Environmental Research 195 (2021) 110810

Contents lists available at ScienceDirect

Environmental Research
journal homepage: www.elsevier.com/locate/envres

Planular-vertical distribution and pollution characteristics of cropland soil
Hg and the estimated soil–air exchange fluxes of gaseous Hg over croplands
in northern China
Chunjie Wang a, Zhangwei Wang a, b, Yu Gao a, b, Xiaoshan Zhang a, b, *
a

State Key Laboratory of Urban and Regional Ecology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, No. 18 Shuangqing Road, Beijing,
100085, China
College of Resources and Environment, University of Chinese Academy of Sciences, Beijing, 100049, China

b

A R T I C L E I N F O

A B S T R A C T

Keywords:
Croplands
Mercury
Risk assessment
Soil–air flux
Natural sources
Northern China

As an important reservoir of mercury (Hg), cropland play an important role in the Hg cycle, but it was poorly
understood in northern China. The major objectives of this study are to ascertain the distribution characteristics
of soil Hg and then assess its pollution level and potential risk, and further evaluate the role of cropland in
northern China in the global soil–air exchange of Hg based on the simulation experiments and regional survey.
The average Hg concentration in surface soils of the 30 sites in northern China was 116.1 ± 135.8 ng g− 1, which
was significantly higher than background values. The surface soils show a significant spatial heterogeneity in Hg
concentration, and the Hg levels near provincial capitals were higher than those at corresponding prefecturelevel cities, revealing that the soil Hg levels were closely associated with the local industrial and economic
development. Profile data shows that topsoil Hg concentration was significantly higher than those in deeper
layers at most of sites, indicating the more serious pollution situation in recent years. Generally, the higher the
surface soil Hg concentration, the more obvious this top-bottom decreasing trend. The planular-vertical distri
bution patterns of TOM share similar trends as those of soil Hg concentration, indicating Hg concentration was
closely associated with TOM content. Statistical results show that the mean CF, Eir , and Igeo values were 4.0 ± 5.0,
161 ± 198, 0.76 ± 1.34, respectively, and more than two thirds of sampling sites were moderately and
considerably polluted. The mean annual accumulative flux of Hg in the northern China was 20.9 ± 43.8 μg m− 2
yr− 1, and the total net emission fluxes of Hg from the croplands in six provinces were 8.37 ton yr− 1. This in
dicates that although the cropland occasionally acts as a sink, it represents an important natural source of at
mospheric Hg as a whole.

1. Introduction
Mercury (Hg) is ubiquitous in the environment and it is also readily
transported among different environmental compartments (Gustin et al.,
2000). The current atmospheric Hg level is approximately 3 times higher
than that before the industrial era (AMAP/UNEP, 2019), revealing that
there was large deposition of atmospheric Hg to landscapes and water
sheds, where it may be converted to highly toxic forms (e.g., methyl
mercury). Hg pollution has become a focus of increasing concern
because of its toxicity and biomagnification ability in food chain
(Syversen and Kaur, 2012; Depew et al., 2013; Li et al., 2013; AMA
P/UNEP, 2019). Heavy metals (including Hg) are emitted to the

environment in various forms by both natural and anthropogenic sour
ces (Li et al., 2018; AMAP/UNEP, 2019; Alexakis, 2020; Alexakis et al.,
2020). Due to its inherent properties of low chemical reactivity and
water solubility, Hg is easily transported from terrestrial ecosystem to
the atmosphere. However, nonpoint source emissions are more diffi
cultly constrained than point source emissions because they are often
heterogeneous in Hg distribution (Gustin et al., 1999, 2000; Sommar
et al., 2020), which was poorly characterized.
The dominant Hg forms that evaporate from terrestrial surfaces to
the atmosphere are two volatile species: Hg0 and dimethylmercury, but
the release of the latter is quantitatively less important (Schlüter, 2000).
Previous studies of Hg fluxes measured in natural and Hg polluted areas
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suggest that Hg emission from soil was a significant source of atmo
spheric Hg on a region or global scale (Gustin, 2003; Wang et al., 2007a,
b; Fu et al., 2012; Ci et al., 2016; AMAP/UNEP, 2019; Sommar et al.,
2020). Because the oxidized Hg can be bound tightly by soil constituents
(e.g., organic matter), Hg0 is the dominant species emitted from surface
soil to the atmosphere. Current global Hg models suggest that land
surfaces receive approximately 3200 ton yr− 1 through atmospheric
deposition and re-emit 1000–2800 ton yr− 1 (Pirrone et al., 2010;
Smith-Downey et al., 2010; Mason et al., 2012; Amos et al., 2013; UNEP,
2013; Outridge et al., 2018), illustrating the dual role of soils as a sink
and source for atmospheric Hg in the global Hg cycle. Soils comprise the
largest terrestrial Hg pool in exchange with the atmosphere, and the
terrestrial surface is unequivocally important in Hg cycling between the
atmosphere and the Earth’s surface. Investigation into the soil–air ex
change of Hg, therefore, is critical to our construction of regional or
global Hg budgets.
China is the largest developing country in the world. With the rapid
development of industry and economy during the past four decades, the
amount of Hg emitted from China has increased significantly (Wu et al.,
2006; Pacyna et al., 2010; Zhang et al., 2015; Liu et al., 2019; Streets
et al., 2019). However, there are only a limited number of investigations
in China revealing the Hg contamination levels in croplands on a
regional scale. In particular, there are very few studies carried out in
human-impacted regions, such as croplands, which are generally
exposed high wet and dry depositions of atmospheric Hg and strong
anthropogenic activities. Soils are considered resilient reservoirs for Hg
due to the facts that the adsorption capacity of clays and organic matter
were strong (Gabriel and Williamson, 2004) and the divalent Hg in soil
can be converted to Hg0, which is easily emitted from the soil under
favorable conditions. Previous studies show that there was large dif
ference in soil–air Hg flux in croplands and forests of Central, South and
Southwest China (Feng et al., 2005; Wang et al., 2006; Fu et al., 2008,
2010, 2012; Zhou et al., 2017; Gao et al., 2019, 2020; Shi et al., 2020).
However, quantitative estimates of soil–air exchange flux of Hg0 over
croplands in northern China are scarce and suffer from considerable
uncertainties due to large spatial and temporal variations in Hg con
centration. In the present study, surface and deeper layer soil Hg con
centrations were determined at 30 cropland sampling sites, distributing

