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ABSTRACT: Soil is the largest Hg reservoir globally. Data of
Hg concentration in surface soil are fundamental to under-
standing environmental Hg cycling. However, present knowl-
edge on the quantity and global distribution of Hg in soil
remains deficient. Using stable Hg isotopic analyses and
geospatial data, the concentration and global spatial
distribution of Hg in surface soil of 0−20 cm depth have
been developed. It is estimated that 1088 ± 379 Gg of Hg is
stored in surface soil globally. Thirty-two percent of the
surface Hg storage resides in tropical/subtropical forest regions, 23% in temperate/boreal forest regions, 28% in grassland and
steppe and shrubland, 7% in tundra, and 10% in desert and xeric shrubland. Evidence from Hg isotopic signatures points to
atmospheric Hg0 dry deposition through vegetation uptake as the primary source of Hg in surface soil. Given the influence of
changing climate on vegetative development, global climate change can act as an important forcing factor for shaping spatial
distribution of Hg in surface soil. This active forcing cycle significantly dilutes the impacts caused by Hg release from
anthropogenic sources, and needs to be considered in assessing the effectiveness of reducing Hg use and emissions as specified
in Minamata Convention on Mercury.

1. INTRODUCTION

The ratification of Minamata Convention on Mercury (Hg) in
2017 is widely considered a success to protect human health
and the environment from the detrimental effects of Hg.1

However, existing Hg data and scientific knowledge are
insufficient to adequately assess the policy benefits in reducing
human and wildlife Hg exposure.2 To date, the spatial
distribution of Hg concentration in soils across the globe
remains largely uncertain.3,4 Earlier studies reported 235−1150
Gg of Hg storage in surface soil across the globe.3,5−8 Such a
data set is critical for a complete understanding of Hg cycling.
Uncertainties in soil Hg data limit our ability to quantify legacy
Hg emission from soil to the atmosphere,2 estimating Hg
runoff from uplands to the aquatic environment,9 and assessing
potential risks of human and wildlife Hg exposure globally.10

The concentration and distribution of soil Hg are best
estimated with representative soil samples collected in a global
observational network, but such an approach is not feasible
because of the limitation of access and cost to perform such a
global study. Statistic regression modeling (e.g., multiple linear
regression) using the large geological database provides

another alternative for reliably constructing global concen-
tration and distribution of Hg in soil. Using available data of
Hg concentration and distribution in China and the U.S.,11−13

coupled with global organic carbon, meteorological factors,
and anthropogenic Hg emissions data sets, it is possible to gain
insight on the contributing sources and accumulation pathways
of Hg in soil at a global scale.
The sources of Hg in surface soil are from atmospheric

deposition of elemental Hg (Hg0) (i.e., atmospheric Hg0

uptake by vegetation and input to soil with plant detritus)
and oxidized Hg (Hg2+),9,14,15 and from weathering of Hg
from rocks.9,14,16 Runoff-related accumulation from contami-
nated waters is likely an important source in areas that have
received air emission or water discharge of Hg from human
activities,4,17 which is largely localized near anthropogenic
sources. Since direct or standardized quantification methods

Received: April 19, 2019
Revised: July 17, 2019
Accepted: July 20, 2019
Published: August 21, 2019

Article

pubs.acs.org/estCite This: Environ. Sci. Technol. 2019, 53, 10665−10675

© 2019 American Chemical Society 10665 DOI: 10.1021/acs.est.9b02386
Environ. Sci. Technol. 2019, 53, 10665−10675

D
ow

nl
oa

de
d 

vi
a 

C
H

E
N

G
D

U
 D

O
C

U
M

 A
N

D
 I

N
FO

 C
T

R
 o

n 
M

ay
 6

, 2
02

0 
at

 0
7:

22
:5

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/est
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.9b02386
http://dx.doi.org/10.1021/acs.est.9b02386


