used samples from five depths (0e10 cm, 10e20 cm, 50e70 cm,
150e200 cm, and 250e300 cm). One limitation of this study is the
lack of active layer depth and age-depth data of individual sites.
Given that the average active layer thickness is 2.4mwith a range of
1.3e3.5 m along the Tibetan Plateau (Pang et al., 2009), we consider
the fifth layer as the ‘permafrost layer’ and above four as ‘active
layer’ as an approximation.

2.2. Mercury analysis and quality assurance and quality control

The Hg concentrations of soil samples were analyzed by a Direct
Mercury Analyzer (DMA-80 with T660, Milestone Srl, Italy)
following the USA EPA method 7473. Controlled heating stages
were implemented to first dry and then thermally decompose a
sample introduced into a quartz tube. A continuous flow of air
carried the decomposition products through a catalyst bed where
interferences, like halogens or nitrogen/sulfur oxides, are trapped.
All Hg species were reduced to elemental Hg and were then carried
along to a gold amalgamator where the Hg was selectively
collected. The system was purged and the amalgamator was sub-
sequently heated to release all Hg vapors to the single beam, fixed
wavelength atomic absorption spectrophotometer. The absorbance
measured at 253.7 nm was proportional to Hg content in the
sample.

Soil total Hg quantification was performed employing calibra-
tion curves with certified materials. Standard reference materials
were GBW07423 from the National Research Center for Certified
Reference Materials, China. The standard value of standard refer-
ence materials is 32 ± 3 ng/g, while the test value was 31.6 ± 1.7 ng/
g and the recovery rate was 98.9%. Curves were considered optimal
if the regression coefficient was �0.99. The instrument detection
limit (IDL) was calculated based on three times the standard de-
viation of blanks, consisting of empty preheated combustion boats.
The IDL for this method is 0.0005 ng Hg/1.0 g soil, below the lowest
STHg measured for all samples (2.8 mg/kg). The median of relative
standard deviation (RSD) in triplicate analyses of subsamples
collected from individual sample sites is 11%.

2.3. Atmospheric model

We use the GEOS-Chem nested-grid Hg model (version 12.1.0,
http://acmg.seas.harvard.edu/geos), which is run during

http://acmg.seas.harvard.edu/geos


Fig. 1. (a) Sampling sites (black dots) (Ding et al., 2016) and soil types in the Tibetan Plateau (Li and Cheng, 1996); (b) Altitude map of Tibetan Plateau [The Global Land One-
kilometer Base Elevation (GLOBE) Digital Elevation Model, Version 1.0. National Oceanic and Atmospheric Administration]; (c) Vegetation map of Tibetan Plateau (China’s Vege-
tation Atlas with 1:1000000, Chinese Academy of Science, 2001).
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2015e2016 with the previous 1 year as spin-up. The results from
the global (4 � 5�) Hg simulation are used as initial and boundary
conditions for a nested-grid simulation over the Asian domain
(defined as 15e55�N and 70e140�E). The nestedmodel is driven by
GEOS-FP meteorological fields at a horizontal resolution 0.25�

latitude � 0.3125� longitude. Both the nested and global models
have 47 vertical layers. This one-way nesting approach has been
applied to understand Hg chemistry and transport over North
America and East Asia and the simulation results are in good
agreement with the observation (Wang et al., 2014; Zhang, Y. et al.,
2012). The model includes three tracers: gaseous elemental mer-
cury, Hg0, and gaseous and particulate-bound divalent mercury,
HgII, and HgP, respectively. In the model, Hg0 is emitted by natural
and anthropogenic sources, while HgII and HgP are emitted only by
anthropogenic sources (Zhang et al., 2016). HgII and HgP undergo
wet and dry deposition, and Hg0 subjects to dry deposition (Selin,
2009). Re-emissions of Hg0 from terrestrial and oceanic reservoirs
are also included (Holmes et al., 2010; Horowitz et al., 2017). The re-
emission fluxes are modeled as functions of environmental pa-
rameters (e.g., temperature, wind speed, and short-wave radiation)
and soil and oceanic Hg concentrations, which are not dynamically
traced by the model but specified with observational data. Divalent
mercury (i.e. HgII and HgP) follows an empirical gas-particle parti-
tioning relationship based on air temperature and aerosol con-
centration, following Amos et al. (2012). The model also considers
redox reactions between Hg0 and HgII that include two-stage oxi-
dization of Hg0 initialized by Br atom, and photo-reduced reduction
of HgII to Hg0 in cloud droplets (Horowitz et al., 2017). We use the
model output of atmospheric Hg deposition data, including the dry
and wet deposition of Hg0, HgII, and HgP. The spatial distribution of
atmospheric deposition is compared against soil Hg concentrations
to evaluate its role in influencing the latter.

