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Editorial on the Research Topic
Soil and sediment pollution, processes and remediation, volume Il

Since industrialization, anthropogenic activities have generated a large amount of toxic
organic and inorganic pollutants that have been emitted to the surface environment, posing
several risks to ecological environment and public health (Song et al,, 2017; Du et al,, 2020).
Industrial activities produce large numbers of pollutants (e.g., heavy metals, excess nutrient
microelements, pesticides, antibiotics, environmental hormones, antibiotics resistance genes,
pathogens, and microplastics) that reach soil and sediment via waste discharge, mining
activities, abusive use of fertilizer and pesticides, and wastewater irrigation, atmospheric
transport, and other disposal pathways (Liu et al., 2019; Zhou et al,, 2020; Han et al,, 2021;
Liu et al, 2022). These pollutants can accumulate in soils and sediments, posing significant
threats to food security. A lot of industrial sites are abandoned due to weak environmental
management (insufficient management, legislation, and enforcement). The pollution process,
migration, transformation, degradation, and accumulation of toxic pollutants in soils and
sediments are not well understood and remediation are required if these soils are reused.

Most importantly, tracing the sources of pollutants is critical to understand their pollution
levels and fates, which are effectively control soil and sediment pollution. There are many
method has been used, such as concentration gradient, matrix models, relative enrichment
factors, and isotopes. Recently, many remediation methods including physical, chemical,
biological, and combined methods were proposed and adopted for the purpose of solving the
problems of soil and sediment pollution (Song et al., 2017; Du et al., 2022; Khanam et al,,
2022). The remediation method is usually dependent upon the pollutant characters and levels
in soil and sediment. Through remediation, prime land in established locations can be reused
(e.g., agricultural, residential, and commercial land), thereby lowering the pressure on green
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land. Therefore, studies on the biogeochemical processes of soil and
sediment pollution, control, and remediation are urgently needed.
Since soil and sediment remediation followed by redevelopment
prevent degradation of the environment, it is a topic of enormous
public interest.

In this Research Topic, we wish to include studies on pollutants
such as heavy metals, excess nutrient microelements, pesticides,
antibiotics, environmental hormones, antibiotics resistance genes,
pathogens, and microplastics. This Research Topic covers the
following themes: 1) Sources, migration, and transformation of
pollutants in soil and sediment; 2) Plant and microbe response
and environmental effect in polluted soils; 3) Biogeochemistry and
processes of pollutants between the atmosphere, organisms, water,
and soil/sediment systems; 4) Safe use and risk assessment and
control of contaminated soil and sediment; 5) Mitigation and
remediation technologies; and 6) Environmental modeling of the
fate and biogeochemical process of pollutants.

This collection of articles features critical interdisciplinary
questions related to the environmental pollution, processes, and
remediation of soil and sediment in understudied areas. It
approaches a series of key questions surrounding the organic and
inorganic pollutant detections, sources, accumulation characters,
health risk assessments, dynamics with water, atmosphere, and
microorganism, and remediation techniques. The authors of
contributing papers are uniquely placed to debate the theme of
soil and sediment pollution, processes and remediation. The
contributors come from a range of disciplines, including Science,
Technology Engineering and Mathematics (STEM) and these
papers can solve real-world, urgent challenges that affect a range
of societies. Of special interest is the discussion on the new method
of electrostatic separation and differential scanning calorimetry for
microplastic analysis in river sediments.