evenly across the North China. The major objectives of this study are to
ascertain the planular-vertical distribution patterns of cropland soil Hg,
evaluate its pollution level and ecological risk, and further estimate the
soil–air exchange flux of Hg0 in northern China.
2. Materials and methods
2.1. Sampling sites
As shown in Fig. 1, the sampling sites are located in the northern
China (including 8 provinces, i.e., Hebei, Shandong, Liaoning, Shanxi,
Shaanxi, Henan, Ningxia, and Inner Mongolia). Soil samples in different
layers at 27 sites were collected from March to May 2017, while our
previous investigations on surface soil Hg concentrations at Luancheng
(Hebei province), Xi’an (Shaanxi province) and Taiyuan (Shanxi prov
ince) were referenced in this study (Gao et al., 2019, 2020). The global
positioning system was used to locate the sampling sites. Note that all
sampling sites are maize-wheat rotation croplands, and this pattern is
consistent with the crop planting pattern at our previous observation site
(i.e., Luancheng Agro-Ecosystem Experimental Station (hereafter refer
enced as Luancheng sation), Chinese Academy of Sciences, Shi
jiazhuang, Hebei province, China) (Gao et al., 2019, 2020). Table 1
summarizes the detailed sampling information.
2.2. Sampling and analytical methods
2.2.1. Collection of soil samples
In order to obtain representative samples, five subsamples within a
radius of 1 km were collected as one sample using an auger boring at
each sampling site based on the plum blossom sampling method.
Additionally, all subsamples were collected from the surface to the depth
of 45 cm (i.e., 0–5, 5–15, 15–25, 25–35, and 35–45 cm). Note that the
soil sample in 0–5 cm was referenced as surface soil in this study. During
sampling, a bamboo blade was used to strip the soil that stick to the
auger boring, and all subsamples were sealed in polyethylene bags and
double bagged. After back to the laboratory, soil samples were air-dried
in a clean environment, gently crushed and ground to fine powder in an
agate mortar (meanwhile, removing the small stones and other

Fig. 1. Location of the sampling sites (solid dark dots) in northern China.
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Table 1
Site description and location, sampling time, THg concentrations (0–5 cm), soil parameters, contaminated values, and Hg0 fluxes for all sampling sites.
Province

Station

Lon. (◦ E)

Lat. (◦ N)

Sampling time

THg conc. (ng g− 1)

TOM (%)

pH

CF

Ei

Igeo

Flux (μg m−

Hebei

Cangzhou
Hengshui
Luanxian
Xingtai
Zhangjiakou
Zhuozhou
Luancheng
Kaifeng
Luoyang
Shangqiu
Xuchang
Baotou
Bayannaoer
Jinzhou
Panjin
Shenyang
Tieling
Yinchuan
Baoji
Weinan
Xi’an
Jinan
Jining
Linyi
Weifang
Zaozhuang
Datong
Shuozhou
Taiyuan
Xiangfen

116.86
115.64
118.76
114.52
114.84
115.95
114.68
114.40
112.49
115.58
113.89
109.78
107.43
121.19
122.00
123.54
123.70
106.22
107.24
109.50
108.91
117.13
116.50
118.32
119.12
117.30
113.32
112.46
111.54
111.43

38.27
37.71
39.71
37.02
40.73
39.50
37.88
34.78
34.64
34.40
34.05
40.63
40.74
41.10
41.12
41.73
42.22
38.54
34.33
34.55
34.37
36.74
35.40
34.99
36.77
34.77
40.06
39.30
38.69
35.87

2017/3/27
2017/3/26
2017/4/22
2017/3/25
2017/4/6
2017/3/23
2016/7/28
2017/5/9
2017/5/11
2017/5/8
2017/5/10
2017/4/17
2017/4/15
2017/4/23
2017/4/23
2017/4/25
2017/4/24
2017/4/14
2017/4/11
2017/4/10
2015/4/23
2017/5/4
2017/5/6
2017/5/6
2017/5/5
2017/5/7
2017/4/7
2017/4/8
2015/4/26
2017/4/10