2.4. Statistics and dataset

Grubbs’ test was used to find if a minimum value or a maximum
value of STHg or RHg:C is an outlier (GB/T4883-2008). A two-way
analysis of Variance (ANOVA) followed by Tukey multiple com-
parisons (software: Matlab R2018a) was applied for comparisons
among multiple groups of samples. The criterion of significance
was set at p < 0.05. The linear regression analysis was used to study
the relationship between STHg versus deposition and SOC (soft-
ware: Matlab R2018a). We included the SOC data analyzed by Ding
et al. (2016) for the samples we measured STHg. We also collected
literature data on SOC and STHg in different soil types in China
(Fig. S4, Fig. S5, Table S2, refer to SI for a complete reference list). It
resulted in 920 data points covering the Tibetan Plateau, North,
Northeast, Central, East, Southeast, and Southwest China. These
samples are from agricultural fields (491 points), urban regions (95
points), and mining areas (97 points). A Monte Carlo approach was
used for uncertainty analysis of Hg storage estimate (Rubinstein
and Kroese, 2008). The Hg storage was calculated as the product
of carbon storage and Hg to carbon ratio (RHg:C). The calculationwas
repeated for a million times with randomly sampled carbon storage
and RHg:C data. The probability distribution of carbon storage of the
Tibetan grassland soils is from Ding et al. (2016), while that of the
latter is from this study. The Monte Carlo simulation was also
conducted with Matlab R2018a.

3. Results and discussion

3.1. Concentrations and distribution of soil mercury in the Tibetan
Plateau

Fig. 2 shows the probability distribution of measured STHg
concentrations at five depths. Generally, the STHg concentrations in
the Tibetan Plateau are 19.8 ± 12.2 ng/g. The probability distribu-
tions of STHg are right-skewed with higher means than medians.
About 60% of the STHg data are between 10 and 30 ng/g. Occa-
sionally, there are samples with concentrations greater than 60 ng/
g in deep layers (>150 cm). We find that the STHg concentrations in
the Tibetan Plateau are about 50% lower than the tundra data over
Alaska (43 ± 30 ng/g) and are similar to other regions in the
Northern Hemisphere (20 ± 10 ng/g) (Schuster et al., 2018). Our
surface layer (0e10 cm) data is slightly less than the data by Sheng
et al. (37± 18 ng/g, 2012) in the southern part of the Tibetan Plateau
but is slightly higher than Sun et al. (14.8 ± 5.5 ng/g, 2017) in the
northeastern part of the Tibetan Plateau. Our results are also in
agreement with the results (~25 ng/g STHg in grassland in the Ti-
betan Plateau) of Zhu et al. (2014). The STHg in the permafrost layer
(18.7 ± 14.8 ng/g) is not significantly different from the active layer
(20.0 ± 11.5 ng/g) (T-test, p ¼ 0.40).

The STHg concentrations exhibit large spatial variability in the
surface layer (0e10 cm) of the Tibetan plateau (Fig. 3a). Super-
imposed are the STHg data over the southern part of the Tibetan
Plateau summarized by Sheng et al. (2012). Overall, the STHg
concentrations on the Tibetan Plateau are higher in the south than
in the north (p < 0.01), which is consistent with the results of Zhu



Fig. 2. Probability distribution of STHg in Tibetan grassland soils at different depth ranges: (a) 0e10 cm, (b) 10e20 cm, (c) 50e70 cm, (d) 150e200 cm and (e) 250e300 cm.
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et al. (2014). This pattern is associated with the elevated anthro-
pogenic Hg emissions in South Asia, which could be carried and
subsequently deposited by the South Asian monsoon (Huang et al.,
2019). The distribution of STHg concentrations in the deeper layers
are similar to the surface layer: higher concentrations in the south
than the north (Fig. 2bee). This may be caused by the influence of
atmospheric Hg input that penetrates to depth due to diffusion and
leaching.

