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Abstract
Coal-fired power plants (CFPPs) are an important anthropogenic mercury (Hg) source in China, and it is crucial to understand the
environmental impacts of this detrimental element emitted from this source. In the present study, field experiments were
conducted for measuring Hg in ambient atmosphere and upland agricultural soils within a radius of 10 km surrounding a large
scale coal-fired power plant (1550 MW) in Tangshan, Hebei province. Short-term (20 min) average of gaseous elemental
mercury (GEM or Hg0) in ambient air varying from 1.5 to 9.0 ng/m3 and total Hg (THg) in surface agricultural soil (0–20
cm) varying from 9.2 to 43.5 μg/kg at different sites were observed. THg in two soil cores decreased with depth, with concen-
trations being 2–2.5 times higher in the surface layer than that in the deep layer (50–60 cm), indicating the possibility of the
atmospheric input of Hg. Based on the information of the total atmospheric Hg emission since this CFPP’s operation in 1970s and
the increased THg in nearby soils, it was estimated that about 3.9% discharged Hg has accumulated in the nearby agricultural
soils. The low retention rate of the total emitted Hg by soils is a result of high proportion of Hg0 (79.5%) in stack gas emission and
potential loss of Hg from soil surface reemission. The positive shifting (~ 0.5‰) of Hg isotopic signature (δ202Hg) from deep soil
to surface soil reflected Hg deposition from nearby CFPP emissions that are featured with much heavier Hg isotopic signatures
inherited from feed coal (δ202Hg: –0.50‰) and different combustion products (δ202Hg: –0.95 to 3.71‰) compared with that in
deep soil layer (δ202Hg: ca –1.50‰). Overall, this study demonstrated that this CFPP has a slight but distinguishable effect on the
elevation of ambient GEM and agricultural soil THg in the local environment.
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Introduction

Mercury (Hg) is a highly toxic metal that can migrate in en-
vironmental media and bioaccumulate in food chain and thus
can pose adverse effects on ecological systems and human
health (Lindqvist et al. 1991; Driscoll et al. 2013; Gutiérrez-
Mosquera et al. 2018; Wright et al. 2018; Gustin et al. 2020).
Large quantities of Hg have been released into the environ-
ment as a result of human activities since the industrial revo-
lution, and Hg in atmosphere is subject to large-scale circula-
tion, as well as wet/dry depositions (Lindqvist et al. 1991;
Mason et al. 1994; Streets et al. 2011; Cheng et al. 2020).
Coal combustion has become a vital atmospheric Hg source
in the past half century on the global scale (U.S. EPA 1997;
UNEP 2002; Streets et al. 2011; AMAP/UNEP 2008; UNEP
2019), and Hg emissions from this source accounted for 1/2–
2/3 of the global total anthropogenic emissions in the 1990s
and early 2000s (Pacyna and Pacyna 2002; UNEP 2002;
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AMAP/UNEP 2008). The total accumulated Hg released into
the air, land, and water from this source sector since the 1850s
has reached 38.0 Gg (109 g, 1000Mg or 1000 tonnes) (Streets
et al. 2018). Proper management and control of Hg emissions
from this source sector, as well as understanding the impacts
of Hg on the environment, are a major issue for this detrimen-
tal element (UNEP 2019). In this regard, coal-fired power
plants (CFPPs), especially the large scale ones, deserve more
attention (Antonio et al. 2016; Zhang et al. 2015).

With a rich coal and lean oil energy structure, as well as the
rapidly increasing economy since late 1970s, China became
the world’s largest coal user since 1989 and now consumed
about half of the world’s total coal output each year (Dai and
Finkelman 2018). As a result, atmospheric Hg emissions from
coal combustion in China has totaled over 5000 tonnes in the
period of 1978–2010 (Wang et al. 2000; Zhang et al. 2015).
CFPPs is the largest domestic coal user, consuming 45–50%
of the national total coal production in the past two decades
(Dai and Finkelman 2018). Atmospheric mercury emissions
from this source were estimated to be 48–105 tonnes/yr during
1999–2017, accounting for 10.8–21.9% of the national total
anthropogenic emissions (Streets et al. 2005; Zhang et al.
2015; Liu et al. 2019).