65.3
45.6
50.1
43.5
64.7
111.2
81.6
369.2
147.7
27.8
36.3
64.8
76.4
39.6
20.1
212.9
64.7
32.6
226.8
21.4
265.1
170.7
58.2
61.1
141.6
15.8
113.2
27.8
105.9
701.7

7
7.3
5.8
5.5
5.9
6.2
6.58
5.7
7.8
6.1
5.6
5.7
8.2
5.4
8.9
6.2
6.4
7.7
6.8
5.4
NAa
7.8
11.6
10.7
5.2
4.4
6.5
5.6
NA
10.3

7.89
7.87
7.51
8.06
8.32
8.62
7.86
8.21
8.03
8.07
8.43
8.35
7.95
7.57
7.55
5.98
6.16
7.86
8.96
8.29
NA
8.01
7.37
6.78
8.02
6.93
8.56
8.13
NA
8.31

1.81
1.27
1.39
1.21
1.8
3.09
2.27
10.86
4.34
0.82
1.07
1.62
1.91
1.07
0.54
5.75
1.75
1.55
7.56
0.71
8.84
8.98
3.06
3.22
7.45
0.83
4.19
1.03
3.92
25.99

72.56
50.67
55.67
48.33
71.89
123.56
90.67
434.35
173.76
32.71
42.71
64.8
76.4
42.81
21.73
230.16
69.95
62.1
302.4
28.53
353.47
359.37
122.53
128.63
298.11
33.26
167.7
41.19
156.89
1039.56

0.27
− 0.24
− 0.11
− 0.31
0.26
1.04
0.60
2.86
1.53
− 0.88
− 0.49
0.11
0.35
− 0.49
− 1.47
1.94
0.22
0.05
2.33
− 1.07
2.56
2.58
1.03
1.1
2.31
− 0.85
1.48
− 0.54
1.39
4.11

4.87
− 1.27
0.13
− 1.93
4.68
19.19
9.96
99.69
30.58
− 6.83
− 4.18
4.72
8.33
− 3.15
− 9.23
50.92
4.68
− 5.33
55.26
− 8.83
67.21
37.76
2.66
3.56
28.68
− 10.57
19.82
− 6.83
17.54
203.43

Henan

Inner Mongolia
Liaoning

Ningxia
Shaanxi
Shandong

Shanxi

a

2

yr− 1)

No data available.

impurity), and then the five subsamples for a site were homogenized.
Part of sample was sieved to pass through a 100 mesh nylon screen
before carrying out analyses of Hg (Chen et al., 2016), and the other part
of sample was sieved to pass through a 20 mesh nylon screen prior to pH
analysis. To avoid cross contamination, powder free gloves were worn
throughout the procedure, and the agate mortar were thoroughly
scrubbed with ethanol prior to processing next sample.

Soil pH were determined in the deionized water with a ratio of 1:2.5
(w/v) by using a pH meter (Leici PHB-4, Shanghai INESA Scientific In
strument Co., Shanghai, China). TOM content in soil was calculated by
using the sequential loss on ignition (LOI) (Fu et al., 2010; Gao et al.,
2019). A homogenized air-dried soil samples (WS) were dried at 105 ◦ C
for about 24 h to obtain the dry weight of the samples (DW105), and then
the heated dry sample was burned at 550 ◦ C for 4 h, and the weight of
the sample after heating at 550 ◦ C was DW550. Thus, the TOM content
(LOI550) was calculated according to the following equation:

2.2.2. Analyses of soil Hg, TOM, and pH
A Lumex® RA-915+ multifunctional Hg vapor analyzer (Lumex Ltd.,
Russia) coupled with a PYRO 915+ pyrolysis attachment was used for
measuring soil Hg content, which has been reported in previous study
(Zhu et al., 2013). The RA-915+ analyzer is an online (without
pre-concentration) Hg analyzer based on the differential Zeeman atomic
absorption spectrometry (ZAAS) with high-frequency modulation of
light polarization (Ci et al., 2011). Samples were thermally decomposed
in a chamber at 800 ◦ C, all speciated Hg in soil was transformed to Hg0,
and then Hg0 was detected by the RA-915+ analyzer. Note that all
samples were measured in duplicates and the average concentration was
used in this study.
Quality assurance and quality control were carried out using a sys
tem of method blanks, replicates, and certified reference standard soil
material (GBW-07404 (GSS-4), Beijing, China; the Center of National
Standard Reference Material of China). Instrument calibration curves
covering the appropriate concentrations were confirmed by the refer
ence material and checked by the standard samples every ten samples.
The measured average Hg concentration of GSS-4 (593.3 ± 41.6 ng g− 1,
n = 16) compared favorably with the certified value (590 ± 50 ng g− 1).
Standards varied little over time and were within the calibrated ranges,
and the recoveries of certified standards ranged from 92 to 114%. The
relative percentage difference for the duplicate samples was <11%,
which was comparable to that reported in previous studies (Yap et al.,
2004). In addition, two blank samples were analyzed every batch of 10
samples, and no appreciable Hg contamination of blank samples was
detected.