We hope this Special Issue can illuminate the opportunities and
challenges involved in rethinking environmental pollution and
processes of soil and sediment and the need for a
multidisciplinary approach to fully remediate the contaminated
soil and sediment. This has important implications for public
health, policy guidelines, and practical solutions. To this end, we
encourage more research to advance the topics of the papers
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Revegetation is an important restoration approach after reclamation in coal mining
subsidence area. However, few studies have paid attention to the impacts of different
vegetation species on sail fertility and bacterial community composition in the reclamation
area filled with fly ash for a long time. In this study, soil fertility and bacterial community
composition were investigated in a non-subsidence area (FCK) and a coal mining
subsidence reclamation area restored vegetation with woody plants (pagoda trees, FS;
peach trees, FP) and herbaceous plants (wheat-maize rotation, FW) for 20 years. Results
showed that topsoil and subsoil nutrients including available K and alkali-hydrolyzable N,
soil organic matter, and total carbon in the non-subsidence site were significantly higher
than those in reclamation sites. Topsoil fertility indices (SFI) in reclamation sites were lower
than that in non-subsidence site, and soil fertility index in FW was higher than that in FS and
FP. Moreover, the SFl in topsoail (from —0.24 to 2.08) was significantly higher than that in
subsoil (from -1.12 to -0.39). 16S rRNA gene sequencing analysis showed
Proteobacteria, Acidobacteria and Actinobacteria were the dominant bacterial phyla in
all sites, but the subsoil bacterial alpha indices (Shannon and Simpson) in the non-
subsidence site were higher than those in reclamation sites. Principal coordinates analysis
and non-metric multidimensional scaling analysis showed that the bacterial community
composition in reclamation sites was significantly different from that in the non-subsidence
site, and they were similar in the soil with wheat-maize rotation model between non-
subsidence and reclamation sites. Co-occurrence network analysis noted that the network
of dominant bacterial operational taxonomic units in the subsoil was more complex than
that in the topsoil. Redundancy analysis suggested soil pH in topsoil and subsoil was an
important driving factor for soil bacteria community composition. Overall, the reclamation
site with the wheat-maize rotation model had higher sail fertility and bacterial community
composition was similar to that of the non-subsidence site, indicating revegetation with the
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Fertility and Bacterial Community Composition

wheat-maize rotation model is a good reclamation approach to improve sail fertility in coal

mining subsidence area.

Keywords: soil bacterial community composition, reclamation, coal mining subsidence area, revegetation, bacterial

alpha diversity

INTRODUCTION

With the development of industry, demands for coal resources
are increasing in most countries over the world, especially in
developing countries (Feng et al, 2019). For instance, coal
consumption in China accounted for 56.8% of the total energy
consumption in 2020 (Hu et al., 2022), and coal consumption will
continue to grow by 3.4% in the next 20 years (Yu et al., 2022).
The extensive exploitation of coal resources has caused serious
environmental and social problems including land subsidence,
land damage, and poor harvest (Wang et al., 2020; Ma et al,
2021). In high groundwater level areas, coal mining always
resulted in land subsidence and changed terrestrial to aquatic
ecosystems (Ma et al., 2021). Such dramatic environmental
changes have destroyed agricultural lands and threatened the
safe production of crops and the survival of local residents.
Therefore, it is of great significance to repair the coal mining
subsidence area.

Previous literature reviews have noted that fly ash, coal
gangue, and other solid wastes can be used as filling materials
in the coal mining subsidence areas and recover with surface soil
above the filling materials (Ram and Masto, 2014; Hemalatha and
Ramaswamy, 2017; Hu, 2019). Fly ash as a by-product of the coal-
fired power station was widely used to fill the subsidence area
(Hu, 2019). It can also provide lots of essential nutrients (K, Si, Fe,
etc.) for plants (Ram and Masto, 2014), and its filling was
beneficial for soil carbon sequestration and biodiversity
conservation (Pandey, 2013). However, the filling substrates
were significantly different from the subsoil and cannot
effectively retain soil moisture and fertility, which may result
in poor fertility and low soil productivity (Ma et al., 2019). For
example, Duo and Hu (2018) reported that the soil quality
significantly decreased after reclamation, and the crop yield
was only 80.5% of that in the non-subsidence area after
5 years of reclamation (Duo and Hu, 2018). Consequently, the
long-term changes in soil quality should be paid more attention in
reclamation area filled with solid wastes/amendments.