Although plenty of studies have been carried out on Hg
emissions from the Chinese CFPPs (Tang et al. 2007; Wang
et al. 2011a; Li et al. 2019), Hg contamination in different
environmental media around Chinese CFPPs has not been
adequately investigated. In addition, most of the existing stud-
ies focused on regions in South and Central China, e.g.,
Hunan province (Xu et al. 2017), Guizhou province (Yang
et al. 2012), Anhui province (Tang et al. 2013), and
Zhejiang province (Zheng et al. 2009), albeit the national coal
resource and CFPPs are mainly distributed in North China
(Dai and Finkelman 2018; Liu et al. 2019). A recent study
investigated the soil Hg concentration in central Inner
Mongolia of North China and found that the Hg concentration
in topsoil (0–10 cm) increased ca. 50% compared to that of the
subsoil at 20–30 cm as a result of atmospheric Hg deposition
originated from dozens of CFPP emissions within hundreds of
kilometers (Cheng et al. 2020). However, little is known about
the impacts of Hg emission from CFPPs in the local scale
(such as <50km) in North China, where important grain plant-
ing and animal husbandry areas are located.

Moreover, Hg isotope techniques have been developed
rapidly in the past two decades and have been proved to be
a useful tool in tracking Hg emission sources and behavior in
the environment (Blum and Bergquist 2007; Sun et al. 2019a).
Mercury isotopic signatures have been reported for stack
emissions of CFPPs and some important Hg-bearing mineral
resources like Hg ore and Zn ore (Tang et al. 2017;
Wiederhold et al. 2013; Yin et al. 2016), providing critical
basis for constraining the global isotopic signatures of Hg
emissions (Sun et al. 2016) and tracing associated

environmental impacts (Sherman et al. 2012; Huang et al.
2016). While there are some limited reports on Hg isotopic
signature in different environmental media around CFPPs,
such as lake sediments (Jackson and Muir 2012) and the pre-
cipitant (Sherman et al. 2012; Huang et al. 2018), there are no
reports for soil yet, although it is considered as a good achieve
of CFPPs emissions (Antonio et al. 2016).

Based on these above-mentioned reasons, the present study
was designed to analyze the Hg concentration in upland agri-
cultural soils and atmosphere within 10 km radius surrounding
a large scale CFPPs (with a total installed capacity of 1550
MW) that has run for more than 40 years in the North China
Plain (NCP). Mercury isotopic signatures in the agricultural
soils, feed coal, and different coal combustion products inside
the CFPP were also determined. The objectives of this study
are to (1) disclose the contamination level of Hg in ambient
atmosphere and agricultural soil around this CFPP, (2) evalu-
ate the retention of Hg in local soil that is impacted by this
CFPP emission, and (3) reveal the possible links of CFPP
emissions and the nearby soil Hg accumulation.

Materials and methods

Study area and the CFPP

The NCP is one of the most important granaries of China
and covers an area of ca. 300,000 km2 (Gao et al. 2020);
it provides about one fourth of the country’s total cereal
crops (Wang et al. 2016). Tangshan belongs to the north-
east edge of the NCP and is a traditional coal industrial
city in the region of Beijing-Tianjing-Hebei (Fig. 1). Coal
mining and coal-based industries have induced a variety
of environmental issues, such as environmental pollution
(e.g., Hg), landscape destruction, and land subsidence
(Sun et al. 2019b). The study area is surrounding a large
scale CFPP located in the northeast suburb (Kaiping dis-
trict) of Tangshan city, Hebei province, with a distance of
about 20 km to the city center and about 170 km to
Beijing in the east (Fig. 1). The CFPP has been operated
since 1976 and has eight units (each 125 to 250 MW)
with a total installation capacity of 1550 MW, making
this CFPP the largest one in China during the 1970s to
1980s (Zheng et al. 2015). Flue gas of this CFPP was
discharged into ambient atmosphere through four 180 m
stacks with every two units sharing one stack. A total of
17.5 tonnes of Hg was emitted from this CFPP during the
past four decades (1976–2013) before the present research
was conducted (Li et al. 2019). The emission ratio be-
tween gaseous elemental mercury (GEM or Hg0), gaseous
oxide mercury (GOM or Hg2+), and particulate-bound
mercury (PBM or Hgp) are 79.5%:17.9%:2.6% (Li et al.
2019, Fig. S1 in Electronic Supplementary Material
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(ESM)). Most of the accumulated total Hg emissions (ca.
90%) occurred before 2008, with the highest annual level
emission of ~600 kg/yr reached in 1988–2004, reduced
dramatically after mid-2000s, and declined to a level of
123 kg/yr in 2013 due to the gradually improved emission
control technologies, such as wet flue gas desulfurization
for SO2 and selective catalytic reduction for NOx treat-
ment (Li et al. 2019).