Fig. 4 shows the vertical profiles of STHg averaged for different
grassland types and altitudes. Generally, the STHg concentrations
decrease with depth in the top three layers (0e70 cm) and remain
almost unchanged in below. We find relatively high STHg concen-
tration in soil samples >20 cm depth of all grassland types. This
pattern is consistent with the results of Sun et al. (2017), though
their sample depth ranges from 0 to 60 cm and a slight increase of
STHg was found in 40e60 cm depths. A similar decreasing trend
with depth was also reported by Schuster et al. (2018). The STHg
concentrations in SM are the largest among the three grasslands
(p < 0.05, Fig. 4a, Table S1). For the three types of grassland sampled
in this study, the medians of STHg concentrations (top 20 m) are
21.9 ng/g, 18.3 ng/g, and 30.8 ng/g in AM, AS, and SM, respectively.
Our results in AM are similar to the data reported inMu et al. (2020)
(0e50 cm, 18.1 ng/g), and are higher for AS (6.48 ng/g), but lower
for SM (37.6 ng/g). Although the absolute concentrations are
different in the two studies, the trends among the types of grass-
lands are consistent. This trend also agrees with that of the average
SOC in the three grassland types (Table 1): SM (2.1%) > AM
(1.1%) > AS (0.6%).

We will elaborate on the influence of SOC on STHg in later
sections. Previous studies found increasing trends of STHg with
altitude due to the increase of atmospheric deposition (Zhang et al.,
2013; Blackwell and Driscoll, 2015). We do not find a significant
trend for STHg at different altitudes for different depth ranges
(Fig. 4b and Table S1), even though the average temperature at
different altitudes varies for ~10 �C given a temperature lapse rate
of 0.6 �C per 100 m. It seems that temperature is not an important
driving factor for STHg in the frozen soil in this region, as the mi-
crobial activity is paused under low temperature and STHg is fixed
in the deep soil (Schirrmeister et al., 2011). The temperature also
influences the productivity of overlying vegetation and further in-
fluences the SOC and STHg (Obrist et al., 2017), but this factor seems
not significant for the three types of grasslands in this region.
3.2. Storage of soil mercury in the Tibetan Plateau

Table 1 shows the SOC, calculated RHg:C, and total Hg storage of
four depths (0e50 cm, 50e100 cm, 100e200 cm, 200e300 cm)
over different types of grasslands in the Tibetan Plateau. The
average SOC over the whole soil profile is 0.9% (0e300 cm), with
higher values in the upper profiles: 2.2%, 1.5%, and 1.1% in the top
50, 100, and 200 cm, respectively. The Tibetan SOC data is much
lower than Schuster’s (2018) over Alaska (all sample cores > 1% and
1/2 cores > 5%) and Olson’s (2018) over Arctic tundra (~19%).

Ding et al. (2016) estimated the total organic carbon (OC) stock
in alpine grasslands in the Tibetan Plateau (area: 1.1 million km2) is
6.23 (5.33e7.30 as interquartile range, the same hereafter) Pg for
the top 50 cm. This number increases to 8.51 (7.30e9.93) Pg, 12.2
(10.4e14.3) Pg and 15.3 (13.0e17.8) Pg if extending to a depth of
100 cm, 200 cm, and 300 cm, respectively. Generally, our estimate
of RHg:C value is 5.6± 6.5 mg Hg/g C (0e300 cm, with 5.1 ± 6.7 mg Hg/
g C for the active layer and 7.5 ± 5.8 mg Hg/g C for the permafrost
layer), higher than that of Schuster’s data (1.8 ± 1.2 mg Hg/g C) in