Additionally, revegetation in reclamation area can effectively
improve soil fertility and restore soil ecosystem functions (Zhou
et al,, 2020). It is essential to establish a self-sustaining revegetation
ecosystem by selecting suitable plant species in the light of the
condition of the subsidence areas (Kohler et al., 2016; Qu et al., 2017;
Li and Liber, 2018). Numerous plants including woody plants
(Acacia catechu, Dalbergia sissoo, Pongamia pinnata and
Terminalia bellirica, etc.) (Srivastava et al., 2014) and herbaceous
plants (grass, wheat, maize, Ricinus communis, Vigna radiata,
Saccharum munja, etc.) (Pandey et al,, 2012; Pandey, 2013; Yang
et al, 2020) have been reported to revegetate in coal mining
subsidence areas. However, little information is available on the
impacts of vegetation species on soil microbial community

composition in reclamation areas filled with fly ash. Soil
microbial communities are critical to organic matter
decomposition, nutrient cycling, long-term ecosystem stability
and revegetation (Lehmann et al, 2011; Chen et al, 2017; Sun
et al,, 2019), and it is considered as an important indicator for the
ecological restoration effect in coal mining subsidence area (Xu et al,,
2019; Yuan et al., 2021). Natural succession of reclamation areas is a
slow biogeochemical process and needs a long term before reaching a
stable state (Ma et al., 2021). However, most studies about ecological
restoration concentrated on a relatively short time (1-15 years) (Liu
etal, 2018; Ma et al,, 2019; Wang et al., 2020), and few studies were
available on the evaluation of soil fertility and microbiome
composition in reclamation areas.

In this study, a coal mining subsidence area filled with fly ash
in eastern China was selected as the study area and soil samples
were collected in four sites planted with woody plants (pagoda
tree and peach tree) and herbaceous plants (wheat-maize rotation
model) for 20years. Here, we aim to 1) investigate soil
physicochemical properties and fertility in reclamation areas;
2) evaluate the impacts of reclamation on soil bacterial
community composition and biodiversity.

MATERIALS AND METHODS

Site Description

This study was conducted in a coal mining subsidence area
(~100 ha, 116°85'-116°88' E, 33°97'-33°98' N) filled with fly
ash in the eastern Huaibei city, Anhui Province, China
(Supplementary Figure S1). The climate is characterized with
a warm temperate semi-humid monsoon climate. The average
annual precipitation and average annual temperature are 850 mm
and 15.9°C in this area, respectively. Since high groundwater level
existed above the coal bed, resulting in surface subsidence and
land damage after long-term coal mining. In 2000, the surface soil
(40 cm) was stripped and filled with fly ash in the subsidence area,
and then covered the surface soil above the fly ash. During the
next 20 years, most reclamation area was adopted a wheat-maize
rotation model with two crops per year (FW), and part of the area
was planted with pagoda trees (Sophora japonica Linn) (FS) and
peach trees (Prunus persica L.) (FP), respectively. In addition, a
non-subsidence site with a wheat-maize rotation model was also
selected as the background area (FCK), which was 2.50 km to the
reclamation area.

Sample Collection and Physicochemical

Analysis
In November 2020, topsoil (0-20 cm) and subsoil (20-40 cm)
samples were collected in each area. All soil samples were passed
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through a 2 mm sieve. Half of the soil samples were dried at room
temperature for chemical analysis, and the other samples were
stored at —40°C for bioanalysis.

Soil pH was analyzed in a soil-to-water ratio of 1:2.50 (w/v) by
pH electrode (PHS-3C, Shanghai, China). Soil organic matter
(SOM), available phosphorus (AP), total phosphorus (TP), alkali-
hydrolyzable nitrogen (AN), available potassium (AK) and total
potassium (TK) were measured according to Lu (2000). Detailed
information about the analysis methods is provided in
Supplementary Text S1. An elemental analyzer (Vario Macro
Cube, Elementar Company, Germany) was used to determine soil
total nitrogen (TN) and total carbon (T'C) concentrations (Wang
et al.,, 2021).

Soil Biological Analysis

Soil whole DNA was extracted and purified according to the
method of Cui H. et al. (2018). The concentration and purity of
DNA were checked using NanoDrop One (Thermo Fisher
Scientific, MA, United States). The standard bacterial primer
set (515F and 806R) combined with barcode sequences (Caporaso
et al.,, 2011) were used to amplify 16S rRNA genes (Cui H. et al,,
2018). The Illumina Hiseq2500 platform was used for PE250
sequencing of the constructed amplicon library. Detailed
information about the analysis methods is provided in
Supplementary Text S2.

