:' frontiers ‘ Frontiers in Environmental Science

’ @ Check for updates

OPEN ACCESS

EDITED BY
Zeljka Fiket,
Ruder Boskovic¢ Institute, Croatia

REVIEWED BY
Yanbin Li,

Ocean University of China, China
Haiying Lin,

Guangxi University, China

*CORRESPONDENCE
Gang Zhang,
zhangg2l7@nenu.edu.cn

RECEIVED 26 July 2024
ACCEPTED 30 August 2024
PUBLISHED 25 September 2024

CITATION
Zhang T, Hu Y, Wu J, Yin S, Huang J, Huang W,
Huang H and Zhang G (2024) Characteristics
and risk assessments of mercury pollution in a
county region undergoing industrialization in
northeastern China: a case study

in Gongzhuling.

Front. Environ. Sci. 12:1440426.

doi: 10.3389/fenvs.2024.1440426

COPYRIGHT

© 2024 Zhang, Hu, Wu, Yin, Huang, Huang,
Huang and Zhang. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Environmental Science

TvpPE Original Research
PUBLISHED 25 September 2024
Dol 10.3389/fenvs.2024.1440426

Characteristics and risk
assessments of mercury pollution
In a county region undergoing
iIndustrialization in northeastern
China: a case study in
Gongzhuling

Tingting Zhang?, Yufei Hu?, Jing Wu?, Shizhong Yin#, Jia Huang?,
Wang Huang?', Hongjin Huang' and Gang Zhang>°*

!China Energy Engineering Group Guangxi Electric Power Design Institute Co.,LTD., Nanning, China,
2School of Environment, Northeast Normal University, Changchun, China, *Technical Innovation Center
of Mine Geological Environmental Restoration Engineering in Southern Karst Area, Ministry of Natural
Resources, Nanning, China, “China Energy Engineering Group Guangdong Electric Power Desing
Institute Co.,LTD., Guangzhou, China, *Key Laboratory of Vegetation Ecology, Ministry of Education,
Northeast Normal University, Changchun, China, ®Institute of Grassland Science, Northeast Normal
University, Changchun, China

Mercury pollution in emerging industrial zones and surrounding areas, especially
in industrial concentration areas, has attracted much attention. So as to clarify the
characteristics of Hg in the environment in China’s small and medium-sized
industrial emerging and surrounding areas, central urban area of Gongzhuling, a
traditional agricultural town with a high degree of industrialization in northeast
Changchun industrial base, is taken as the scope. Geological accumulation trin
(Igeo) Was used to study the degree of soil mercury contamination in Gongzhuling
area, latent Er (ecological risk) trin was used to appraise the Er of soil Hg in the
study area, and non-carcinogenic risk assessment of mercury in soil using human
exposure risk assessment model. The results showed that 34% of soil samples had
higher Hg content than the background value of the province's soil
(0.04 mg kg™). The lgeo results showed that Hg pollution rate of soil in study
area was 9% (index >0). In conclusion, the level of soil Hg pollution in
Gongzhuling area was low, and the pollution area is mainly concentrated in
the northwestern part of the study range. The highest and lowest Er values of soil
Hg from the study sample were 2.23 and 214.83, and 24% of the samples had Er >
40, that means they pose a moderate or higher potential ecological risk, and most
of these points are located in the northeast of the study range. The main route of
human exposure to Hg is oral ingestion. The HQ (non-carcinogenic risk index)
and HI (total non-carcinogenic risk value) of soil mercury were both much less
than 1, it indicates that the present level of soil Hg in the study range does not
pose a threat to local adult health for the time being. This study provides
reference for other urban pollution risk assessment, and further defines the
direction of future work.
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1 Introduction

Mercury (Hg) pollution is global (Driscoll et at., 2013), with the
characteristics of easy migration, endorance, concealment, high
bioaccumulation, and high biotoxicity (Wang et at, 2022).
Uneven distribution of mercury in nature, migration, and
transformation are closely associated with the human activities,
vegetation, geological conditions, and so on (Lin and Pehkonen,
1999; Feng and Chen, 2013; Karthikeyan et at., 2021; Wang et at.,
2022). A newly tapped urban area with mechanic plants zone,
conducting complicated procedures and using multiple power re-
sources, might have high background mercury levels thus affecting
human health (Henriquez-Hernandez et at., 2017; Li et at., 2020).
And mercury concentrations in regional soil rise with the rapid
industrial transformation, along with a large amount of coal to
supply heat and energy (Balasundaram and Sharma, 2019). In
China, the average mercury content in coal is 0.20 mg kg™ (Tian
etal., 2013), and In northeast China, the average mercury content in
coal is 0.158 mg kg™, All of them were 0.10 mg kg ™" higher than the
world-wide average (Nriagu and Pacyna, 1988; Yudovich and Ketris,
2005). We found that in the 234.93 million tons of standard coal
produced in Jilin Province in 2020, 10%-15% is coal gangue (Khan
et al, 2016). Meanwhile, automotive interior parts and bearing
linings contain mercury (Nadal et al, 2016), and although the
circulation of auto-motive parts containing mercury has been
banned since 2006, there are still vehicles containing mercury on
the market that are not scrapped or in the process of scrapping. In
addition, there is a great risk of mercury release or environmental
exposure in the disposal of mercury containing accessories, so it is
important to analyze the accumulation and enrichment of mercury
in industrial development areas to evaluate regional ecological and
environmental security (Yan et al.,, 2018).