for measuring Hg dry deposition is not available, Hg dry
deposition is often estimated by models, or by surrogate
measurements such as Hg deposition through litterfall or on
artificial surfaces.15 Mercury wet deposition has been the
primary focus in quantifying Hg input to terrestrial and aquatic
ecosystems. Networks of Hg wet deposition measurement have
been established globally, such as Global Mercury Observation
System (GMOS)18 and National Atmospheric Deposition
Program’s (NADP) Mercury Deposition Network (MDN)
sites in North America.15 However, recent studies have
highlighted the importance of Hg dry deposition to the
terrestrial ecosystem. Specifically, atmospheric Hg0 uptake by
vegetation is responsible for substantial Hg accumulation in
forest ecosystems,14,19−22 as well as for the observed seasonal
variation of atmospheric Hg concentrations.23,24 Climate is the
main driver for vegetation distribution globally.25−28 The
atmospheric Hg0 dry deposition through vegetation uptake
whose spatial distribution is driven by vegetative develop-
ment29,30 is closely tied to the changing climate. Therefore,
global climate change is an important forcing factor for shaping
spatial distribution of Hg in surface soil. Time profiles of Hg
deposition reconstructed from lake sediments and peat bogs
have demonstrated that the changes of climate and vegetation
coverage as well as related forest fire paleo-history are the main
drivers for the natural changes in Hg deposition flux and
subsequent concentrations in terrestrial ecosystems.31−33

Recent advancement of stable Hg isotope techniques
enables delineation of the origins and accumulation processes
of Hg in surface soil. Mercury undergoes both mass dependent
fractionation (MDF, reported as δ202Hg) and mass independ-
ent fractionation (MIF, reported as Δ199Hg, Δ200Hg, and
Δ201Hg) in the environment.16 The MIF signatures of Hg
isotopes are much less likely to be altered by postdepositional
processes than MDF in the environment, making the MIF
signatures of Hg useful tracers for identifying different
sources.14,16,34 Atmospheric Hg2+ is characterized by positive
Δ199Hg, Δ200Hg, and Δ201Hg values, whereas Hg0 in the
atmosphere shows negative values of Δ199Hg and Δ201Hg with
negligible Δ200Hg.14,16,34 Geological Hg pool exhibits zero
Δ199Hg, Δ200Hg, and Δ201Hg.14,16,34

We hypothesized that the active processes driven by climate
and vegetative development influence soil Hg spatial
distribution at continental and global scales. This study focuses
on atmospheric Hg0 deposition forced by climate and
vegetative development, as well as its effect on soil Hg spatial
distribution at a global scale. Comprehensive data of Hg
isotopic signatures measured in global terrestrial ecosystems
are analyzed, coupled with structural equation modeling using
geospatial data sets collected in China and the U.S., to verify
the hypothesis. Based on the analysis, global spatial
distribution of Hg in the top 0−20 cm of surface soil
(consisting of organic soil and upper mineral soil in terrestrial
ecosystems) is constructed. The implications of the soil Hg
storage on global Hg cycling under climate change scenarios
are discussed.

2. MATERIALS AND METHODS
2.1. Sites Description, Sampling, and Measurements.

Hg concentration and isotopic composition in vegetation and
soil samples were measured at 13 agricultural land sites, 26
forest sites, 11 grassland sites, and 2 Tibetan wetland sites
across China (Supporting Information (SI) Figure S1). The
samples, collected from 2014 to 2018, include tree foliage,

litterfall, grass, and straw, and soil at 0−20 and 100 cm depth.
The site information is provided in SI Table S1. The sampling
protocol has been described in detail in our earlier studies.14

Briefly, five 5 × 5 m subplots at each site were established for
sample collection, and each ∼500 g of samples for well mixed
vegetation, 0−20 cm surface soils, and 100 cm deep soils were
collected. Yang et al.35 suggested that vegetation samples
freeze-dried or oven-dried at <65 °C were suitable for
determination of Hg. Vegetation samples were dried in an
oven at 60 °C for 48 h until <0.03% of mass variation occurred
in 8 h and ground by a separate electric grinder. Soil samples
were air-dried in a dark and clean room and ground in an agate
mortar and sieved by a 200 mesh sieve (74 μm). In addition,
data from 15 documented forest sites, 4 tundra sites, and 1
peatland site across the globe19,21,22,36−39 were reviewed and
analyzed to understand soil Hg sources in these ecosystems.
We have reported surface soil Hg isotopic compositions at 10
cm depth of 23 Tibetan forest sites.14 In this study, we
reported Hg isotopic compositions in surface soil at 20 cm
depth for these sites. We found that δ202Hg and Δ199Hg in soil
at 0−20 cm depth of these sites were slightly positive than
values at soil 0−10 cm depth (∼0.02−0.10‰ shift for δ202Hg,
and 0.04−0.10‰ shift for Δ199Hg, p > 0.05, by paired-t test).
The procedure for Hg isotope measurement of vegetation

and soil samples has been described in our earlier work14

(detailed in the SI). Mercury isotopic compositions are
measured using the standard-sample-standard (SPS) protocol.
The HgMDF is reported in δ notation using the unit of permil
(‰) referenced to the neighboring NIST-3133 solution:

δ = × [

− ]

Hg(‰) 1000 ( Hg/ Hg )

/( Hg/ Hg ) 1

202 202 198
sample

202 198
NISTSRM3133 (1)

The MIF is reported as ΔxxxHg following the convention
suggested by Blum and Bergquist:40

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)

UM-Almadeń secondary standard was analyzed every 10
samples. The results of UM-Almadeń are consistent with
reported values (δ202Hg = −0.53 ± 0.04‰, Δ199Hg = −0.01 ±
0.04‰, Δ201Hg = −0.01 ± 0.05‰, Δ200Hg = 0.01 ± 0.03‰,
n = 13) and BCR-482 (δ202Hg = −1.56 ± 0.06‰, Δ199Hg =
−0.63 ± 0.02‰, Δ201Hg = −0.63 ± 0.02‰, Δ200Hg = 0.03 ±
0.03‰, n = 4) and GSS-4 (δ202Hg = −1.72 ± 0.08‰, Δ199Hg
= −0.34 ± 0.03‰, Δ201Hg = −0.34 ± 0.03‰, Δ200Hg =
−0.00 ± 0.02‰, mean ±1 SD, n = 4).40,41

2.2. Mapping of Global Surface Soil Hg Concen-
tration. The data collection and availability are described in
the SI. Given the diverse spatial and temporal scales of these
data sets, all data were regridded into a 1° × 1° grid cell. The
volume of data set for 0−20 cm surface soil Hg concentration
in China (about 50 000 points) is much larger than the volume
of data set in the U.S. (about 2000 points) in this study. To
ensure data comparability, the grid cell in the U.S. with less
than three data points of surface soil Hg concentration was not
considered. Similarly, the data sets of climate and vegetation
factors, population distribution, and anthropogenic Hg
emission were regridded into the same resolution of 1° × 1°.
Then, structural equation modeling and regression analyses
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were processed by Amos 21 and SPSS 16. ArcGIS 10.4 was
utilized to create the global map of Hg concentration in surface
soil. The global 0−20 cm surface soil Hg storage (HgP) is
estimated as

= × × − ×fHgP HgC BD (1 ) 20 (5)

where HgC is soil Hg concentration, BD is the soil bulk
density, and f is the soil coarse fragments (>2 mm) volume in
0−20 cm surface soil. Given the climate, vegetation, and
human influences (details in Results and Discussion), we used
MLR (multiple linear regression) to obtain the empirical
model to predict the global surface soil Hg concentration as
follows:

= − + +

− − +

+ × = <

+

P T

R

R P

log(HgC ) 12.893 0.551log( ) 7.651log( )

0.085log(NPP) 1.366log( ) 0.029log(Hg )

0.357 log(SOC), 0.57, 0.01

1
2

2 (6)

where HgC1 is the 0−20 cm surface soil Hg concentration (ng
g−1, induced by climate, vegetation, and human influences), P
is precipitation (mm), T is air temperature (K), NPP is net
primary production (g m−2 day−1), R is solar radiation (w
m−2), Hg2+ is anthropogenic Hg2+emission (g km−2), and SOC
is soil organic carbon (%). All data in eq 6 are from the 1° × 1°
grid cell in China and the U.S. (SI Figure S2).The
anthropogenic Hg emission inventory is from AMAP/UNEP
2010.42 The eq 6 did not consider the difference caused by
potential influence of geological Hg sources since its intercept
is ∼0 (i.e., 10−12.893). Earlier studies suggested that crustal Hg
typically exists at low concentration with small variations
(except in Hg-enriched zone) and its contribution to the
vegetative surface soil is insignificant. For example, crustal Hg
concentration varies from 7 to 24 ng g−1 (average = 11 ng g−1)
in China,11 and has an average of 10 ng g−1 in parent soil of
U.S.13 In Australia, 50% of Hg concentration in 60−80 cm soil
is less than 10 ng g−1 (n = 1314).43 Thus, we applied a level of

Figure 1. Hg MIF signatures in agricultural-land, forest-land, grass-land, peat-land, tundra-land, and Tibetan wetland. The Hg isotopic signatures
for atmospheric Hg2+ are derived from the literature.37,39,84−87 The surface soil is 0−20 cm soil or top A soil, and the deep soil is 100 cm soil. The
Hg concentration is in the unit of ng g−1. We used average Hg isotopic signatures at each site for earlier reported values.19,21,22,36−39
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10 ng g−1 Hg concentration in geological sources. It was found
that the geological source fraction ( fgeo) in 0−20 cm surface
soil was best estimated by SOC (details of Hg isotope mixing
model in SI) as