To clarify the associations among the soil key operational
taxonomic units (OTUs), we selected the top 30 OTUs with the
highest relative abundance in all sites (Hill et al, 2016).
Spearman’s correlation coefficient was chosen, and the
threshold value of the correlation coefficient was 0.4. The
network was analyzed by the tool of the Wekemo Bioincloud
(https://www.bioincloud.tech). To evaluate the contributions of
microbial populations to the overall community structure, the
bipartite networks created in Cytoscape (3.8.2) were used to
describe the associations between the OTUs and different sites
(Supplementary Text S3) (Smoot et al., 2011; Jiao et al., 2017).

Statistical Analysis

The igraph and vegan in R (4.1.0) were used for statistical analysis
The factor analysis was used to calculate the soil fertility index
(SFI) (Supplementary Text S4) (Li et al., 2014; Guo et al., 2018).
The relationships between soil physicochemical properties and
microbial alpha diversity indexes were detected by Pearson
correlation analysis. The phylum to genus-level abundance
information was extracted by R to visualize using Origin 2021.
Richness of OTUs, Chaol, ACE, Shannon, Simpson, and goods
coverage indices were applied to characterize the bacterial alpha
diversity. Principal coordinates analysis (PCoA) and non-metric
multidimensional scaling (NMDS) were performed in the R
software. The relationship between environmental parameters
and bacteria was analyzed by redundancy analysis (RDA) which
was performed by Lingbo MicroClass cloud application (http://
www.cloud.biomicroclass.com/cloudplatform/softpage/CCA).
The linear discriminant analysis (LDA) effect size (LEfSe) method
(http://www.cloud.biomicroclass.com/CloudPlatform/SoftPage/
LF2) was performed to identify multiple taxonomical levels of
potential biomarkers (LDA score threshold >3.0, factor

TABLE 1 | Impacts of vegetation species on the soil physicochemical properties.

TP (g9 AP (mg AK (mg TK (g9 TN (g AN (mg SOM (g TC (g
kg™) kg™)

WC (%)

pH

Parameters

kg™

kg™

kg™

kg™

kg™

kg™

25.6 + 2.04a
18.0 + 0.87bc

29.8 + 1.08a

253 + 9a
116 + 16b

1.09 + 0.13a
0.66 + 0.10b

22.6 + 0.58a
24.3 + 0.78a
17.3 £ 0.36b
18.0 + 0.59b

328 + 10a
292 + 22b
254 + 25¢
290 + 12b

9.50 + 0.78b
9.07 + 2.15b

0.71 + 0.06a
0.67 + 0.04a
0.71 £ 0.10a
0.76 + 0.02a

16.5 + 0.86a
8.36 + 2.18bc
7.30 £ 1.10c

8.38 + 0.04b
8.49 + 0.07a

FCK
Fs
FP

0-20 cm

18.1 £ 2.91bc
16.0 £ 2.27¢
21.1 +2.81b
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15.7 + 1.21¢c

68 + 5¢

9.15 + 1.14b 0.47 + 0.05c
0.82 + 0.02b

8.57 + 0.03a
8.14 + 0.08¢c

19.7 + 1.55b

125 + 5b

14.6 + 0.28a

10.2 £ 1.29b

20.6 + 0.20a
17.6 £ 1.68b
17.7 £ 0.42b
16.4 + 0.69b

17.7 £ 0.21a
13.7 £ 2.62b
10.9 + 2.10b
11.8 £ 2.30bc

126 + 27a
70 £ 1b
56 + 7b
67 + 4b

0.55 + 0.06a
0.48 + 0.08ab
0.48 + 0.04ab
0.42 + 0.04c

24.2 + 0.32a
18.2 £ 0.68b
18.1 £ 0.27b
17.3 £ 0.68b

281 + 13a
226 + 24b
217 + 21b
201 +7b

10.4 + 3.04a
10.3 = 0.15a
8.65 + 0.29a
9.53 + 2.02a

0.72 £ 0.1a
0.76 + 0.06a
0.76 + 0.08a
0.76 + 0.05a

19.7 + 0.6a
9.74 + 1.83b
10.2 + 1.69b
17.7 + 2.41a

8.69 + 0.02a
8.62 + 0.06ab
8.55 + 0.06¢
8.63 + 0.05ab

FCK
Fs
FP
Fw

20-40 cm
Notes: Values are means + standard deviation (n = 3) and different letters within the same column denote significant differences (p < 0.05) among different sites. WC, soil water content; TN, total nitrogen; TP, total phosphorus; TK; total

potassium; AN, alkali-hydrolyzable nitrogen; AP, available phosphorus; AK, available potassium; SOM, soil organic matter; TC, total carbon. Site abbreviations are defined in Figure 1.
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Kruskal-Wallis and Wilcoxon test with an alpha value of 0.05),
the analysis strategy of multi-group classification analysis was
used one against one (Chen et al., 2020).