As the city and towns grew, the number of people
accommodated by the city and the density of the urban
population gradually increased, which puts urban population at
an increasing risk of exposure to mercury pollution (Li R. X. et al.,
2020), directly or indirectly affecting the health and natural resource
welfare of residents. Fast-growing economy and industrialization,
boosting the middle class in certain zones, have meant more imports
of consumer goods and in the generation of large quantities of coal-
based fuels and industrial wastes (Henriquez-Herndndez et al.,
2017). Progress of industrialization is always accompanied by the
large consumption of fossil fuel, huge amounts of municipal waste
exhausts and medical waste incineration (Wang et al., 2019; George
et al., 2020; Senior et al, 2020). In addition, a large number of
industry-related activities or proceedings, like non-ferrous metal
smelting, chloralkaline industry, cement manufacturing, clay gold,
automotive parts and accessories manufacturing, and mercury
refining activities, have the risk of emitting by-products
containing Hg or compounds of mercury species (Yan et al,
2018). Therefore, it is in need to clear up the present situation
regarding mercury concentration and accumulation levels in the soil
environments of an emerging peri-industrial town.

Precedential researches have paid much attention on the risk
analysis of heavy metal pollution in coal mines, little is known about
the hierarchical and spatial distribution of soil mercury pollution
within city limits after newly-tapped industrializing areas in China
(Bi et al., 20205 Fei et al., 2020). There is very heavy information on
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city-wide soil mercury pollution, which relates to the ongoing
exposure of urban residents to mercury that accumulates in
urban soils. (Khan et al., 2016). This exposure may take the form
of inhalation, oral ingestion, or skin contact. For now, the mercury
content levels in urban soils and other parts soils in some of the
Chinese cities like Tianjin, Chongqing, Zhuzhou and so on have
been investigated by many researchers (Shi et al., 2010; Lei and Yu,
2014; Yan et al,, 2018; Sun et al., 2020; Zhao et al., 2020; Wang et al.,
20215 Li et al, 2022; Kun and Cai, 2023). However, scarcity of
knowledge has been revealed on the comprehensive risk assessment
of mercury in peri-industrializing cities (Ouyang et al., 2021; Liet al.,
2022). Hence, the focus of this study is Hg levels and their health risk
assessment in the industry-agriculture integrated town.

The main purpose of this study was to evaluate the possible risk
of heavy metal mercury contamination in soil of Gongzhuling area
in Northeastern China as a county, which has prospered due to
comprehensive forestry and agricultural resources and has
undergone an industrialization process for decades. It is
commonly believed that the chronic industrialization process
causes soil Hg pollution, and this is despite the fact that changes
in the energy mix have led to mercury pollution, the environmental
retention of mercury may pose a risk to humans living in areas
contaminated with mercury (Yao and Fang, 2017). Samples of
surface soil in Gongzhuling area were collected to determine the
concentration of mercury. The eco-logical risks of the Hg in soil
were assessed by calculating the geo-accumulation index (Ige,)
(Muller, 1969; Christophoridis et al., 2020) and the potential
ecological risk index (Er) (Hakanson, 1980; Liu et al., 2020). The
associated health risks were then assessed by determining the levels
of metal exposure through oral ingestion, inhalation, and dermal
contact, and then calculating HQ (the non-carcinogenic risk index)
(EPA, 2001) and HI (the total non-carcinogenic risk value) (EPA,
2000). The results of this study will display a more comprehensive
outlook of the risks arising from human exposure to heavy metal
mercury in classic industry-agriculture integrated towns. It provides
reference for health risk assessment of other industrial cities.

2 Materials and methods

2.1 Study area

The research area is located in Gongzhuling in southwest Jilin
Province, 54 km southwest of the main urban area of Changchun,
between E124°45'to 124°53'and N43°32'to 43°27’, with an area of
4,172.55 km? and 36 km” in the central urban area, with a permanent
population of 86.2313 in 2021 (Statistics, 2021). The population
density is about 212 people/km? (Khan et al., 2016). It is a temperate
continental monsoon climate, with an annual average temperature
of 5.6°C, annual precipitation of 594.8 mm (Zhang et al., 2016), the
main wind direction is southwest wind, and the green space coverage
rate is 0.03% (Khan et al,, 2016).

As an emerging industrial base and main grain-producing area,
Gongzhuling City gives full play to its geographical and resource
advantages and gives priority to the development of automobile
parts and agricultural products processing industries (Statistics,
2021). Since then, Gongzhuling has formed two dominant
industries and continuously promoted the development of related
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FIGURE 1

Study area and sampling points.

industries. In return, the two industries have standing sustained the
social and economic development of the city and affected its
industrial layout. For now, Gongzhuling plays the utmost role in
corn production, and the food yield out has been stable at a level
above 6 billion kilograms, ranking top among many counties. And
even its corn-unit-yield also accounts for the most portion in China.