= − + = <

=

f n0.154ln(SOC) 0.5311R 0.58, P 0.01,

41

geo
2

(7)

Incorporating the contribution from geologic source, HgC in
eq 5 can be modified as

= + × fHgC HgC 101 geo (8)

HgC is set to 10 ng g−1 if HgC is less than 10 ng g−1 because of
the surface soil Hg concentration at least greater than the
crustal Hg except for in Hg-enriched zone.
2.3. Statistical Methods. In this study, all China and U.S.

data including climate, biotic, anthropogenic, and edaphic
characteristics were subject to logarithmic transformation to
meet the assumptions of normality. We used the bivariate
Pearson Correlation to produce the correlation coefficient
among factors of climate, anthropogenic influences, vegetation,
and soil Hg concentration at 95% confidence interval by two-
tailed test. Based on the correlation analysis, we further used
conceptual structural equation modeling to construct the
impacts from climate, anthropogenic influences, vegetation on
soil Hg spatial distribution. It is noteworthy that we used
principal component analyses (PCAs) to create multivariate
functional indexes to represent the individual impact from
climate, vegetation, and anthropogenic activities (details in
Section 3.2). All indexes were then standardized into Z-scores.
Finally, structural equation modeling was developed from the
conceptual model using χ2 tests with maximum likelihood
estimation. Model fitting was performed by using SPSS version
17 and the Amos software version 24. We used p-values (at
least >0.05), χ2 values, and degree of freedom (df) as the
criteria for evaluation of structural equation modeling fit. From
the structural equation modeling path network, the stand-
ardized path coefficient (β, i.e., a value closer to 1 represents a
stronger influence) represents the direct effect of one variable
on another, and the indirect effect (e.g., one variable affects
another variable which in turn affects a third) is calculated by
multiplying each associated β.

3. RESULTS AND DISCUSSION
3.1. Climate and Vegetation Influences Revealed by

Hg Isotopic Signatures. Atmospheric Hg0 uptake has been
suggested to be the primary source of Hg in foliage of forest,
cropland, peatland, and tundra ecosystems.14,15,36,37 Lighter
Hg isotopes in air are preferentially accumulated in the foliage,
causing a −3.0‰ to −1‰ δ202Hg shift between air and
foliage.16,34,36 Combining our field sites in China and the
referenced sites (SI Tables S1 and S2), significantly more
negative δ202Hg values are observed in tree foliage samples
(−2.77 ± 0.39‰, Mean ±1 SD, n = 28 sites, SI Table S1)
compared to the values for grass and straw biomass samples
(−1.52 ± 0.31‰, n = 30 sites) (p < 0.001, by t test) at rural
sites. This difference may be explained by the vegetation
species and site locations. Photochemical reduction of Hg2+

occurs in all terrestrial ecosystems,16,34 as evidenced the scatter
plot of Δ199Hg versus Δ201Hg that yields a slope of 1.0.16,34,44

The foliage of different plant species shows similar isotopic
signatures (Δ200Hg = −0.02 ± 0.03‰ in tree foliage versus
0.01 ± 0.04‰ in others; Δ201Hg = −0.24 ± 0.12‰ in tree

foliage versus −0.20 ± 0.13‰ in others, SI Table S1, p >
0.05). The Hg MIF signatures in foliage at rural sites exhibit
consistent values (SI Figure S1 and Figure 1) across the globe.
Intriguingly, samples of submerged vegetation and surface

sediment from Tibetan wetlands exhibit positive Δ199Hg and
Δ200Hg values (Figure 1), characteristic of the MIF signatures
of Hg2+ in precipitation water, and indicating a possibility that
atmospheric Hg2+ deposition is the dominant source. Estimates
from the mixing model using Δ200Hg (detailed in the SI) yields
Hg2+ (through precipitation) and Hg0 (through vegetative
uptake) contributes 68 ± 21% and 32 ± 19% to vegetation Hg,
respectively. The triple endmember mixing model using
Δ199Hg and Δ200Hg (detailed in SI) suggests 26 ± 19% of
surface soil Hg in Tibetan wetlands is from atmospheric Hg0