The surrounding landscapes of this CFPP are agricul-
tural land farms except a few villages and small towns
scattered in the southwest direction (Fig. 1). The soils
mainly consist of cinnamon and brown soil that are
formed from fluvial, alluvial, and lake-marsh deposits
during the Quaternary (Jiang 2006), and with a clay,
silt, and sand ratio of 12%:43%:45% (Gao et al.
2020). Summer corn-winter wheat rotation system is
widely applied, with corn grown during June to
October and wheat from October to next June. Such
corn-wheat rotation farms accounted for 86% of agricul-
tural areas in the NCP (Gao et al. 2020). The terrain is
quite flat with elevations ranging from 5 to 50 m above
the sea level, except for a few dunes of about 100 m
height scattered at the east and north shoreline of a
reservoir in southeast direction of the CFPP.

The annual precipitation in Tangshan city is 644 mm
which concentrated in July and Autumn, and the annual
evaporation is 1022 mm, and the local annual average
temperature is 10.6 °C. The wind direction is predomi-
nantly from the east, except in winter (December–
February) when the wind is from the west and the
west-north-west directions (Sun et al. 2019b).

Sample collection

Field samples were collected in August 2013. Twenty-three
sampling sites (Fig. 1), all of which were on corn-wheat rota-
tion fields, within 10 km of the CFPP, were chosen based on
local wind direction, agricultural land distribution, and local
industrial distribution to avoid possible human disturbance
from the southwest direction of the CFPP where located
dwelling and construction zones (Sun et al. 2019b). One sur-
face soil (0–20 cm) sample at each site was obtained from a
mix of five subsamples collected within 100 m2 of the sam-
pling site. Ambient GEM was measured at 1 m above the
ground for 20 min to gain an average value at each site. In
addition, two soil cores (50–60 cm depth) 6 km apart were
collected with a 5-cm vertical interval (Fig.1). All soil samples
were kept in the polyethylene ziplock bags, and carried back
to the laboratory, where they were air-dried, ground, and
passed through a 0.150-mm nylon sieve. A reference site with
similar physicochemical and climatic conditions would be an
idea for cross exanimation of the measured soil Hg concentra-
tion and isotopic feature, however, such an ideal reference site
is difficult to locate in the NCP because of the densely distrib-
uted CFPPs in this region, including Tangshan city and Hebei
province (Sun et al. 2019b; Liu et al. 2019), which could
impact the regional environments hundreds of kilometers
away (Cheng et al. 2020). Nevertheless, we sampled the deep
soil layer to reflect the local soil background because it is least
impacted by atmospheric deposition of Hg.

Within the CFPP, different solid samples, including feed
coal, fly ash, gypsum, and stack flue gas samples, were also
collected in the same month for the Hg isotopic analysis, as

Fig. 1 Study area and the sampling sites of agricultural soil and ambient atmosphere around the CFPP

Environ Sci Pollut Res



detailed in the ESM and Fig. S2. These sampled materials
represent the majority of Hg input or output of the CFPP.

Analytical methods and quality assurance

Analysis of total Hg in soils

Total mercury (THg) in soils was measured using a
RA915+ Hg analyzer equipped with PYRO 915+ pyrol-
ysis attachment by way of thermal decomposition to
Hg0 (Lumex Ltd., Russia) (Li et al. 2019). All samples
were analyzed three times to gain an average value.
Accuracy was assessed using the certified reference ma-
terials (CRMs) GSS-13 and GSS-8 which represent soils
from North China, and the recoveries of Hg ranged
from 88.2–92.3% (Table S1).

Soil pH and soil organic matter determination

pH of soil was measured with deionized water in a 2.5:1 (w/w)
water/soil ratio using a pHmeter (NY/T 1377- 2007), and soil
organic matter (SOM) content was determined by the potas-
sium dichromate method (NY/T 1121.6- 2006).

Measurement of ambient GEM

Ambient GEM was sampled and analyzed using a Lumex
RA-915+ analyzer. The analyzer is based on differential
Zeeman atomic absorption spectrometry using high frequency
modulation of light polarization (ZAAS-HFM). The instru-
ment is calibrated with an internal Hg source every 24 h and
runs on an online mode with a time resolution of 30 s and a
detection limit of 0.3 ng/m3 (Wang et al. 2011b).

Detection of Hg isotopic composition

Solid samples of soil, feed coal, fly ash, and gypsum
were pretreated by a double-stage tube furnace; Hg in
these samples were volatilized and trapped into a 40 %
(v/v) mixture solution (2HNO3/1HCl, v/v) (Sun et al.
2013), and then the Hg isotopic compositions were mea-
sured by Nu Plasma II multiple-collector inductively
coupled plasma mass spectrometry (MC-ICP-MS, Nu
Instruments, UK) equipped with a gas/liquid phase sep-
arator (Yin et al. 2010), using SnCl2 (3%) as the reduc-
ing agent to generate gaseous Hg0 entering into a plasma
exciter. Liquid samples of flue gas absorption fluid were
determined directly by MC-ICP-MS. Instrumental mass
bias correction was accomplished using NIST SRM 997
as an internal standard and external standard-sample
bracketing with a NIST SRM 3133 Hg solution.