LOI550 = 100 × (DW105 − DW550 )/WS

(1)

2.3. Assessment of Hg contamination in soil
Contaminant factor (CF) is the ratio obtained by dividing the con
centration of Hg (CHg) in the surface soil by the background value (C0) in
corresponding province (Håkanson, 1980; Gao et al., 2016), as shown in
Eq. (2). Ecological risk index of Hg (Eir ) is calculated as Eq. (3)
(Håkanson, 1980; Negahban et al., 2021 and references therein), where
THg is the toxic-response factor (40) for Hg (Håkanson, 1980). In addi
tion, the geoaccumulation index (Igeo) is also used to assess Hg
contamination in surface soils, and the Igeo is expressed by Müller (1969)
as Eq. (4), where 1.5 is the background matrix correction factor due to
lithogenic effects. Table 1 summarizes the detailed classes of CF, Eir , and
Igeo.
CHg
C0

(2)

Eri = THg × CF

(3)

CHg
)
Igeo = log 2 (
1.5C0

(4)

CF =

3
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2.4. Estimation method for the emission flux of mercury from surface soil

this study.
Table 1 summarizes the specific information of each sampling site,
including location, sampling time, THg concentration, TOM, pH,
contaminated levels in surface soils, and the annual cumulative Hg0
fluxes. Obviously, the Hg concentrations in surface soil at most of the
sampling sites were higher than the background concentrations in cor
responding provinces (i.e., 36, 34, 40, 37, 21, 19, 30, and 27 ng g− 1 for
Hebei, Henan, Inner Mongolia, Liaoning, Yinchuan, Shandong, Shaanxi,
and Shanxi, respectively (CNEMC, 1990; Chi and Yan, 2007). The spatial
distribution of soil Hg concentrations at these sampling sites is illus
trated in Fig. 2. It could be found that the surface soil Hg concentration
in northern China shows a significant spatial heterogeneity (Fig. 2a), as
evidenced by the large variation coefficient (117.7%). One striking
feature is that the spatial distribution patterns of soil Hg concentrations
in other deeper layers are almost exactly the same as that of Hg in sur
face layer (see Fig. 2a–e), but the concentrations in deeper layers were
generally lower than those in surface layer. Moreover, as shown in
Fig. 2, the Hg levels near provincial capitals were higher than those at
corresponding prefecture-level cities, such as the soil Hg concentration
at Shenyang sampling site was significantly higher than those at Tieling,
Panjin, and Jinzhou sampling sites. Similar pattern could be found in
Shandong, Henan, and Hebei province. This demonstrates that the more
developed the city, the higher Hg concentrations in corresponding
cropland soils, revealing that the soil Hg levels were closely associated
with the local industrial and economic development. This is due to the
fact that the anthropogenic Hg emissions in developed regions were
greater due to the large and numerous industries, and the reactive
gaseous Hg and atmospheric particulate Hg are easily deposited on local
to regional scales through both wet and dry processes.
Special attention needs to be given to those with high or low soil Hg
concentrations. The lowest Hg concentration (15.8 ng g− 1) was observed
at the Zaozhuang sampling site (Fig. 2 and Table 3), which was slightly
lower than the background value in Shandong province (19 ng g− 1)
(CNEMC, 1990), while the Hg concentrations at other sites in Shandong
province were significantly higher than the background value. More
over, low Hg concentration (27.8 ng g− 1) was found at Shangqiu site
(Fig. 2), which was also slightly lower than the background value in
Henan province. A previous study conducted in Fengqiu County
(belonging to Shangqiu City, Henan province) showed that the soil Hg
concentration (37 ± 14 ng g− 1) was comparable to that measured in this
study. Additionally, a striking feature is that the soils at the five smallest
soil Hg concentrations observed at Zaozhuang, Panjin, Weinan, Shang
qiu, and Shuozhou (see Fig. 2) were predominantly sandy, supporting by
low TOM concentrations (see Table 1 and Fig. 3). This is probably due to
the fact that the sandy soils are conductive to the desorption and
emission of Hg in surface soil. Another reason may be the low load of
historical Hg deposition at these sites, which could be verified by the
little vertical variation and low concentrations of soil Hg in all layers
(Figs. S2–S9). Interestingly, the maximum surface soil Hg concentration
of 701.7 ng g− 1 was observed at Xiangfen site, which was significantly
higher than the background value in Shanxi province, and also higher
than those measured at two heavily polluted cropland sites in Hunan
province (196 ± 36 and 539 ± 55 ng g− 1, Zheng et al., 2008), indicating
the serious pollution situation. This is mainly because many large-scale
coal-mining and coking enterprises were distributed in local and pe
ripheral regions, and these plants discharged a large amount of soot and
Hg to the atmosphere due to the rough processing of coal. The second
largest surface Hg concentration was observed at Kaifeng site due to it is
close to a large chemical plant (see Fig. S10).
In addition, If the bottom soil Hg concentration is regard as the
background value for each site, the pollution situation in surface soil in
recent years can be assessed by using multiples of the increase in Hg
concentration in the topsoil relative to the bottom (i.e., the ratio of the
difference between the surface soil Hg concentration and the bottom
concentration to the bottom concentration). As illustrated in Fig. 2f,
most of the surface soils were seriously polluted in recent years,