deposition, 40 ± 17% from atmospheric Hg2+ deposition, and
34 ± 18% inherited from parent soil material. This is different
from earlier studies which revealed that Hg in streams and
runoffs from forest catchment is mainly derived from dry
deposition of atmospheric Hg0.45,46 Mercury sources in
Tibetan wetlands (mainly supplied by precipitation and glacier
meltwater47) clearly distinct from those for forest surface soil,
showing the characteristics of atmospheric Hg2+ deposition.
Surface soils in agricultural lands are mainly influenced by

human activities, and therefore has elevated Hg concentrations
(>200 ng g−1) with isotopic signatures similar to Hg emission
from anthropogenic sources (∼0 Δ199Hg and Δ201Hg
signatures, p = 0.324 by t test).16,34,48 Except for Tibetan
wetlands, the MIF signatures (Δ199Hg and Δ200Hg, Figure 1)
of surface soil Hg in forest, peatland, grassland, and tundra
ecosystems are more characteristic of vegetation rather than
those found in atmospheric water (positive Δ199Hg and
Δ200Hg)14,16,34 and geological inputs (∼0 Δ199Hg and
Δ200Hg).16,49 This suggests wet deposition of atmospheric
Hg cannot explain the observed isotopic characteristics in soil
samples. In addition, precipitation intensity is the dominant
factor (rather than Hg concentration in precipitation) that
leads to Hg wet deposition at remote sites globally.6,7 If Hg
input from precipitation contributed significantly to soil Hg,
observed Δ199Hg shift in surface soil samples would exhibit
positive correlation to precipitation intensity. However, the
data in this study show the opposite trend, as indicated by the
negative correlation observed between precipitation and
Δ199Hg in rural forest and grassland ecosystems (r = −0.55,
p < 0.001, n = 48 sites, SI Figure S3). Moreover, the triple
endmember mixing model shows that 54 ± 21% (mean ±1
SD) of Hg in the surface soil of global documented ecosystems
is derived from atmospheric Hg0 deposition, 12 ± 9% from
atmospheric Hg2+ deposition, and 34 ± 18% inherited from
parent soil material. This is consistent with earlier findings that
dry deposition of Hg0 is the primary source of soil
Hg.14,19,21,22,36,37

The significantly negative correlation between precipitation
and Δ199Hg can be explained by vegetative development
enhanced by precipitation, which increases biomass production
and therefore a greater atmospheric Hg0 uptake vegetation that
leads to more negative Δ199Hg in surface soil after litterfall.
Such evidence has been documented in earlier Hg isotope
studies across North American forests and eastern Tibetan
plateau forests that higher precipitation and warmer temper-
ature enhance plant productivity and subsequently increase Hg
accumulation in soil through atmospheric Hg0 deposition
through plant uptake.8,9 Since the spatial distribution of
vegetative development is closely tied to the climatic
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factors,25−28 the changed vegetation distribution will also be
forced by climate change, thus shaping the soil surface Hg
geospatial distribution.
3.2. Influences of Climate Change and Vegetation

Development on soil Hg. It has been suggested that surface
soil Hg concentration is correlated with soil organic carbon
(SOC), leaf area index (LAI), plant net primary production
(NPP), and anthropogenic Hg emission.14,50−52 We catego-
rized these factors into three groups: climate factors (e.g.,
precipitation, temperature, and solar irradiance), vegetation-
related factors (e.g., LAI, NPP, and SOC), and human factors
(e.g., population and anthropogenic Hg emission). Few studies
have reported the interplays among surface soil Hg
concentration and these factors at a continual or global scale.
Cross analysis of data collected (n = 1541 1° × 1° grid cells) in
China and the U.S. (SI Figure S2) shows that Hg
concentration in surface soil is highly correlated to climate
factors, moderately correlated to vegetation related factors, and
weakly correlated to anthropogenic activities (population and
anthropogenic Hg emission). This suggests that climate and
vegetation play important roles in shaping the spatial
distribution of Hg in surface soil.
Factors contributing to the spatial variation of soil Hg as

explained by the structural equation modeling pathway
network are shown in Figure 2. The direct effect by vegetation

is 0.66, compared to the much smaller effect by human
activities (0.14). This suggests the direct impact from human
activities is largely invisible over a large spatial scale. This is
plausible, since anthropogenic emissions of Hg is primarily
from point sources. In addition, the Hg isotopic data suggest
wet deposition (removing GOM in the atmosphere generally)
is less important than previously perceived as emissions are
prone to long-range atmospheric transport. The variation of
vegetation development is controlled by the climate factor
(direct effect up to 0.93), leading to a confounded effect of