Mass-dependent fractionation (MDF) is reported as δxxxHg
(where xxx = 199, 200, 201, or 202, Eq 1) using the unit of per

mil (‰) referenced to the NIST SRM 3133 (Blum and
Bergquist 2007):

δxxxHg ‰ð Þ ¼ 1000�
xxxHg=198Hg

� �
sample

xxxHg=198Hg
� �

NIST 3133

−1

2
64

3
75 ð1Þ

Mass-independent fractionation (MIF) is reported as
ΔxxxHg (where xxx = 199, 200, or 201) in per mil (‰) and
is calculated following equations (2) to (4):

Δ199Hg ‰ð Þ ¼ δ199Hg−0:2520� δ202Hg ð2Þ
Δ200Hg ‰ð Þ ¼ δ200Hg−0:5024� δ202Hg ð3Þ
Δ201Hg ‰ð Þ ¼ δ201Hg−0:7520� δ202Hg ð4Þ

As for the reproducibility of Hg isotope data, certified ref-
erence materials (UM-Almadén, NIST SRM 1632d (coal) and
GSS-4 (soil)) were analyzed along with the samples. The iso-
topic compositions of CRMs in this study were in good agree-
ment with previously published data (Table S2).

Data processing

The commercially available statistical software package SPSS
v.18 (SPSS Inc. USA) was used for the statistical analysis of
the dataset obtained in the present study. In this software, one-
way analysis of variance (ANOVA) and independent-samples
t test were used for statistical significance analysis, with a
probability of 0.05 or lower being considered as significant.
Figures of the dataset were drawn with Origin 8.6 (Origin Lab
Corporation, USA).

Results and discussion

GEM in the ambient air

Average GEM in the ambient atmosphere at 23 sites around
the power plant ranged from 1.5 to 9.0 ng/m3 with an overall
average of 2.7±1.7 ng/m3 (Table 1). The average value was
over 50% higher than the regional background concentration
in North China (Changbai Mt., 1.60±0.51 ng/m3, Fu et al.
2012) and was also higher (p<0.05) than those at the back-
ground sites of North Hemisphere (1.1-1.7 ng/m3, Ebinghaus
et al. 2002; Kalinchuk et al. 2018).

The average GEM of this study was comparable to those
obtained in Northern China, e.g., at one suburb site in Beijing
(3.48 ng/m3) that was affected by the local/regional emissions
from CFPPs, coal-fired industrial boilers, cement plants, and
iron and steel factories (L. Zhang et al. 2013), and at an agri-
cultural site in Shandong province (3.3 ng/m3) that was main-
ly affected by emissions from CFPPs (Sommar et al. 2016).
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Thus, GEM in the whole NCP has been elevated to some
extent due to the extensively distributed anthropogenic
emissions.

Compared with other sites around CFPPs worldwide
(Table 1), the results of this study were much lower than those
around someCFPPs in southernChina (average values of 7.0–28
ng/m3) (Xu et al. 2017; Zheng et al. 2009; Wang et al. 2011b;
Jiang et al. 2007), but were evidently higher than those at several
sites in western Canada and Midwest USA (average values of
1.5-1.8 ng/m3) (Mazur et al. 2009; Edgerton et al. 2006; Wang
et al. 2013b; Gratz et al. 2019). This discrepancymight be caused
by several reasons, including the Hg emission intensity of each
CFPP, regional atmospheric background, and meteorological
conditions (Zhang et al. 2015; Zheng et al. 2009; Jiang et al.
2007). Compared with ambient GEM at sites around (<10 km),
other anthropogenic sources, such as Zn smelter (average value
of 19.5 ng/m3,Wu et al. 2014), closed chlor-alkali plant (average
value of 35.4 ng/m3, Zhu et al. 2018), closed polyvinyl chloride
(PVC) workshop (average value of 188 ng/m3, Zhu et al. 2018),
and artisanal Hg smelting areas (average value of 40 μg/m3, Li
et al. 2008), GEM around the CFPP in the present study is
actually much low. Furthermore, GEM around this CFPP is be-
low the limit (50 ng/m3) of national standard for ambient air
quality of China (GB 3095– 2012).

The ambient GEM concentrations sampled at the 23 sites
showed no obvious spatial trend (p>0.05) with distance to the
CFPP (Fig. 2a), likely because of the high stack height (Li
et al. 2019; Zhang et al. 2015) and/or the fugitive emissions
from this CFPP (Wu et al. 2014; Chen et al. 2009); the latter
includes the wastewater treatment, air-surface emission from
material piles, and the raw material grounding process.
Previous studies based on dispersion modeling results or field
monitoring data indicated that CFPP emissions could increase
ground-level GEMby 0.2–3.0 ng/m3 within 3–12 km distance
of CFPPs (Wang et al. 2011b; Mazur et al. 2009; Wang et al.