As yet there is no a reliable model to accurately estimate the soil–air
exchange flux of Hg0 from croplands due to it is extremely complicated
and there are many factors affecting this process. Numerous previous
studies show that solar radiation, soil Hg, temperature and moisture,
atmospheric Hg0 concentration, vegetation coverage, precipitation,
ozone, and farming activities all can affect the soil–air exchange of Hg0
(Agnan et al., 2016; Gao et al., 2019, 2020; Shi et al., 2020; Sommar
et al., 2020 and references therein). Moreover, since it is really difficult
to carry out the field observations of soil–air Hg0 exchange flux at the 30
sampling sites simultaneously, it is a little impractical to obtain the Hg0
flux in vast croplands by field observation. In order to better estimate the
soil–air Hg0 flux over croplands in northern China, Our priority is to
transfer the moderately and heavily polluted cropland soils (Tianjin,
Xi’an, Taiyuan, and Shijiazhuang) to the Luancheng station, and then
conduct synchronous observations on soil–air Hg0 fluxes (dynamic flux
chamber method) at these contaminated soils and local soil in Luan
cheng station (Gao et al., 2019, 2020) for a whole year, and finally
construct an appropriate method to estimate the soil–air Hg0 flux at the
other sampling sites. These field observations show that both emission
and deposition of Hg0 were observed during different growth stages of
plants, and the ratio of soil–air Hg0 flux in daytime to nighttime were
3.94 in maize-season and 3.41 in wheat-season, respectively (Gao et al.,
2019, 2020). Much more importantly, a linear relationship between
annually Hg0 fluxes (− 23.1–507.9 μg m− 2 yr− 1) and surface soil Hg
concentration (61–1543 ng g− 1) was found (flux = 0.312Hg− 15.502, R2
= 0.97) (Gao et al., 2019, 2020). Additionally, the ratios of the annual
mean solar radiation (PAR, photosynthetically active radiation) values
at our sampling sites to that at Luancheng stations in 2017 ranged from
0.8 to 1.2 (the solar radiation data at these sites can be available from
the China Meteorological Data Service Center, http://data.cma.cn/en,
last access: June 2020). Therefore, given the atmospheric Hg0 levels at
these sampling sites were comparable to that at Luancheng station (see
Fig. S1; AMAP/UNEP, 2019) and the temporal variation patterns of at
mospheric Hg0 at these sites were consistent with that at Luancheng
station, it was reasonable to use the above equation obtained at Luan
cheng station to roughly estimate the annual cumulative Hg0 fluxes in
these cropland sites.
3. Results and discussion
3.1. Concentrations and planular-vertical distributions of soil THg
concentrations
The Hg concentration in surface soil of 30 sites ranged from 15.8 to
701.7 ng g− 1 with a mean value of 116.1 ± 135.8 ng g− 1, which was
significantly higher than the background value in northern China (38 ng
g− 1, CNEMC, 1990), but obviously lower than those observed in polluted
agriculture, forest, and urban soils, such as Guangzhou, Guangdong
province (230 ng g− 1, Fu et al., 2012; >300 ng g− 1, Liu et al., 2014),
Guiyang (150–630 ng g− 1, Feng et al., 2005), Chongqing (>136 ng g− 1,
Wang et al., 2006), and Wuhai, Inner Mongolia (86–310 ng g− 1, Li et al.,
2018), but much higher than those measured in permafrost soil of
Qinghai-Tibet Plateau (Ci et al., 2016). Fu et al. (2008) reviewed the Hg
levels in the agriculture and forest soils of the Mt. Gongga between 2005
and 2006, and found that it ranged from 80 to 880 ng g− 1 (see Table 3),
which was comparable to the values in this study. However, the crop
land surface soil Hg concentrations in this study region were signifi
cantly higher than those measured in North America (see Table 3). This
indicates that the croplands in northern China have been polluted to
some extent. The assessments of its pollution level and potential
ecological risk can be found in section 3.3. Additionally, Yap et al.
(2004) performed a comprehensive study on Hg concentration in the
surface sediments of Malaysia, and the results show that it ranged from 3
to 201 ng g− 1, which was comparatively lower than the average value in
4
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Fig. 2. The concentrations (ng g− 1) and spatial distribution of soil Hg in different layers ((a), (b), (c), (d), and (e) represent the soil Hg concentrations in depths of
0–5, 5–15, 15–25, 25–35, and 35–45 cm, respectively), and the ratio (%) of the surface concentration (0–5 cm) to the bottom concentration (35–45 cm) (f).