climate-vegetation forcing at 0.61. This is much greater than
the total effect of 0.09 by climate-human activities as indicated
by the isotopic evidence that relates Hg accumulation in soil to
vegetation productivity.
The high Hg0 concentrations caused by anthropogenic Hg

release in industrialized areas is greatly diluted during chemical
transport processes over the long residence time of Hg0 (0.5−1
year).53 Dry deposition of Hg0 via vegetation uptake is the
main source for soil Hg accumulation in vegetated ecosystems.
Since climate is a predominant driver for global vegetation
distribution, the impact caused by the changing climate and
subsequent vegetation distribution enriches soil Hg concen-
tration in remote regions, such as Tibetan forests14,54 and
arctic tundra.37,55 This is also supported by structural equation
modeling results and Hg isotopic signatures at large scale.
Analytical results from the structural equation modeling also

infer that climate has a strong impact on anthropogenic
activities (direct effect = 0.63, Figure 2). The significant effect
of climate on anthropogenic activities can be explained by
population growth in the temperate climate zone. For example,
regions with >800 mm precipitation in China make up only
43% of the land area, but have 94% of the population and
substantially elevated soil Hg concentration.11,56 Hence, this
suggests some of the climate factors may actually be
anthropogenic emissions hidden by climate changes. In
addition, since human activities and vegetation development
can impose feedback to climate in Figure 2, the climate-
vegetation-human interactions are likely to occur under future
land-use and climate change scenarios, which need to be
considered when assessing global Hg cycling.

3.3. Climate and Vegetation Influence on Global
Distribution of Hg in Surface soil. Using multivariate
curvilinear regression and geospatial mapping (Section 2.2),
global distribution of Hg concentration in top 0−20 cm surface
soil is constructed using the WWF (World Wildlife Fund) 14
terrestrial ecoregion classifications. The Hg concentration in
soil varies from 10 ng g−1 to 289 ng g−1 with a mean of 47 ± 26
ng g−1 and a median of 45 ng g−1 (Figure 3, SI Table S3). The
model-predicted concentrations were verified using docu-
mented soil Hg spatial concentration data set in continental
surface agricultural and grazing land soils in Europe, and at 740
sites values across the globe. Figure 3 shows that the histogram
of simulated Hg concentration agrees with the observational
data of continental surface soil in Europe. The scatterplot of
model-predicted Hg concentration versus observation yields a
slope of 0.71 (R2 = 0.72, n = 740, p < 0.01), indicating that the
simulation results appropriately capture the magnitude and
spatial feature of observed Hg concentration in soil globally. It
is noteworthy that crustal Hg content is not uniform globally,
and the assumption of a mean value in the model is a limitation
of the simulation. Further studies are needed to depict the
crustal Hg distribution for further improving Hg pool estimates
in global topsoil.
There are other uncertainties for the model-predicted Hg

concentrations. One uncertainty stems from the sparse
observational coverage and large variability across ecosystems
and soil profiles. Another possible cause leading to the
unexplained data variability is the coarse grid resolution (1° ×
1°) incapable of producing the observed elevated concen-
tration in cities, highly industrialized regions, and Hg mining
areas. The highest estimated Hg concentration in a grid cell is
289 ng g−1, up to 5 times smaller compared to the values
measured in the polluted area.57,58 Although such under-

Figure 2. Structural equation modeling to explain the spatial
distribution of surface soil Hg concentration. The solid arrow
means the direct effect and the associated number is the standardized
path coefficient (β), which represents the direct effect of one variable
on another (highest as 1.0). The dotted arrow represents the
feedback, and the number shows the strength of feedback effect
(highest as 1.0). The double-headed arrow means the collineation
between anthropogenic influence and vegetation, and the number
shows the strength of collineation (highest as 1.0). All data have been
logarithmically transformed to match the requirement of normal
distribution in structural equation modeling model. Climate is the
PCA component1 of mean annual precipitation, mean annual
temperature, and solar radiation (SI Table S4). Anthropogenic
influence is the PCA component 1 of mean annual emissions of Hg
species and population (SI Table S5). Vegetation is the PCA
component 1 of LAI, SOC, and NPP (SI Table S6).
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estimation in selected regions does not significantly bias the
estimated total storage size due to its small areal coverage
(<1% of global surface),59,60 it does contribute to the overall
uncertainty of the estimate. Similarly, Hg concentration in soil
measured in Hg mining area is 1−2 order of magnitude greater
than the estimate in this study.61,62 Finally, the limited
observational data sets available in the tropical regions, tundra,
and peatland introduce uncertainty to the present estimates.
The statistical model was built using ∼52 000 points data,
while only 2% of the data set was collected in tropical regions.
However, the model-predicted soil Hg concentration in
tropical forest regions falls in the range of 80−280 ng g−1,
consistent with the observed values (Figures 3, slope = 0.88, R2