2013b), which was consistent with our GEM observation at
near ground-level (1 m height).

Physicochemical properties and total Hg in surface
soils

The descriptive statistics of soil organic matter (SOM) and pH
in surface agricultural soils are listed in Table 2. SOM in the
study area is low, ranged from 1.0 to 3.75% and averaged at
1.52±0.57%, which is comparable to those in the soils (1.67
±0.75%) in Fengrun district of Tangshan city 30 km south-
west of the CFPP (Jiang 2006) and soils (1.42±0.64%) from a
larger area in Tangshan city that covers the downtown,
Fengnan district, Kaiping district, and Guye district (Sun
et al. 2019b). This implies that the influence of CFPP emis-
sions on the local SOM was not evident (Fig. 2b). Soil pH in
this study showed a medium to weak alkaline property (range
5.88–8.23; average: 7.40±0.73), which is similar to those of
soils from a larger area of Tangshan city (range: 5.16–9.08;
average: 7.58±0.89) (Sun et al. 2019b). The majority of acidic
gases (e.g., SO2 ) was released into the surrounding atmo-
sphere from CFPPs when flue gas desulfurization devices
were not widely installed in Chinese CFPPs before mid-
2000s, and soil acidification was found to be more serious
(pH=ca. 4) around some CFPPs in southern China that was
fed with high sulfur (2–4%) coal (Mou and Tang 1992).
Although the CFPP in this study consumed coals with low
sulfur content (0.52%, Li et al. 2019), the influence of stack
emissions on soil pH was distinctive, as indicated by the sig-
nificantly positive correlation between distance and pH
(Table 4; Fig. 2c).

Total Hg in surface soil of the studied area was in the range
of 9.2–43.5μg/kg, with an average of 20.7±10.0μg/kg. These
values were comparable to those previously reported for an-
other district (Fengnan) of Tangshan city (range 15–76 μg/kg,

Table 1 Comparison of ambient GEM around different CFPPs in the world

Locations Distance to CFPP (km) Range of
GEM (ng/m3)

Mean± standard deviation
of GEM (ng/m3)

Reference

Hebei, China <10 1.5–9.0 2.7±1.7 This study

Hunan, China <10 21–39 28±4.4 Xu et al. (2017)

Zhejiang, China <5 4.3–12.4 7.0±2.1 Zheng et al. (2009)

Two CFPPs in Shanghai, China <3 9.7–22.9 11.6, 17.9 Wang et al. (2011b)

Guizhou, China <5 2–17 n.a. Jiang et al. (2007)

Alberta, Canada 5–10 0.7–9.5 1.57 Mazur et al. (2009)

Two CFPPs in Southeast USA 7–25 n.a. 1.5–1.7 Edgerton et al. (2006)

NY, USA 5–12 n.a. 1.8±0.3 Wang et al. (2013b)

Colorado, USA <1 1.0–7.8* 1.6±0.3* Gratz et al. (2019)

n.a., not available; *total gaseous mercury (TGM)
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average: 27±10 μg/kg, Zhang 2017) that was also suffered
from coal mining and coal-based industrial activities. THg in
soil in this study was much lower than the risk screen value
(2.4 mg/kg) for agricultural soil in China (GB 15618– 2018).
Generally, soil THg concentrations presented here were com-
parable to many other measurements around CFPP sites
worldwide, e.g., in the USA (6–55 μg/kg, Crockett and
Kinnison 1979; Sullivan et al. 2005), central-east China (1–
36 μg/kg, Tang et al. 2013; Liu et al. 2012), Greece (1–59
μg/kg, Martin et al. 2014), South Africa (30–100 μg/kg,
Okedeyi et al. 2014), and some CFPPs in Spain and Chile
(5–44 μg/kg, Antonio et al. 2016; Pérez et al. 2019)
(Table 3), where all soil THg were below 100 μg/kg.
However, it should also be noted that much higher values than
mentioned above have also been reported frequently in China,
e.g., Hunan province (68–220 μg/kg, Xu et al. 2017),
Zhejiang province (45–529 μg/kg, Zheng et al. 2009),