Fig. 3. Measured STHg for different depths in the Tibetan Plateau. (a) 0e10 cm [A: data collected by Sheng et al. (2012)], (b) 10e20 cm, (c) 50e70 cm, (d) 150e200 cm and (e)
250e300 cm. The black line in panel a represents the boundary of the Tibetan Plateau. The background color represents the altitudes with increasing values from green to yellow.
Note the domains of panels bee are smaller than that of the panel a (shown as a red rectangle in panel a).
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Alaska because of the relatively low SOC in the Tibetan Plateau
(Schuster et al., 2018). This suggests substantial variability in RHg:C
values in different regions and terrestrial ecosystems. Indeed, the
median of RHg:C values over tundra fromOlson et al. (0.27 mg Hg/g C,
2018) is also lower than that of Schuster et al. (2018). The average
RHg:C in western Siberia regions decreases from 0.38 mg Hg/g C in
the active layer to 0.23 mg Hg/g C in permafrost region (Lim et al.,
2020), which is lower than that of Schuster’s (2018) and similar
to Olson’s (2018). Similarly, the RHg:C values become smaller for the
top 50 cm of our dataset as the SOC is higher.

By multiplying the OC stock and RHg:C values, we estimate that
the total Hg storage is 86.6 ± 101.2 Gg for the top 300 cm with
36.8 ± 44.9, 33.3 ± 36.5, and 7.9 ± 9.5 Gg from AM, AS, and SM
grasslands, respectively. We calculate the Hg stocks per unit area
are 0.08 Gg Hg/103 km2 for AM, 0.05 Gg Hg/103 km2 for AS, and
0.16 Gg Hg/103 km2 for SM, consistent with the trend of SOC con-
tent, which indicates the influence of SOC on soil mercury. The Hg
stock in the top 50 cm accounts for 11% of the total profile, which is
lower than the fraction of soil layer depth (17%) reflecting the lower
RHg:C values in the top of soil profiles (Table 1). The STHg stock in
the permafrost layer is 23.4 Gg, accounting for 27% of the total
profile, with the remaining 73% (63.2 Gg) in the active layer. This
ratio in permafrost is lower than Schuster’s (2018) estimation in
Northern Hemisphere permafrost regions (48%), but higher than
the fraction (6%) in pan-Arctic soils given by Lim et al. (2020).
Applying the RHg:C values of Schuster et al. (2018), Lim et al. (2020),
and Olson et al. (2018) to the carbon stock in Tibetan grassland
results in a Hg mass of 27.7 ± 17.7 Gg, 7.4 ± 2.7 Gg, 6.6 ± 3.7 Gg,
respectively, in the top 300 cm, which are much smaller than that
using native values. Therefore, regional variabilities in RHg:C values
should be considered in evaluating the size of the global soil Hg
reservoir.
3.3. Atmospheric Hg deposition in Tibetan Plateau

Fig. 5 shows the modeled atmospheric deposition of Hg in the
Tibetan Plateau. The total atmospheric deposition in the Tibetan
Plateau ranges 0.7e18 mg m�2 yr�1. The average deposition flux of
Hg is 3.3 mg m�2 yr�1, with 57% contributed by dry deposition of
Hg0, followed by dry deposition of HgII and HgP (19%) and wet
deposition (24%). Dry deposition andwet deposition show different
spatial distribution patterns, especially in the southwestern Tibetan
Plateau. The wet deposition is higher in the southern and north-
eastern parts of the Plateau but is very low over the western region.
The precipitation in the Tibetan Plateau has an increasing trend
from west to east and north to south. The maximum precipitation
occurs in the southeastern region (Arcenegui et al., 2007), which is
consistent with the spatial distribution of wet deposition of Hg. The
dry deposition is high in the eastern part of the Plateau, which is
associated with the relatively higher atmospheric Hg concentra-
tions due to elevated anthropogenic emissions in Qinghai and
Sichuan provinces. Compared with the extremely low wet



Fig. 4. (a)Vertical distributions of STHg of different grassland types. (AM: Alpine Meadow; AS: Alpine Steppe; SM: Swamp Meadow); (b) Vertical distributions of STHg of altitudes
(altitude < 3500 m, 3500e4000 m, 4000e4500 m, > 4500 m).

Table 1
The SOC, RHg:C, and total Hg storage (mean ± standard deviation) in the Tibetan grassland soils.