Fig. 3. Spatial distribution of surface soil TOM contents (a) and pH values (b) of all the sampling sites in northern China.
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especially for some highly polluted sites (e.g., Shenyang and Kaifeng)
and moderately polluted sites (Zhuozhou, Baotou, Bayannaoer, and
Jinan), while some of the ratios were low (Xuchang, Shuozhou, Zaoz
huang, Jinzhou, and Cangzhou) and even negative (i.e., Panjin, Luan
xian, and Weinan), indicating less pollution in recent years. The detailed
discussions on the vertical distribution of soil Hg can be found in the
following paragraph.
The soil Hg concentration at pollution sites showed a significant
decreasing trend from the topsoil to bottom, while this trend was not
obvious at low or non-polluted sites. Generally, the higher the surface
soil Hg concentration, the more obvious this top-bottom decreasing
trend. As illustrated in Fig. 4, the vertical distribution at the polluted site
in Xiangfen shows that the soil Hg concentration in top layer was
significantly higher than those at corresponding middle and bottom
layers, and it displays a decreasing trend with the distance from the
topsoil to the bottom. Similar results can be found in other polluted sites
(e.g., Shenyang, Kaifeng, Jinan, and Datong) (see Fig. 3 and S2–S9). This
indicates that Hg was transported from the surface to the deeper layers,
and the surface layer suffered more pollutant than deeper layers.
However, here are divided into three kinds of cases: (1) the Hg con
centrations in surface and bottom layers were all considerably elevated
at some sites (e.g., Xiangfen (Fig. 4), Baoji, Kaifeng, and Luoyang etc.),
and they also significantly higher than the background values in corre
sponding province, indicating the serious or long-term pollution situa
tion; (2) although the Hg concentrations in surface soil were elevated,
the Hg concentrations in bottom layers were close to the corresponding
background values, indicating serious pollution situation in recent years
(e.g., Shenyang, Baotou, and Bayannaoer etc.); (3) there is no significant
variation of Hg concentration in vertical direction (e.g., Weinan,
Shuozhou, Panjin, and Xuchang) (Fig. 4 and S2–S9), and the Hg levels in
these sites were comparable to their corresponding background values,
suggesting less anthropogenic pollution in these regions.

much less than that of Hg concentration (Fig. 2). However, the corre
lation analysis shows that the soil Hg concentration was positively but
not significantly correlated with soil TOM content for all data (p > 0.05),
and this relationship can be further corroborated by the result in Fig. 5a
(R2 = 0.045). Moreover, the positive correlation becomes weaker when
we removed the data at the heavily polluted Xiangfen site (Fig. 5c). The
dominant reason for the positive relationship is that TOM (e.g., Humic
acid and fulvic acid) is the key binding phase in soil and it can strongly
fix Hg, especially for oxidized Hg (e.g., Hg(II)) (Shi et al., 2010; Zhang
et al., 2014), and thus the rising TOM contents in soils can increase the
retention of Hg. While the dominant reason for the low correlation be
tween Hg and TOM is that those sites with low TOM contents were
heavily polluted by Hg (e.g., Kaifeng, Weifang, and Shenyang) and those
with high TOM contents were low or non-polluted (e.g., Jining and
Bayannaoer).
As for the profile, the vertical distribution of TOM content presented
a gradually decrease trend from the topsoil to the bottom at most of the
sampling sites, and this distribution pattern was consistent with that of
soil Hg concentration. For example, the vertical distribution of TOM at
the polluted Xiangfen site, as illustrated in Fig. 3a, is roughly agreement
with that of soil Hg, and there was a positive correlation between Hg and
TOM at this site (r = 0.77, p = 0.13), and similar results can be found at
moderate (surface soil Hg: 100–200 ng g− 1) polluted sites (e.g., She
nyang, r = 0.78, p = 0.12). However, there was a negative correlation
between Hg and TOM at the low pollution Weinan site (r = − 0.14, p =
0.82), which is opposite to those at moderate and heavily pollutted sites
due to the little variation of Hg concentration in vertical direction and
the decreasing trend of TOM from the bottom to top soil (see Fig. 4),
indicating less contamination. Additionally, it could be found that there
was a negative correlation between Hg and TOM at Zhangjiakou (a rural
cropland site) (see Fig. S8), and this is probably due to the fact that there
was a little desertification (low TOM content) in the upper soils at this
sampling site.
Previous studies showed that pH is another important factor
affecting the distribution of Hg in soil environment (Zhang and Lind
berg, 1999; Zhao et al., 2005). Accordingly, the pH at all the sampling
sites were further determined. As shown in Fig. 3 and Table 1, no evident
variations (CV < 9%)in pH values among different sampling sites were
recorded, and most of the pH values were higher than 7 with the
exception of those measured at Shengyang and Tieling, indicating that
most of the surface soils were alkaline. Moreover, an extremely weak
positive correlation was found between pH and Hg in surface soils for
the whole data (Fig. 5b), indicating the effect of pH on the distribution of

3.2. Relationship between soil Hg and TOM as well as pH
Fig. 3 shows the spatial distribution of surface soil TOM and pH at all
sampling sites. Statistical results show that the TOM content in surface
soils ranged from 4.1% to 11.6% with a mean value of 6.6 ± 1.8%, which
was comparable to that measured at Luancheng station (6.58 ± 0.38%,
Gao et al., 2019, 2020). The spatial distribution patterns of TOM and pH
in deeper four layers appear to be consistent with those in surface layer
(see Fig. 3 and S11). As illustrated in Fig. 3, there was a relatively ho
mogeneous distribution of TOM content, and the amplitude of TOM was