= 0.51, n = 74, p < 0.01).
The global pool of Hg stored in 0−20 cm surface soil is

estimated to be 1088 ± 379 Gg. Thirty-two percent (32%) of
estimated Hg storage in surface soil resides in tropical/

subtropical forest regions (C1−C3 and C14, Figure 3), 23% in
temperate/boreal forest regions (C4−C6 and C12), 28% in
grassland and steppe and shrubland (C7−C10), 7% in tundra
(C11), and 10% in desert and xeric shrubland (C13). Though
relatively high soil Hg concentrations are observed in
temperate forests (Figure 3), the low forest cover (9th largest)
leads to Hg storage ranging in the medium level among 14
terrestrial ecoregions. Boreal ecoregion is fourth largest forest
coverage, while the lower soil density results in fifth largest
store of surface soil Hg.
The greater Hg storage in tropical/subtropical forest regions

is consistent with the higher litterfall that drives a greater
amount of Hg input to the forest soil. Global litterfall-induced
Hg deposition is estimated at 1000−1200 Mg yr−1, of which
∼70% occurs in tropical/subtropical forest ecosystems.29,30

Observations mass balance assessments made in temperate and
tropical regions showed that both types of forest act as a net

Figure 3. Simulated global 0−20 cm surface soil Hg concentration, WWF (World Wildlife Fund) 14 terrestrial ecoregions (SI Figure S4), and Hg
storage in each terrestrial ecoregion and global region (SI Figure S5). The resolution of 0−20 cm surface soil Hg map is at the scale of 1° × 1°. The
histogram of soil Hg concentration in agricultural and grazing soils of EU is reproduced from the earlier study.88 The methods for collection of sites
reported Hg concentrations were discussed in detail in the SI. The red circle in the plot of observations versus simulated values represents the data
from tropical sites, and blue circle represents the data of from various forest sites across the globe.
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sink for atmospheric Hg, although the quantity of the sink
differs.4,20,63−66 The Hg input to surface soil from plant uptake
and subsequent litterfall has been found to be several times
higher than the Hg evasion flux.66,67 In the tropical/subtropical
forest, up to 70−95% of Hg deposition is stored in the forest
floor,20,63,64 and more than 75% of Hg depositions can be
stored in forest floor of temperate/boreal regions.65,68−70

These quantitative assessments point to the Hg input driven by
vegetation activities being the main factor causing the observed
Hg pool size, which also plausibly explain the greater Hg
storage in tropical/subtropical forest regions.
As illustrated in Figure 3, half of Hg storage in surface soil is

distributed in South America (20%), North America (19%),
East Asia (6%), and Southeast Asia (5%). The larger land area
covered by forest is the primary cause of the large Hg storage
in South and North America. According to the 2013 Global
Mercury Assessment (GMA 2013), anthropogenic Hg release
in South, Southeast and East Asia accounts for ∼50% of global
total in 2010, with China as the largest emitter.71 Although
elevated Hg concentrations in the soil of southern and eastern
China (100−200 ng g−1) exist, the mean Hg concentration in
mainland China (44 ± 28 ng g−1) is comparable to the value
(all p > 0.05) in the U.S. (43 ± 24 ng g−1) and Europe (47 ±
23 ng g−1). There are two possible explanations. One is that
the sum of anthropogenic Hg release in U.S. and Europe after
industrial revolution is 2−3 times higher than total emissions
in China.72 The other is that the dense vegetation biomass in
the U.S. and Europe induce a greater amount of Hg
accumulation in soil through atmospheric Hg0 uptake by
foliage. Forest coverage in the U.S. and Europe (34−40%) is
substantially higher than the coverage in China (22%).73 A
larger area of permafrost soil in U.S. and Europe, where
elevated Hg is locked in soil over thousands of years of
accumulation of dead plant and animal matter,12 also
contributed to the Hg storage in soil.
3.4. Comparison with Previous Model Results. An

earlier study estimated up to 347 ± 146 Gg Hg storage in top
30 cm permafrost soil in the northern hemisphere,12 much
higher than our estimate in top 20 cm soils of Tundra (80.1 ±
33.5 Gg). Such a difference is mainly caused by different
classification of the terrestrial ecoregion (24.8 million km212

versus 11.7 million km2 in this study) and the soil depth (30
cm12 versus 20 cm in this study). Our predicted Hg storage in
top 20 cm soils in Arctic tundra is 48.8 ± 21.5 Gg in Figure 3,

consistent with the estimate based on filed observation (25.8−
41.9 Gg for 50th-62.5th).55