With the short distance between Gongzhuling and Changchun,
Gongzhuling ac-tively develops and improves the auto parts
production and assembly industry, espe-cially for China First
Automobile Works Group industrial chain customization, since
the establishment of the Changchun Automobile Industry
Development Zone in 2005. From then on, Gongzhuling has
trained a group of professional, technical per-sonnel, and
enterprises, engaged in brake bars, adjusting arms, bearings, gas
storage and other key products supply. At the same time,
Gongzhuling is an important car accessories supply base with a
considerable casting production scale.

Gongzhuling District is now constructing itself to be an essential
part of Chang-chun city, playing the role of city backyard and new-
industry base. It is gradu-ally de-veloping into an important
agricultural scientific research base in Jilin Province and a livable
city with agricultural and sideline product processing, auto parts
pro-cessing, and warehousing and logistics as the leading industries.
The goal of Gongzhuling is to form an important agricultural and
sideline product processing and auto parts base in Jilin Province and
drive the development of the logistics industry mainly focusing on
auto parts distribution and agricultural products distribution. From
the geographical view, Harbin-Dalian transportation in the south of
the city, as well as the industry and urban corridor of the
Gongzhuling section are the main axis of Gongzhuling’s indus-
trial development, focusing on the development of industry and the
third industry; Provincial highway S105 is an important east-west
secondary in-dustry development axis of Gongzhuling City,
focusing on the development of agri-culture-related industry,

Frontiers in Environmental Science

resource industry, and agriculture-related service industry. To
investigate the mercury exposure risk, the research area of
Gongzhuling was di-vided into three parts: the south, the middle
and the north. The southern ecological environment, the central
agricul-tural production area, and the northern animal hus-bandry
and new energy develop-ment area were studied respectively.

2.2 Sampling and analysis processes

Reference Gongzhuling urban spatial pattern, select the research
scope, including built-up area and newly developed industrial area.
The research scope includes the early development zone and
which fully reflects the
characteristics of the integrated development of agriculture and
production. We divided 100 sampling cells (1 km x 1 km) using
a random grid distribution method, and the position of each

Gongzhuling New  Area, basic

sampling point is plotted according to its latitude and longitude.
Figure 1 shows the location of 100 sample points. In order to
promote subsequent relationship research between mercury
concentration and wind direction in urban soil, according to the
urban regional planning of Gongzhuling, the research area was
divided into four regions: east, south, west and north, with the
intersection of Yingbin Avenue and Guowen Avenue as the center.

On a typical meteorological day, five-point mixed sampling
method was used to collect samples in the 5 m x 5 m range. All
samples were collected from 0 to 10 cm of topsoil and other debris
were removed. And all samples are kept sealed in zipped
polyethylene bags with each sample weighing approximately
500 g. For soil samples obtained in areas without hardening
sampling points, dust in a certain area around the sampling
point is taken as a test sample. After the sample collection
process is complete, the sample is kept in a cool place until all
analyses are completed.
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TABLE 1 The classification of the lge..

Geo-Accumulation Degree of

Contamination

Grading

Index (lgeo)

5 < Igeo < 10 6 Extremely strong
4 <Igeo <5 5 Strong/extremely strong
3<Igeo<4 4 Strong
2 <Igeo <3 3 Medium-strong
1 <geo <2 2 Medium
0<Igeo <1 1 Slight/medium

Igeo <0 0 Non-pollution

The Zeeman LUMEX RA-915+ effect mercury analyzer was
used to monitor the atmospheric total mercury content, the accuracy
is 0.1 ng/g. All sampling points are divided into 0 cm and 100 cm
vertical air layers, and the monitoring process is carried out using an
on-board mercury meter (Zeeman LUMEX RA-915+) according to
the sampling point number. After the instrument is self-calibrated,
data is collected every 10 s 12-18 monitoring data points were
obtained at each sampling point, with a data accuracy of 1 ng m™>.
Select blank samples from open clean green space or urban green
space and measure corresponding background values as reference.
Combined with the UMA solid sample detection device, 50-200 mg
air-dried soil samples were weighed in the unidirectional light
channel sampling pool of the LUMEX RA-915+ mercury meter
to determine the total mercury content in the soil. The minimum
detection limit of solid samples determined by the instrument is
0.5 ng g'. Quality control (QC) procedures calibrate XRF
instruments against U.S. SRM(Standard Reference Material). The
correlation coefficient R* of soil sample test standard curve was
0.9999. The air transport speed of the instrument is 4 L min™". Every
soil sample, 3-8 parallel analyses are performed to eliminate
abnormal data. GBWO07424 Songnen Plain soil composition
(GSS-10)  was construct the

standard material used to

standard curve.