Guizhou province (92–320 μg/kg, Yang et al. 2012),
Shaanxi province (197–2105 μg/kg, Yang and Wang 2008),
Shanghai city (41–169 μg/kg, Lu et al. 2006), and outside
China, e.g., Spain (200–1400 μg/kg, Antonio et al. 2016)
and Chile (94–568 μg/kg, Pérez et al. 2019). Hg in soil is
affected by many factors, such as total amount and speciation
of Hg emitted from the anthropogenic/natural sources, height
of the emission sources, and meteorological conditions
(Zhang et al. 2015). CFPPs discharging more PBM and
GOMwould result inmore serious Hg deposition in local soils
due to their fast removal processes by dry and wet deposition
(Gworek et al. 2017), as was found in Spain (Antonio et al.
2016), Czech (Navrátil et al. 2016), Chile (Pérez et al. 2019),
and China (Li et al. 2017). In Chongqing city, southwest
China, it was observed that soil Hg increased by 40 μg/kg
during a 5-year span in the 1980s due to the local CFPP emis-
sions (Mou and Tang 1992). Soil Hg increase is more discern-
ible within a shorter distance (such as <15 km) to CFPPs than
distance beyond, which has been confirmed by many cases
(Antonio et al. 2016; Crockett and Kinnison 1979; Sullivan
et al. 2005). The small fractions of GOM and PBM emitted
from this CFPP (Fig. S1) might be an important reason for the
light soil Hg contamination in the local environment.

Soil THg varied with the distance to the CFPP, and the
significantly negative correlation between distance and THg
was obtained (Table 4; Fig. 2d), this was a result of Hg and
other ions in the precipitation and the deposition of escaped fly
ash decreased with distance to CFPPs (Dutt et al. 2009;
Antonio et al. 2016). THg in soils within 4 km distance
(26.7±10.1 μg/kg) was obviously (p<0.05) higher than that
of further distance (16.1±7.4 μg/kg, Fig. 2d), a phenomenon
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Fig. 2 Ambient GEM (a), and
different parameters of SOM (b),
pH (c), and THg (d) in surface
agricultural soil with respect to
distance to the studied CFPP

Table 2 Physicochemical properties and THg in surface agricultural
soils in this study (N=23, on air-dry basis)

Items SOM
(%)

pH THg
(μg/kg)

Distance to the
CFPP (km)

Min. 1.00 5.88 9.2 0.33

Max. 3.75 8.23 43.5 10.09

Mean 1.52 7.40 20.7 4.10

S.D. 0.57 0.73 10.0 2.49

Median 1.35 7.57 17.4 4.36

SOM soil organism matter,Min.minimum,Max.maximum,Mean arith-
metic average, S.D. standard deviation
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that is similar to previously reported in other places (Crockett
and Kinnison 1979; Antonio et al. 2016). Similarly, soil pH
within 4 km distance (6.97±0.75) was much lower than that of
distance beyond 4 km (7.73±0.52, Fig. 2c).

Ambient GEM only has weak correlations with soil THg
and pH (Table 4); this might be because GEM varied signif-
icantly in recent years due to the new technologies installed in
the CFPP, while soil THg and pH reflect the long-time im-
pacts of the CFPP.

THg in soil cores and soil retentions

Profiles of THg, SOM, and pH in two soil cores are illustrated
in Fig. 3. THg in both soil cores decreased with depth, and the
maximum reached to ca. 50 μg/kg. The Hg enrichment factor,

which is defined as the ratio of THg in top soil to that in deep
soil, was about 2–2.5 (Fig. 3a, b), indicating that Hg in soils
was mainly input from the atmospheric deposition. THg in
deep soil layer of 50–60 cm was at a level of 18–19 μg/kg,
and in deep soil layer of 120 cm was at an even lower value of
15 μg/kg in Fengrun district, southwest Tangshan (Jiang
2006). The lowest value of deep soil Hg in NCP was at 10
μg/kg, based on measurements of 102 soil cores in this region
(Rao and Wang 1987). Therefore, the value of 10 μg/kg was
taken as the background level for local soils in this study. In
addition, THg in the two soil cores is higher than that observed
in Inner Mongolia (with average THg values of 14.9 μg/kg in
0–10 cm depth and 8.9 μg/kg in 20–30 cm depth), a neigh-
boring province to Hebei in the north and also suffered from
CFPPs emissions in the regional scale (Cheng et al. 2020).
This finding indicates that soils around this CFPP suffered
more Hg input that did soils in Inner Mongolia.

SOM was much enriched in the upmost 10 cm layer and
decreased with soil depth in both soil cores (Fig. 3c,d). SOM
in soils of wheat-corn cropping systems of North China was
mainly derived from wheat (70%) and to a less extent (30%)
from corn (Wang et al. 2013a). Soil pH was distinctively
acidified in the surface layer than in the deep layer (Fig.
3c, d), and a value as low as ca. 5.0 was found in the surface
layer versus 7.0 in the deep layer, indicating the impacts of
CFPP emissions.