Grasslands (Area: 103 km2) Depth range (cm) SOC (%) RHg:C (mg Hg/g C) Mercury stock (Gg Hg)

Alpine Meadow (453.1) 0e50 2.7 ± 1.3 1.1 ± 0.8 3.5 ± 2.4
0e100 1.8 ± 1.4 2.4 ± 2.8 10.0 ± 11.7
0e200 1.3 ± 1.4 4.9 ± 7.0 27.0 ± 38.5
0e300 1.1 ± 1.3 5.6 ± 6.8 36.8 ± 44.9

Alpine steppe (640.0) 0e50 1.5 ± 1.0 1.9 ± 1.3 3.9 ± 2.7
0e100 1.0 ± 0.9 3.6 ± 3.6 10.5 ± 10.6
0e200 0.7 ± 0.8 5.6 ± 6.6 23.9 ± 28.2
0e300 0.6 ± 0.8 6.0 ± 6.5 33.3 ± 36.5

Swamp Meadow (50.9) 0e50 5.1 ± 2.7 0.6 ± 0.3 0.7 ± 0.4
0e100 3.2 ± 2.5 0.8 ± 0.3 1.2 ± 0.5
0e200 2.5 ± 2.5 2.1 ± 3.5 5.5 ± 9.5
0e300 2.1 ± 2.4 2.4 ± 3.2 7.9 ± 9.5

Total (1144.0) 0e50 2.2 ± 1.5 1.5 ± 1.1 9.2 ± 7.0
0e100 1.5 ± 1.4 2.8 ± 3.2 24.8 ± 27.8
0e200 1.1 ± 1.3 5.1 ± 6.7 63.2 ± 82.2
0e300 0.9 ± 1.2 5.6 ± 6.5 86.6 ± 101.2
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deposition, the dry deposition is relatively high over the south-
western Plateau, where the HgII concentrations are higher due to
high altitudes. The observations for Hg deposition flux are rather
limited over the Tibetan Plateau. The wet deposition fluxes of total
Hg at Nam Co alpine site were reported as 1.75 mg m�2 yr�1 from
2009 to 2011 (Huang et al., 2012), which is higher than the model
results in 2015e2016 (0.76 mg m�2 yr�1). The average Hg accu-
mulation rates obtained from the 15 glacier ice cores is about
3.1 mg m�2 yr�1 (Kang et al., 2016; Zhang, Q. et al., 2012), which is
similar to our model results (3.3 mg m�2 yr�1). The sediment core
records (18.2 mg m�2 yr�1) are also consistent with the GEOS-Chem
model results (16.3 mg m�2 yr�1) (Kang et al., 2016). Due to the lack
of measurement data, we focus on the relative spatial pattern of
modeled Hg deposition, instead of the absolute amount.
3.4. Driving factors of STHg in Tibetan Plateau

Similar to previous studies (e.g. Obrist et al., 2011; Sun et al.,
2017), a linear relationship between STHg and SOC for the Ti-
betan grassland soil samples in the top 10 cm (log-transformed, F-
test: p < 0.01) (Fig. 6a):

logðSTHgÞ¼0:30 logðSOCÞ þ 1:3; r2 ¼ 0:36 (1)

As the depth increases, this linear relationship becomes weaker



Fig. 5. Estimated mercury depositions for types at the Tibetan Plateau. (a) total deposition, (b) wet deposition, (c) dry deposition of Hg0, (d) dry deposition of Hg2 and HgP (black
pentagram represents Lhasa).

Fig. 6. (a) Linear regression of STHg and SOC on Tibetan Plateau (in log scale, 0e10 cm); (b) Linear regression of STHg and atmospheric deposition on Tibetan Plateau (in log scale,
0e10 cm); (c) Multiple-variable linear regression of STHg and both SOC and atmospheric deposition (in log scale, 0e10 cm).
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(Fig. S1). The coefficients of determination (r2) decrease to 0.13 in
the 10e20 cm depth, and less than 0.1 in the deeper samples. The
relationships also become not significant for samples below 50 cm
depth.