2.3 Ecological risk assessment

2.3.1 Geo-accumulation index (lgeo)

The Iz, is used to assess the levels of contamination of a
particular metal in soil by assessing the degree of metal
enrichment above baseline or background values. The I, is
calculated according to Equation 1 as follows (Sabouhi et al,
2020; Meng, 1995):

G
Igea = lng[ﬂ] (1)

Igeo: Geological accumulation index; Bi: Urban soil background
value (0.040 mg kg™'); K: Correction index (usually 1.5) to account
for changes in background values that may be due to differences in
different Ci:  Measured
concentration of mercury (mgkg™). The classification of the Iy,

rock characteristics at locations;

is shown in Table 1.
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2.3.2 Potential ecological risk index (Er)

The potential ecological harm degree of mercury in soil
and atmosphere was evaluated by Er. Calculate Er according to
Equation 2, as follows (Xu et al., 2008; Maanan et al., 2015; Gao
et al., 2024):

G
Er=Tr- C_o (2)
Er: Potential ecological harm coefficient of the mercury; Tr:
Mercury toxicity factor, set to 40; C;: measured value of mercury
content; and Cy: Background value of Hg, set to 0.040 mg kg™
Table 2 shows the relationship between potential ecological risk
coefficient and the degree of Er hazard.

2.4 Health risk assessments

2.4.1 Exposure assessments

This study referred to the environmental health risk assessment
method recom-mended by the United States Environmental
Protection Agency (US EPA) for soil mercury health risk
assessment (EPA, 1989). Soil mercury mainly enters the human
body through oral ingestion, inhalation, and dermal contact (Liu
et al,, 2016). The long-term daily non-carcinogenic risk exposure
doses of the above three exposure routes were calculated using the
human exposure risk assessment model. The equations are as
follows (Du et al.,, 2013; Vilavert et al.,, 2012):

C x IR;,;, x EF x ED
ADI,,;, = 3
"~ "BW x AT x PEF )

C x IR,,,; X EF x ED

ADI,,, = 10°¢ 4

' BW x AT )
C x SA x SL x ABS x EF x ED

ADIiermar = BW < AT x 107 (5)

In Equations 3-5, ADI;,,: average daily exposure dose by
inhalation [mg-(kg-d)™']; ADI,: The average daily exposure dose
of oral intake [mg-(kg-d)™']; ADIermar: The average daily exposure
dose by skin contact [mg-(kg-d)']; C: Measured concentration of
mercury in soil (mgkg'); Ippn: Respiratory intake (m’d™),
reference value is 20 m® d'; EF: Exposure frequency (d-a™'),
reference value 350 days-a™'; ED: Exposure year (a), reference
value is 25 a; BW: Body weight (kg), reference value is 55.9 kg;
AT: Exposure time (d), reference value is 365 x ED (d); PEF: Particle
emission factor (m*kg™), reference value 1.32 x 10° m® kg™'; Iroral:
Oral intake (mg-d™"), reference value is 114 mg d'; SA: skin exposed
area (cm?.d™"), the reference value is 5,000 cm?* d™'; SL: Skin adhesion
[mg-(cm®)7'], the reference value is 1 mg-(cm*)™"; ABS: Skin
absorption factor, reference value of 0.001.

2.4.2 Non-carcinogenic risk assessments

The heavy metal toxicity of mercury is not carcinogenic, so we
use the non-carcinogenic risk index (HQ) to evaluate the non-
carcinogenic risk of mercury. The non-carcinogenic risk index is
calculated according to Equation 6, as follows (EPA, 2001):

_ ADIi

HQ = W (6)
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TABLE 2 Criteria for potential ecological risk analysis.

10.3389/fenvs.2024.1440426

80-160

160-320

Potential Ecological Risk Index Slight Medium

Strong Very strong Extremely strong

TABLE 3 Soil mercury levels in different regions.

Region Number of Soil Samples (n) Average/(mg-kg™) Rang/(mg-kg™) Standard Deviation/(mg-kg™)
north 15 0.0367 0.00600-0.178 0.0312
south 25 00177 0.00130-0.632 0.0260
east 2 0.0318 0.00260-0.204 0.0352
west 37 00324 0.00150-0.514 0.0405
All regions 100 0.0354 0.00130-0.632 0.0570

ADIi: average daily exposure dose [mg-(kg-d) ']; RfDi: reference
dose [mg-(kg-d)™']; RfDgp = 3.0 x 107* mg-(kg-d)™"; RfDgermar =
24 x 107 mg-(kg-d)™; RfD;,, = 1. 07 x 10™* mg-(kg-d)™".

The total non-carcinogenic risk value of mercury for the
different pathways is indicated by HI (EPA, 2000), according to
Equation 7:

HI = Z:'HQ 7)

When HI or HQ < 1, the risk is considered small and can be
ignored; and when HI or HQ > 1, there is a potential non-
carcinogenic risk (EPA, 1997; EPA, 2001).

3 Results
3.1 Mercury levels in the environment

3.1.1 Mercury in surface soils

Statistically, the average content of Hg in soil samples was
0.0354 + 0.0570 mg kg', and the concentration ranged from
0.00130 to 0.632 mg kg'. It can be seen that there is a great
difference in soil mercury content in Gongzhuling District, and
Table 3 shows Hg levels in these four parts. In 100 samples, 24%
more than the background value of soil mercury in Jilin Province
(0.04 mg kg™), and the highest level reached 15.80 times of the
background value. Overall, the mercury concentration in different
regions of Gongzhuling is akin to the normal background value, but
there are a few sample points that exceed the standard value highly.