Table 3 Comparison of Hg concentration in soils around CFPPs in the world

Region Distance to source
(km)

Range of THg
(μg/kg)

Mean±standard
deviation of THg
(μg/kg)

Reference

Hebei, China <10 9.2–43.5 20.7±10.0 This study

Anhui, China <10 1–20 10 Tang et al. (2013)

Henan, China <2 5.7–36.4 18.3 Liu et al. (2012)

Hunan, China <10 68–220 130±40 Xu et al. (2017)

Zhejiang, China <5 45–529 180±91 Zheng et al. (2009)

Shanghai, China <2 41–169 n.a. Lu et al. (2006)

China <10 125–383 n.a. Li et al. (2017)

Guizhou, China 1 92–320 178±62 Yang et al. (2012)

Shaanxi, China <3 197–2105 692±429 Yang and Wang (2008)

NM, USA <30 6–45 16±6.7 Crockett and Kinnison (1979)

Two CFPPs LV&H, Chile <5 5–44 17±10; 24±17 Pérez et al. (2019)

Midwest USA <8 11.6–55.4 27.6±6.9 Sullivan et al. (2005)

Greece <20 1–59 9 Martin et al. (2014)

CFPP # 7, Spain <45 30–40 n.a. Antonio et al. (2016)

South Africa <30 30–100 66±20 Okedeyi et al. (2014)

Two CFPPs R &V, Chile <5 94–568 186±125; 355±158 Pérez et al. (2019)

CFPP #10–11, Spain <45 200–1400 n.a. Antonio et al. (2016)

n.a., not available

Table 4 Correlations of THg, SOM, and pH in surface agricultural soil
and GEM in ambient atmosphere around the studied CFPP

Parameters THg GEM SOM pH Distance

THg 1.00

GEM 0.31 1.00

SOM −0.23 0.04 1.00

pH −0.40 −0.17 0.30 1.00

Distance −0.50* −0.28 0.28 0.44* 1.00

**p< 0.01 level (2-tailed); *p< 0.05 level (2-tailed)
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Based on the THg level in the surface soil (0–20 cm) and
the soil density of 1.4 g/cm3 (Gao et al. 2020), it was roughly
estimated that about 0.69 tonnes Hg was accumulated in the
surface soil within 10 km distance to the CFPP, and this
amount can account for 3.9% of the total atmospheric Hg
emissions from the CFPP. It was previously estimated that
only a small fraction (<5%) of the total emitted Hg from
CFPPs would deposit into soils within 50 km distance, and
50% GOM and <2% GEM would deposit within 480 km dis-
tance (Lohman et al. 2006; Seigneur et al. 2006), which seem
to agree with our results in the present study. In addition, other
reasons for the low retention of Hg in soils would be the
reemission of previously deposited Hg (Eckley et al. 2015)
and the leaching of soil Hg, because the ultimate soil Hg
concentration is a balance of input by atmospheric deposition
and the loss of Hg from soil leaching/runoff and volatilization
(Wu et al. 2014). Regarding the soil Hg emission, annual soil–
air Hg exchange flux of 5.46 to 7.1 ng/m2·h (positive value
representing emissions) was observed from two corn-wheat
rotation croplands in Shandong province and Hebei province
in the NCP (Sommar et al. 2016; Gao et al. 2020), which have
similar weather and soil conditions as our study area.
Applying these emission flux numbers to the area of the 10-
km (in radius) circle surrounding the CFPP, soil reemissions
would substantially alleviate the soil Hg accumulation by
0.56–0.72 tonnes during the past 37 years (1976–2013). As
for the leaching out of soil Hg, the amount would be very
limited considering that soil Hg binds strongly with soil or-
ganic matter and clays (Rydberg et al. 2010; O'Connor et al.
2019). For example, only a negligible portion of <0.2% and
<0.5%was leached out by soil water inmeasurement study for

soils from Sweden (Xu et al. 2014) and China (Yin et al.
2013), respectively, and the total soil leaching was assumed
to be zero in some model estimations (Wu et al. 2014). In
addition, Wang et al. (2016) found that Hg in the tillage layer
(0–20 cm) of a site in the NCP was unlikely to migrate down-
ward due to large amounts of clay minerals which adsorb Hg
on clay mineral surfaces, or due to the hydrogeological con-
ditions (i.e., reduced permeability).