We find a linear relationship between STHg and atmospheric
deposition (log-transformed, F-test: p < 0.01) (Fig. 6b):

logðSTHgÞ ¼ 0:09 logðDepÞ þ 0:91; r2 ¼ 0:24 (2)

Similarly, we find the surface soil is more affected by atmo-
spheric deposition than the deeper layers. The linear relationship
between deposition and STHg is weaker in deeper soils. Similar to
the relationship with SOC, the coefficients of determination (r2)
decrease to 0.12 in the 10e20 cm depth, and less than 0.1 in the
deeper samples. The relationships also become not significant for
samples below 50 cm depth (Fig. S2).

Even though the atmospheric deposition appears to have little
to no influence on STHg below 50 cm depth, we find a good linear
relationship between the STHg concentrations in a layer and the
layer above (Fig. S3, r2 ¼ 0.52, 0.18, 0.49, and 0.76, for the second to
the fifth layer, respectively). Combined with the relationship be-
tween deposition and STHg in each layer, we conclude that the
STHg in deeper layers is more influenced by factors such as parent
rock Hg content, and leaching from above layers (Wang et al., 2019).

Schuster et al. (2018) proposed receptor-limited and flux-
limited regimes for the relationship between SOC and STHg. They
assumed a threshold value of 10% for SOC: if SOC <10%, the number
of receptor sites limit the Hg can retain (i.e., receptor-limited
regime); if SOC > 10%, receptor sites appear unlimited and the
flux of Hg from the atmosphere limits the STHg (i.e., flux-limited
regime). However, from our analysis, we do not see such a
threshold for Tibetan Plateau grassland soils, but the atmospheric
deposition even influences soils with SOC <10%. We find a multi-
linear regressionwith both SOC and deposition could better explain
the variability of observed STHg (r2 ¼ 0.42, Fig. 6c):

logðSTHgÞ ¼ 0:53 logðDepÞ þ 0:24 logðSOCÞ þ 0:99; r2 ¼ 0:42
(3)

We thus conclude that SOC and atmospheric deposition work
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simultaneously in this region. We also tried to incorporate depth as
the third variable for our regression model, but it does not increase
the r2 value. Furthermore, the weaker relationship between STHg
and SOC and deposition fluxes suggest other influencing factors in
the deep layer soils, such as the contribution from parent rock and
leaching from upper soil profiles.
4. Summary

This study finds that the mean total STHg concentrations in the
Tibetan Plateau grassland surface soils are 19.8 ± 12.2 ng/g. The
concentrations exhibit large spatial variability, higher in the south/
east and lower in the north/west. The concentrations decrease with
depth in the top 70 cm but remain almost unchanged in below. We
find that the swamp meadow STHg concentrations are the largest
among the three types of grasslands, consistent with the trends in
SOC. The mean RHg:C of our samples is 5.6 ± 6.5 mg Hg/g C and the
estimated Hg mass is 86.6 ± 101.2 Gg in grassland soils of the Ti-
betan Plateau. Among other influencing factors such as Hg content
in parent rocks, we find SOC and atmospheric deposition both in-
fluence STHg.

We find different RHg:C values compared to other regions, indi-
cating the importance of regional variability of RHg:C values in
estimating global Hg mass based on carbon mass. This highlights
the importance of our dataset in further qualifying soil Hg stocks in
the Tibetan Plateau as well as on a global scale. Despite the large
global mass of Hg in soils, the transport and fate of Hg in this
reservoir is not fully understood. Especially, how SOC content in-
fluences the STHg and its interaction with atmospheric Hg depo-
sition remain unclear. Process-based models considering the soil-
air exchange of Hg and its transformation and vertical transport
in soil columns are needed to test different hypotheses such as
those brought up by Schuster et al. (2018) and this study. Our
findings provide valuable data to evaluate and calibrate models
developed for this research.

We note a large range of uncertainty associated with our esti-
mate of Hg storage in Tibetan grassland soils (86.6 ± 101.2 Gg for
the top 300 cm). This uncertainty derives from both the estimate of
carbon storage and the RHg:C values. To increase sample size and
cover more representative land types help to reduce such uncer-
tainty. However, the general poor linear relationships between
STHg and SOC and atmospheric deposition are the major limitation
for this approach, despite its wide application in the literature.
More factors, such as SOC characteristics, soil microbial activities,
STHg chemical composition, metrological factors, active layer
depth, and parent rock characteristics, should be included and
analyzed for their roles in driving the variability of STHg in future
studies.
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