3.1.2 Atmospheric mercury in urban areas
Atmospheric mercury concentration in the four directions
within the study area are shown in Figure 2. For measurements
of the atmosphere at 0 and 100 cm, and the results showed that the
average concentrations at the two altitudes were 3.3 £ 6.2 ng m™ and
4.9 + 11.9 ng m™, respectively, and the concentrations ranged from
0 to 64.0 ng m~ and 0-116 ng m>, respectively. There is a higher
mercury concentration at 100 cm. The blank samples had the same
atmospheric mercury content at 0 cm and 100 cm, averaging 1.2
1.5 ng m™. The results showed that the atmospheric mercury
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content of 54.63% samples at 0 cm was higher than that of the
blank control, and the maximum mercury content was 53.33 times
higher than that of the blank control. The atmospheric mercury
content of 47.58% samples at 100 cm was higher than that of blank
control, and the highest mercury content reached 97.67 times of that
of blank control. The atmospheric mercury content in Gongzhuling
District changed greatly. It can also be seen from Figure 2 that the
atmospheric mercury content in different regions of the study area
has an obvious trend. In the southern region, atmospheric mercury
concentrations of 0 cm and 100 cm are higher.

3.2 Risk assessment

3.2.1 Ecological risk assessment of soil mercury

According to Iso, 9% of the samples showed mercury
contamination (index >0), among which samples 7 and 49 were
highly contaminated. Sample 86 is medium; Samples 34, 42, 43, 44,
59 and 82 were mildly moderate; Other samples were judged to be
free of contamination.

Opverall, the Hg pollution degree in Gongzhuling area is low. The
results showed that the soil mercury pollution samples were
concentrated in the industrial center, near the railway station and
on both sides of the main traffic circle in the study area. Soil mercury
contamination samples were distributed near driving schools,
automobile markets, commercial centers and logistics parks.
According to the literature, mercury in soil may be partly caused
by atmospheric deposition (Zhou et al., 2021), but coal burning
emissions, industrial production and automobile exhaust are also
important sources of pollution (Singh et al., 2023). Combined with
the industrial distribution of Gongzhuling, we hypothesize that soil
mercury contamination at these sites is mainly caused by mercury
emissions from transportation.

The results showed that the minimum Er value of soil mercury
was 2.23 and the maximum was 214.83, and 24% of the samples had
Er values higher than 40, indicating moderate or higher potential
ecological risk. It is worth noting that some samples have strong
potential ecological risks (Er > 160). The probable cause is the
sample location was close to the automobile accessory workshops
and the automotive repair shop, resulting in the potential ecological
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risk score of soil mercury in this area is higher. The results show that
all samples have potential ecological risks, of which 6% have strong
potential ecological risks and 16% have moderate potential
ecological risks. In summary, the mercury pollution level in
Gongzhuling area has a slight ecological risk.

3.2.2 Health risk assessment of soil mercury

The average HI values for each direction in the study area are
ranked as follows: west (0.236 x 107") > east (0.202 x 10™") > north
(0.556 x 107) > south (0.447 x 107%). The west region contains
concentrated automobile workshops, and therefore the total
health risk value is high. The southern part of Gongzhuling
District’s is primarily made up of newly tapped residential
areas and integrated municipal infrastructure. And also,
because its upwind situation of this city, the environment
quality is generally high, and has the lowest overall health risk
in the city. In the east section, with a cluster of driving schools,
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and intensive industrial transportations between the Changchun
City and automobile industry development zone, large traffic flow
and exhausts contributed a lot to the accumulation of the soil
mercury (Li Y. M. et al, 2020; Wang and Song, 2021), so the
mercury level is also high. Overall, the HI value in Gongzhuling
was determined to be much less than 1 (Li and Zhao, 2022). At
present, mercury levels in urban soil do not pose a health threat to
local adults.

This study was evaluated with reference to the environmental
health risk assessment method recommended by the United States
1989).
carcinogenic risks of the three major soil mercury exposure

Environmental Protection Agency (EPA, The non-
routes were compared by oral ingestion (mean 0.352 x 107°)>
skin contact (mean 0.193 x 107°)> inhalation (mean 0.131 x
107°). Food ingestion is the primary route of human exposure to
soil mercury, and respiratory exposure contributes little compared
to ingestion exposure.
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FIGURE 3
Spatial distribution of soil mercury concentration (mg-kg™).

4 Discussion
4.1 Mercury distribution

4.1.1 Spatial distribution characteristics of
soil mercury

ArcGIS 10.7 was used to analyze and intuitively express the
spatial distribution characteristics of soil Hg in the study area as
shown in Figure 3. The Kriging interpolation method was used for
the analysis to display the research result (Li et al., 2022). As is
showed in the figure, there were significant differences in soil
mercury content in the study area. The north is significantly
higher than the south. The northwest of the research area has a
cluster of auto repair shop and auto parts factory, along with a large
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traffic flow. It has been figured out that mercury could be emitted
through gas emissions and the leaching of accessories that had been
put in use before the ban on mercury application on the decorations
and gadgets of automobiles. Besides, most Hg enriched in the soil
exits in stable states and has a slight ability to reenter the surface
water and other media, exerting a heterogeneous difference amongst
each part of the city (Da Silva et al., 2022). Some studies found that
mercury could be accumulated in the soil in the vicinity of iron and
steel production areas, accessory allocation plants, as well as coal-
fired power plants and thermal plants in general (Zhao et al., 2019;
Qureshi, 2022).