Fig. 4. Vertical distributions of soil THg concentrations at Xiangfen, Shenyang, and Weinan sites.
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Fig. 5. The relationship between soil THg and soil pH as well as TOC content.

soil Hg was not obvious. Moreover, the pH values varied little in the
vertical direction at some sites (including polluted and background), e.
g., Xiangfen (Fig. 3a), Baoji, Xuchang, Hengshui, Zhuozhou, Zhangjia
kou, and Datong etc. (see Figs. S2‒S9), while it tends to a little
increasing from the top to bottom at most of the sites, e.g., Shenyang
(Fig. 3b), Tieling, and Zaozhuang etc. (see Figs. S2‒S9). Additionally, it
could be found that there was a less obvious decreasing trend on pH
from the top to bottom at the Weinan site, and this vertical pattern
appears to coincide to that of Hg. Overall, positive, negative, and
significantly negative (e.g., Baotou and Shenyang) correlations were
found between pH and Hg concentration. Therefore, the relationship
between pH and Hg is complex, and more research should be done in the
future.
3.3. Assessment of contamination level of Hg in surface soil
Given some cropland sites have been heavily polluted by Hg in
northern China, it is urgent to evaluate the pollution level and ecological
risk of this element. In this study, the contamination degree and po
tential risk of Hg in surface soil were assessed by determining the CF, Eir ,
and Igeo. In present study, the background value of surface soil Hg in each
province was used as the background value of the sampling sites in
corresponding province (CNEMC, 1990). The calculated CF, Eir , and Igeo
values with respect to Hg for all sites are presented in Fig. 6. Statistical
analysis shows that the CF value ranged from 0.5 to 26.0 with a mean
value of 4.0 ± 5.0 for all sampling sites, indicating considerable
contamination on the whole (see Tables 1 and 2). As illustrated in
Fig. 6a, only the four sites (i.e., Shangqiu, Panjin, Zaozhuang, and
Weinan) had the CF values less than 1, indicating low contamination,
while the CF values at the other sites were higher than 1, suggesting that
most of the surface soils were moderately and considerably polluted
from this aspect. Statistical results further show that approximately one
third of sites (e.g., Xiangfen, Kaifeng, Xi’an, Weifang, etc.) had CF values
significantly higher than the average value, suggesting these sites were
heavily polluted by Hg in recent years. Therefore, stricter pollution
control measures should be implemented in these regions in the future.
As presented in Fig. 6b and Table 1, the variation pattern of Eir is
consistent with that of CF, and the correlation analysis shows that Eir had
a significantly positive correlation Hg (p < 0.01). The Eir value for the Hg
in surface soil ranged from 21 to 1040 with a mean value of 161 ± 198,
reflective of considerable to high pollution risk (see Table 2). According
to the category of Eir , the four sites of Shangqiu, Panjin, Zaozhuang, and
Weinan were at low pollution risk level, the Kaifeng, Jinan, Xi’an, and
Xiangfen sites were at very high pollution risk level, and the other sites
were at considerable to high pollution risk levels. Therefore, more than
85% of the sites were above the moderate pollution risks from this
perspective. However, as illustrated in Fig. 6c and Tables 1 and 2, ten

Fig. 6. Contamination index of Hg (CF (a), Eri (b), and Igeo (c)) calculated at all
sampling sites in northern China.

sites (Hengshui, Luanxian, Xingtai, Xuchang, Jinzhou, Panjin, Weinan,
Shuozhou, Zaozhuang, and Shangqiu) had Igeo values less than zero,
indicating an uncontaminated situation although six of these sites pre
sented CF and Eri values falling into the moderately polluted classes.
Whereas, there were still 13 sites with the Igeo values higher than 1
(Fig. 6c and Table 3), indicating that the pollution values of Hg at these
sites have already reached above moderate pollution level; while the 6
sites with Igeo value of 0–1 were classified as uncontaminated to mod
erate pollution levels. Additionally, it is clear that the four highest CF, Ei,
and Igeo values all occurred at the Xiangfen, Kaifeng, Jinan, and Xi’an
7
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Table 2
Classes of the CF, Eri, and Igeo, and the contamination degree of the corresponding value.
CF

Eir
Igeo

<1

1–3

3–6

>6

low contamination

moderate

considerable

very high

≤40
low pollution risk
<0
uncontaminated

40–80
moderate
0–1
uncontaminated
to moderate

80–160
considerable
1–2
moderate

160–320
high
2–3
moderate
to strong

>320
very high
3–4
Strong

4–5
strong
to extreme

>5
extreme

Table 3
Comparison of soil Hg concentrations and Hg0 fluxes between this and other studies.
Location
China

Northern China
Luancheng
Beiluhe
Mount Gongga
Guangdong
Guangzhou
Guiyang
Chongqing
Chongqing
Chongqing

USA

Inner Mongolia
Michigan
North Dakota
Tennessee
Eastern region

Canada

Ontario

Classification

Sampling time

THgsoil (ng g− 1)

Flux (ng m−

Agriculture
Agriculture
Permafrost
Agriculture
Forst
Agriculture bare soil
City
City
Shaded forest sites
Agriculture
Agriculture