Earlier estimates of Hg stored in global surface soil ranges
from 235 to 1150 Gg.3,5−8 These estimates have inherited
uncertainties due to sparse observational coverage and
variabilities across ecosystems and soil profiles. For example,
the Hg/C ratio is widely used for such estimates,3,6,7 but it
changes considerably with soil depth and land-use type.20,50,74

Also, Hg/C ratio data are not sufficiently documented for
grassland, shrubland, desert, cropland, etc. The global soil Hg
spatial distribution produced by Global Terrestrial Mercury
Model (GTMM) used in GEOS-Chem predicted a low Hg
storage (0−2 mg m−2) in top 30 cm soil of temperate/boreal
regions (45−70 N°) and large storage (2−14 mg m−2) in arid
areas of north Africa, western Asia, and southern Asia.6 Figure
4 shows that the simulated Hg storage in top 20 cm soil in
temperate/boreal regions is 4−15 mg m−2, and 0−3 mg m−2 in
arid areas of northern Africa, western Asia, and southern Asia.
Our estimates agree with the geological survey results that
show Hg concentration in soil of arid regions is significantly
lower than those observed in vegetation areas.11,50 The large
data sets of climate and geospatial features applied in this study
improve the accuracy of our estimate.

4. IMPLICATIONS

Present and future human activities will likely irreversibly
change the climate and global vegetation coverage. The
confounded impacts among the climate-vegetation-human
activities (Figure 2) may significantly alter global Hg cycling.
For example, the terrestrial net carbon sink accelerated during
1998−2012 (0.17 ± 0.05 Pg C yr−2) due to the decreased
tropical forest area, CO2 fertilization, and increased affor-
estation in the northern temperate regions.25,26,75 Given an
average of ∼50 ng g−1 C of Hg/C ratio,23,66 we estimate ∼8.5
Mg yr−1of Hg sink in global terrestial ecosystems during this
period. The potential impact of increasing temperature on the
magnitude and direction of air−soil Hg0 flux is not clearly
understood.76 Eariler studies have highlighted soil Hg re-
emission and Hg runoff both increased 2−5 times due to
landuse changes77−79 at local sites, while global assessment of
these terms are largely lacking.
Anthropogenic Hg release into the atmosphere is relatively

well understood.72,80 Results from regional and global Hg

Figure 4. Simulated Hg mass in top 20 cm soils across the globe.
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modeling studies have also depicted the patterns of
anthropogenic Hg emission transport and deposition.81−83 In
contrast, natural Hg processes in terrestrial ecosystems have
not been well constrained, leading to substantial uncertainties
in global Hg biogeochemical cycling. This study constructs Hg
storage in global surface soil and its spatial distribution driven
by climate and vegetation, and provides conceptual para-
metrization to develop a more comprehensive global Hg
modeling system that can systematically incorporate climate-
vegetation-human impacts. Earlier studies have shown an
increase in Hg fluxes during the transition from the Holocene
to the Anthropocene.31−33 This study has important
implications on the response of Hg to future emissions
declines and climate-vegetation changes. Anthropogenic Hg
emission is projected to decrease aggressively through the
implementation of Minamata Convention, but the decrease in
Hg storage and its exposure to human and wildlife will take a
much longer period due to the legacy Hg cycling in the global
environment, especially under the scenarios of changing
climate.
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C.; Liu, Y.; Myneni, R. B.; Peng, S.; Pongratz, J.; Sitch, S.; Yan, T.;
Wang, Y.; Zhu, Z.; Wu, D.; Wang, T. Lower land-use emissions
responsible for increased net land carbon sink during the slow
warming period. Nat. Geosci. 2018, 11 (10), 739−743.
(27) Gottfried, M.; Pauli, H.; Futschik, A.; Akhalkatsi, M.; Barancǒk,
P.; Benito Alonso, J. L.; Coldea, G.; Dick, J.; Erschbamer, B.;
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