In addition, rapid urbanization in recent years has brought
development to new urban areas located in the southern part of
the study area. With the increase in the built-up area and the
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TABLE 4 Soil mercury content in urban areas of different coal mining towns.

10.3389/fenvs.2024.1440426

Characteristics Rang(mg-kg™) Average(mg-kg™) References
Gongzhuling, Jilin, China Peri-industrial area 0.00130 to 0.632 0.0354 + 0.0570 This study
Shanghai, China Municipal centre 0.04 to 0.46 0.13 £ 0.11 Yan et al. (2018)
Shanghai, China Suburban zone 0.03 to 0.31 0.12 + 0.06 Yan et al. (2018)
Jinghui, Shannxi, China Irrigation area — 0.091 Lei and Yu (2014)
Changchun, Jilin, China main city 0.0052 to 1.3240 0.0569 + 0.103 Wang et al. (2021)
Gannan, Heilongjiang, China Farming 0.015 to 0.219 0.13 Deng and Ping
(2012)
Zhuzhou, Hunan, China Equipment manufacturing/non-ferrous 0.08 to 14.6 0.92 Li et al. (2013)
metal smelting
Huhhot, Inner Mongolia, China Power generation industry 0.051 to 9.461 0.59 Tang et al. (2016)
Nanjing, Jiangsu, China Center for science, education and culture 0.063 to 1.16 0.39 Hu and Yuan
(2015)
Ghangzhou, Jiangsu, China Machine building industry 0.32 to 0.53 0.41 Liu and Liao (2009)
Changchun, Jilin, China Automobile Industry 0.53 to 1.127 0.56 Yang et al. (2011)
Linyi, Shandong, China Trade logistics 0.04 to 3.3 0.56 Li et al. (2017)
the Central Parts of a City in North China, the Beijing- urban green space — 0.202 Zhao et al. (2020)
Tianjin-Tangshan region
Tianjin, China suburban area — 0.97 Shi et al. (2010)
Guizhou, China Mercury Mining Areas — 20.20 + 19.31 Li and Zhao (2022)
Chongging, China Classic industrial city — 0.05 Kun and Cai (2023)

enrichment of municipal infrastructure, resulting in the increasing
population density in Gongzhuling District, the spatial distribution
of mercury in urban soil was diffuse (Sodango et al., 2018). The soil
mercury content in the southern new urban area is relatively low, but
there are a few soil mercury rich areas, which are mainly distributed
in large residential areas and high-tech parks.

High levels of mercury were also detected in the soil in
commercial areas located in the middle of the study area and
residential areas located in the north. Despite the large traffic and
vehicle exhausts, the garbage yields are large, and mercury
containing waste is relatively high, and finally form the high
mercury contents in the surroundings and soils in the vicinity of
commercial area. It is worth noting that there is also a Railway
Station in this area. The main categories of goods transported at
this station are not only contain households, fertilizer, corn, and
mostly coals and accessories of automobiles. Part of the soil Hg in
the region is brought by coal dust and fly ash produced during
coal transportation. The residential areas in the northeast are part
of the old city, where many large and medium-sized heavy
industries were once located, including cement factories and
thermal power plants (Wang et al., 2021; Liu et al, 2023).
Previous studies have shown that the mercury content in the
soil around coal burning enterprises is much higher than the
world average (0.03 mg kg™'). This is directly affected by the
industrial activities with Hg-containing, and there was an inverse
relationship between soil mercury concentration and site distance
(Nadal et al., 2016; Jones et al., 2021). This is consistent with the
results of this study.
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The comparison of soil Hg content between other towns and
Gongzhuling District is shown in Table 4. The ten different areas of
Shanghai, Shannxi, Changchun, Guannan, Zhuzhou, Huhhot,
Nanjing, Changzhou, Linyi, Guizhou, and Chonggqing have all in
the process of industrialization. Shanghai, Tianjin, Chongqing, and
Changzhou have comprehensive and specific industrial lines,
whereas the Jinghui, Huhhot, and other cities are still in the
intensive industrial constructions. It was found that urban areas
with coal burning, commercial and logistics activities had higher soil
mercury content than other areas, indicating that industrial
activities had an impact on the mercury level in nearby soil. By
comparing the soil Hg content between the central urban area with
frequent traffic and logistics, we found that the Hg content in soil is
inversely proportional to the distance from the city center. The
mercury concentrations in the industry developing areas were
generally lower than the industrial intensive areas, which
indicated that the mercury values varied in accordance with the
industrial levels. This implied that industrial process of Gongzhuling
district could possibly have impacts on mercury accumulations and
enrichments in this study area. In general, as shown in Figure 3, the
overall high soil mercury content in the southwest of the study area
showed a decreasing spatial distribution trend from the center to
the suburbs.