Mar. 2016–Mar. 2017
Mar.–May 2017
Jun. 2014–Jun. 2015
Oct. 2005–Sep. 2006
Oct. 2005–Sep. 2006
Dec. 2010
Mar.–Apr. 2009
May–Jun. 2003
Aug. 2003–Apr. 2004
Aug. 2003–Apr. 2004
Apr.–Nov. 2008

116.1 (15.8–701.7)
81.6
12.83–13.11
80–880
60–180
32–425
13–3616
150–630
136–196
206
62–72

City
Shaded forest sites
open field site
Agriculture
Open agricultural
Forest
Forest
Agriculture

Jun. 1998
Jun. 1998
2003
Apr.–Aug. 1995
Jan.–Nov. 2004
May–Jun. 2005
1999–2000

86–310
4–98
16
29–35
61–111
72
13–219
47–100

− 1.21-23.22
− 30-25
2.86
− 4.1-132
0.5–9.3
47.6
7.8 ± 7.1
22.3–52.2
3.5–8.4
85.8 ± 32.4
6.3 ± 11.9−
46.5 ± 22.8
19–177
1.4–2.4
7.6 ± 1.7
1.2 ± 0.5
− 0.66-48.33
0.4 ± 0.5
0.2 ± 0.9
1.1–2.9

sites, and this mainly associated with surface soil Hg concentrations.
Given the high level and risk of Hg in these heavily polluted areas, more
attention should be payed to the effects of soil Hg on crops and the
possible ecological risks in the future.

2

h− 1)

Reference
This study
Gao et al. (2019)
Ci et al. (2016)
Fu et al. (2008)
Fu et al. (2008)
Fu et al. (2012)
Liu et al. (2014)
Feng et al. (2005)
Wang et al. (2006)
Wang et al. (2006)
Zhu et al. (2011)
Li et al. (2018)
Zhang et al. (2001)
Zhang et al. (2001)
Ericksen et al. (2006)
Carpi and Lindberg (1998)
Kuiken et al. (2008a)
Kuiken et al. (2008b)
Schroeder et al. (2005)

negative values (see Fig. 7a). Note that positive values indicate Hg
emission from the surface soil to the air, while negative values indicate
Hg deposition to the surface soil from the air. Another distinct feature is
that the soil Hg concentration and the Hg flux in the same province also
vary greatly from region to region. It could be found that although some
sites (e.g., Hengshui, Xingtai, Yinchuan, Shuozhou, Jinzhou) were
moderately polluted (i.e., 1 < CF < 3 and 40 < Ei < 80), the soil–air Hg
fluxes were negative, suggesting that the cropland soils in these regions
acted as a sink for atmospheric Hg.
Furthermore, the annual Hg0 flux in each province of northern China
was calculated based on the average soil–air rate of Hg0 and cropland
area in corresponding province. Therefore, If we take the average annual
Hg0 flux at all sampling sites in the same province as the annual Hg0
evasion rate in this province, the annual emission fluxes of Hg0 from the
six provinces (Hebei, Shandong, Liaoning, Shanxi, Shaanxi, and Henan)
were 0.277, 0.949, 0.456, 2.73, 1.549, and 2.409 ton yr− 1 (Fig. 7b)

3.4. Estimation of emission flux of Hg0 from the surface soil
As illustrated in Fig. 7a, the annual accumulative value of soil–air Hg
flux varied greatly among these sites, and there was a significant dif
ference in Hg flux even within the same province. This is closely asso
ciated with the surface soil Hg concentrations. The annual accumulative
mean flux of Hg in the northern China was 20.9 ± 43.8 μg m− 2 yr− 1 by
averaging the values at all the sampling sites. Results showed that the SD
value was twice that of mean value, indicating large variation of soil–air
Hg flux. Moreover, a striking feature is that although most of the soil–air
Hg exchange flux values were positive, one third of sites presented

Fig. 7. Spatial distributions of annual soil–air exchange flux of Hg at the sampling sites (a) and annual emission fluxes of Hg from farmlands in each province (b).
8

C. Wang et al.

Environmental Research 195 (2021) 110810

based on the cropland areas of the six provinces are 6482, 7641, 4221,
4668, 4089, 8081 kh m2, respectively (Wang et al., 2011). Given that
Ningxia has only one sampling point and Inner Mongolia has a large
area, the emission fluxes of Hg from these two provinces were not
estimated. The total annual emission fluxes of Hg0 from the six provinces
in northern China were 8.37 ton yr− 1, representing about 0.3–0.84% of
the global Hg0 volatilization from soil and vegetation (~1000–2800 ton
yr− 1) (UNEP, 2013; Outridge et al., 2018). This indicates that croplands
in northern China played an important role in the regional or global Hg
cycle. It should be noted that due to the limited sampling sites and not all
Hg0 fluxes were observed in the field, the estimation Hg0 fluxes in this
study region may inevitably have a certain degree error (~50%).

Visualization. Zhangwei Wang: Supervision. Yu Gao: Investigation,
Writing- Reviewing and Editing. Xiaoshan Zhang: Conceptualization,
Writing- Reviewing and Editing, Supervision, Validation.
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