It should be noted that a portion of soil Hg input is
from Hg wet deposition. Annual Hg wet deposition of
8.8 μg Hg m-2 yr-1 was recorded in an agricultural ob-
servation station in Shandong province in 2013 (Sommar
et al. 2016), and this value was slightly higher than the
soil reemission flux intensity mentioned above. Higher
dry and wet Hg deposition was anticipated in early years
when Hg emissions from CFPPs were not properly
curbed before the 2000s, knowing that the dry and wet
Hg deposition is dominantly affected by the local emis-
sions (Keeler et al. 2006;Zhang and Jaeglé 2013).

Hg isotopic signatures in the emission source and the
receptor soils

Hg isotopic compositions in agricultural soils and
CFPPs emissions are tabulated in Table S3, and MDF
(δ202Hg) vs IMF (Δ199Hg) is plotted in Fig. 4. Possible
Hg input to the terrestrial system reported in literature is
also provided in Fig 4. A slightly positive shifting of
δ202Hg (up to 0.5‰) from the bottom soil layer (−1.54
to −1.41‰,N=2) to the surface layer (−1.12±0.09‰, 1
SD, N=7) was found in soil core #1 (Table S3 and Fig.
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4). Such a shifting was likely triggered by Hg emissions
from the nearby CFPP, which were featured with much
heavier δ202Hg signals in feed coal (−0.50±0.15‰, 1
SD, N=3) and the coal combustion products (−0.95 to
3.71‰), specifically, δ202Hg values of −0.95 to −0.66‰
in fly ash, −0.22 to −0.13‰ in gypsum, and 0.10 to
3.71‰ of GOM and GEM in the stack gas. In addition,
negative MIF was found in feed coal (Δ199Hg: −0.18 to
−0.12‰) and the combustion products (up to −1.13‰),
while the effects of CFPP emissions on the negative
shifting of soil Δ199Hg signal were negligible (<0.1‰)
(Fig. 4).

The Hg isotope signatures for agricultural soil, fly
ash, and stack emissions obtained in the present study
(Fig. 4) were different from those reported in literature,
e.g., ambient PBM in Beijing (Huang et al. 2016), am-
bient PBM and precipitation nearby a CFPP in south-
eastern China (Huang et al. 2018), and precipitation
nearby a CFPP in Florida, USA (Sherman et al.
2012), which is related to the differences in Hg isotopic
signals in feed coals of CFPPs and APCD removal ef-
ficiencies (Sun 2019) and various Hg sources in ambi-
ent PBM and precipitation Hg. Mercury isotopic signa-
tures in street dust of Tangshan (Sun et al. 2020) lied in
between those of the surface soil and deep soil, imply-
ing that they were affected by the same source, namely,
the feed coal and coal combustion from the CFPP (Sun
et al. 2019b; Cui et al. 2020).

Another important source to soil Hg is the litter fall
since plant leaves absorb atmospheric GEM (Zheng
et al. 2016). Plant root mainly assimilates Hg from the

soil but hardly transfers it to the aboveground part of
the canopy (Cui et al. 2014; Niu et al. 2011), hence
does not change the soil Hg pool. Corn leaf (δ202Hg:-
3.44±0.63‰) from Guizhou province, southwest China
(Sun et al. 2019a) and the forest litters (δ202Hg: −1.94
±0.45‰) in the USA (Zheng et al. 2016) had much
lighter δ202Hg than did the deep soil layer (δ202Hg:
−1.48±0.09‰) of this study. Furthermore, Hg concen-
trations in crop leaves (wheat: 12−45 μg/kg; corn: 9−24
μg/kg) in the NCP were relatively low (Rao and Wang
1987; Niu et al. 2011; Liu et al. 2012) and mostly been
harvested. Hence, crop litter would not contribute sig-
nificantly to the positive shifting of δ202Hg in soils. We
thus concluded that the positive shifting in δ202Hg sig-
nals in soil Hg profile was mostly caused by the CFPP
emissions through atmospheric deposition of GOM and
PBM.

Conclusions

This study revealed that Hg emissions from a large CFPP
operated for four decades in North China have a slight
effect on the elevation of ambient GEM (<10 ng/m3)
and agricultural soil total Hg (<40 μg/kg). Although this
CFPP historically emitted 17.5 tonnes of Hg into the sur-
rounding atmosphere, only 3.9% of Hg was retained in
the local soils due to the high proportion (79%) of GEM
in the stack gas and the potential soil reemissions.
Mercury isotopic signatures (δ202Hg) revealed that THg
increase in surface soil might be mainly caused by the
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local CFPP emissions. Future studies should quantify the
local dry/wet Hg deposition and reemission from the soil-
air surface, as well as investigating CFPPs with varying
Hg speciation in stack gas in order to obtain a more com-
plete knowledge of the Hg biochemistry in the environ-
ment affected by CFPPs.
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material available at https://doi.org/10.1007/s11356-021-12842-9
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