4.1.2 Spatial distribution characteristics of
atmospheric mercury

The spatial distribution of 0 cm and 100 cm atmospheric
mercury concentration in Gongzhuling is shown in Figure 4. The
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FIGURE 4

Distribution map of the atmospheric mercury content at: (A) 0 cm; (B) 100 cm.

data showed that the content of mercury at 0 cm and 100 cm is
generally at the same level. Specifically, atmospheric sample points
in the southern part had the highest mercury level of all the tested re-
gions both in the 0 cm and 100 cm levels. This might be because of
the long-distance mitigation of mercury due to the southwestern
dominant wind direction.

Located around the railway station and expressway, the
samples in the south were highly impacted by the large traffic
flow and goods distributions. The waste gas and exhausts
discharged by the vehicles and other kinds of automobiles could
possibly contain different concentration of Hg, which mostly
enters the atmosphere and arise the mercury level of the
southern part environment medium of the city. It is figured out
by some articles that traffic exhausts fumes have the most side-
effect of terrain mercury on sides of urban streets (Lei and Yu,
2014). And so the main sources of the high atmospheric mercury
levels in the southern part of the city are mercury-contained
exhausts and domestic wastes.

4.1.3 Relationship between soil mercury concent
and atmospheric mercury levels

As shown in Figure 5, atmospheric Hg levels at 0 cm and
100 cm and soil Hg concentration were presented as scatter plots,
and no obvious linear correlation was found between atmospheric
mercury levels and soil mercury content. In the research, the
atmospheric deposition of mercury had little impacts on the
soil mercury levels. This may be due to the greater ability of
atmospheric mercury to travel long distances. In this study, Cloudy
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weather with little solar radiation and the content of oxidized
gaseous element mercury is low, thus enhancing the transport of
gaseous mercury, which in turn greatly affects the migration
transformation of gaseous mercury between the atmosphere and
the soil (Lin and Pehkonen, 1999).

Scatter plots of atmospheric mercury concentration and soil
mercury content at 0 cm and 100 cm were drawn, which showed that
there was no significant linear correlation between atmospheric
mercury levels and soil mercury content. So atmospheric
mercury deposition had little affection on soil mercury levels in
this study, and this is in accordance with the high mobility of
mercury species to migrate over some distances.

4.1.4 Relationship between soil mercury
concentration and wind direction

The effects of north, south, east and west wind directions on soil
Hg concentration in Gongzhuling main urban area were analyzed by
using box diagram and variance analysis. The results are shown
in Figure 6.

According to Figure 6, the soil mercury concentration was
different in different wind direction, and the highest was in the
west wind direction. The results of one-way ANOVA showed that
there were significant differences in soil mercury concentration
between north and south (p = 0.754 x 107'° << 0.05). The
concentrations of mercury in the north and west soils were
relatively equal. There was no significant difference in soil Hg
content between East and west (p = 0.9955 > 0.05). Soil mercury
concentrations in the west, east, and north were all slightly
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Box chart of the soil mercury content levels in the different wind directions.

different relative to the south (p-values of 0.1197, 0.1308, and
0.0507 for the three relative to the south, respectively). In
summary, there is an obvious relationship between soil Hg
pollution and wind direction in Gongzhuling area. During the
sampling period from early July to early October, the prevailing
southwest wind in Gongzhuling area affected the migration of air
pollutants containing mercury from southwest to northeast.
Atmospheric Hg enters regional soils by dry and wet
deposition, henceforth resulting the regional mercury pollution

(Li R. X. et al.,, 2020; Zhang et al., 2020).
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4.2 Risk assessment of soil mercury pollution
in Gongzhuling District

4.2.1 Ecological risk assessments of the
soil mercury

Figure 7 shows the descending plot of I,,. Figure 8 depicts the
Ige, distribution of soil mercury.

Ige, results showed that only 9% of the sample had contaminated
(index >0), and two samples of them were seriously polluted, 7%
sample showed moderate contamination, and most of the samples
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FIGURE 8
Characteristic distribution of soil mercury pollution: (A) distribution of the soil mercury lgec in Gongzhuling District; (B) distribution of the soil

mercury Er in Gongzhuling District.NE.Bib.
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were not contaminated. Overall, the results of soil mercury
accumulation index showed that the level of soil Hg pollution in
Gongzhuling was low, and majority concentrated in specific areas.
According to Figure 8A, the contaminated area is concentrated
mainly on the northwest of Gongzhuling, which in accordance with
the detection results of soil mercury concentration. The northwest
region approach Gongzhuling industrial concentration area,
manifesting that industrial activities bring a lot of mercury
pollution to the surrounding soil. Besides, some of the polluted
sam-ples were concentrated in the vicinity of commercial area of the
urban, both sides of the main avenues, and around small automobile
repair shops, suggesting that the traffic of urban contributes lots to
the soil mercury pollution in the investigated area obviously.

Figure 8B shows soil Hg pollution from potential ecological risk
levels of spatial distribution. The Er values of soil Hg ranged from
2.3 to 214.83 with significant difference. According to Figure 8B, soil
mercury content in the northeastern part of the study area was the
highest overall. Based on the urban industrial layout of Gongzhuling
area, it is observed that eastern spots have the industrial cluster and
the frequent logistical transportations towards Changchun. In
summary, the potential ecological risk of soil mercury in this
area is high.

4.2.2 Assessment of the potential health risks of
soil mercury

As a peri-industrialized town, Gongzhuling District is a
relatively industries in-tensive town. Since large-scale industry

10.3389/fenvs.2024.1440426

investments began, the content and spatial distribution of
mercury in urban soil were partially affected (Rodrigues et al,
2006; Zhang and Wong, 2007; Henriquez-Hernandez et al., 2017;
Yan et al., 2018; Li R. X. et al.,, 2020). The results prove that soil
Hg was enriched near the intensive industrial park. Figure 9
shows the source and location of mercury in Gongzhuling
City the Hg
Gongzhuling City, combined result about experimental and
analysis from this study and related literature of other

through investigation  about sources in

industrial cities. The industrial activities of automobile on the
loop circle of the area are the main source of soil Hg. The
agglomeration trend of automobile industry has led to the main
layout of Gongzhuling’s industry structure, and caused a
distribution pattern of Hg discharge in this space, such as iron
smelters, flume exhausts, and gas emissions from coal-fired
thermal plants (Yan et al.,, 2018; Lv et al., 2023). Urban soil Hg
take on spatial distribution traits of slight and large scale amongst
the whole area since the source in the study area also contains
waste incineration, transportation, and so on (Xu and Lu, 2016). In
summary, the study found that the main urban area of soil mercury
enrichment area is very few, and the control of mercury-contain
fuel played a vital role on mercury management.

Combined with the soil mercury exposure risk investigation in
typical industrial cities and this study results, the mercury
exposure diagram of residents in industrial cities was drawn, as
shown in Figure 9, with the purpose of identifying the sources and
ways of soil Hg exposure risk of urban residents in intensive
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FIGURE 10
Radar map of soil mercury non-carcinogenic risk levels for three

exposure pathways.

automobile industry. Typically, citizens in industrial areas contact
with Hg through inhalation of mercury-containing exhaust gases
or dust from human activities; skin contact with solids or liquids
containing mercury; or get Hg from food.

As shown in Figure 10, this study mapped non-carcinogenic risk
levels in four different directions for three exposure pathways in
the study area.

The results of Figure 10 show that the non-carcinogenic risk
ranking of the three exposure routes is: oral ingestion > skin
contact > inhalation, The three are mainly taken oral ingestion.
In other studies, concerns have been raised that mercury
exposure through air, water and other media also poses risks to
human health, including intensive contact with the mercury-
enriched working environment, municipal solid wastes and
incinerations, and many disposals on digital devices as
well. Besides, exposure may occur due to the in-take, thus
leading to mercury bioaccumulation effects in animals, which
could result in a large amount of mercury exposure
(Henriquez-Hernandez et al., 2017; Li Y. M. et al, 2020; Da
Silva et al., 2022). In the north of Gongzhuling District, there
are a cluster of automobile industry. The south area of
Gongzhuling District is newly tapped area with comprehensive
and complete municipal infrastructure. In that the industrial
exhausts and automobile gas emissions in the region may
potentially put environment at risk. It is known from the
literature that the soil mercury in farmland near intensive
industrial parks poses a higher health risk. For instance, fast-
growing economy and industrialization, boosting the middle
class in certain areas, have meant a parallel increase in the
importation of consumer goods and in the gen-eration of large
quantities of coal-based fuels and industrial wastes (Henriquez-
Hernandez et al., 2017). Besides, there could be difficulties on
scrutinize the instant vary among industrial atmosphere, but more

extensive in terms of number of samples, should be conducted to
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assure that gaseous mercury has been progressively degraded or
transformed through time (Nadal et al., 2016). Overall, the health
risk and total health risk levels for all three exposure routes of soil
mercury are well below 1, indicating that soil mercury
contamination does not pose a health hazard to local adults in
the survey area. Our next work direction should be to control the
existing soil pollution in cities and towns, improve the
environment, and promote the construction of urban ecological
civilization.

5 Conclusion

The average soil mercury concentration in the Gongzhuling
District urban area was 0.0354 + 0.0570 mg kg™, and the range was
0.00130~0.632 mg kg™'. The mercury content of 24% of the soil
samples exceeded the regional soil background value of Jilin
Province (0.04 mg kg™'). According to the I, 9% of the sample
sites in the study area were polluted (index >0). In general, the soil
mercury pollution level in Gongzhuling District was low, and the
polluted areas were mainly concentrated in the northeast of
Gongzhuling District’s main urban area. The Er of the soil
mercury in the study area ranged from 2.23 to 214.83, and 24%
of the sampling sites presented a moderate or above potential
ecological risk (Er > 40). The potential ecological risk level of the
soil mercury was higher in the north of the study area. In terms of
non-carcinogenic risk, the three main soil mercury exposure
pathways were ranked as follows: oral ingestion (average 0.352 X
107%) > dermal contact (average 0.193 x 10°) >> inhalation (average
0.131 x 107°). The oral ingestion of soil is the main route of human
mercury exposure. In addition, the health risk and total health risk
values of the three types of soil mercury exposure were far less than
1, indicating that the soil mercury pollution in the study area poses
no harm to the health of local adults.
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