RESULTS AND DISCUSSION

Soil Physicochemical Properties and
Fertility

Soil physicochemical properties affected by different vegetation
species were shown in Table 1. Topsoil was alkalinity in this area
and its pH ranged from 8.14 to 8.69. Soil pH in FS and FP (wood
land) were 0.11-0.53 units higher than those of FCK and FW
(wheat field), suggesting that vegetation species influence soil pH,
which was consistent with the findings of Deng et al. (2019) and
Luo et al. (2022). Generally, the concentrations of WC, AK, TN,
AN, SOM, and TC in FCK were the highest, and followed by FW
(Table 1). For example, in the topsoil, WC in FCK was 0.98 1.26
and 0.62 times higher than that in FS, FP, and FW, respectively,
and 0.64, 0.98 and 0.41 times higher for SOM. These results
suggested filling reclamation caused soil water loss and fertility
degradation, which also have been reported in previous study (Qu
et al, 2018). However, concentrations of plant nutrients
(including AP, SOM, and TC) of topsoil in FW were
significantly higher than that in FS and FP (p < 0.05,
Table 1), which suggested the wheat-maize rotation model
was a good approach for the enhancement of soil fertility.

Similar to topsoil, most subsoil plant nutrients concentrations
(including AK, TK, TN, AN, SOM, and TC) in FCK were higher
than those in the other sites (Table 1). Moreover, subsoil pH
(8.35-8.69) was higher than that of topsoil (8.05-8.57), and a
similar trend was found for soil moisture content. In contrast to
soil pH, contents of AK, TN, AN, and SOM in topsoil were higher
than those in the subsoil. For example, topsoil SOM in FCK, FS,
FP, and FW were 0.69, 0.32, 0.38, and 0.79 times higher than
those of subsoil, respectively. In addition, the principal
component analysis showed the eigenvalues of PC1 and PC2
were 3.61 and 1.47, respectively (Supplementary Table S1). The
variance contribution rates were 51.6 and 21.0%, which can
explain 72.6% of the total variance contribution. The score
matrix of the PCA analysis showed that the loadings of TN,
AK, and AN in PC1 exceeded 0.87 (Supplementary Table S2),
indicating that these factors in PC1 play a significant role in soil
fertility changes. SFI in the topsoil of FCK (2.08) was significantly
greater than those of FS (-0.24) and FP (-0.56) (p < 0.05)
(Supplementary Table S3), but there was no noticeable
difference between FCK and FW (1.58) (p > 0.05,
Supplementary Table S3). These results suggested that the
soil fertility level in reclamation areas with woody plants was
lower than that in the non-subsidence area with agricultural
crops, and they also noted that the wheat-maize rotation model is
an effective method to improve the soil fertility in the
reclamation area.

Correlation analysis showed AK, AN, SOM, and TC were
positively correlated with each other (p < 0.05, Supplementary
Figure S2), especially for the positive correlation between TC and
TN (p < 0.01). It may be due to the addition of nitrogen fertilizers

Fertility and Bacterial Community Composition

that can promote plant growth and carbon accumulation (Qi
et al., 2020). Moreover, we found the C/N ratios (Supplementary
Figure S3) in the topsoil of wood land (33.33-33.78, FS and FT)
were higher than those in the agricultural field (23.47-23.98, FCK
and FW), which was also reported by Gao et al. (2014). This may
be due to the intensive cultivation and agricultural management
practices in agricultural fields resulting in the mineralization and
loss of SOM to the atmosphere (Lal, 2002; Gao et al.,, 2014).

Soil Bacterial Community Composition
In all sites, 360,000 high-quality sequences and 7,141 different
OTUs were obtained. The abundance of the dominant bacterial
phyla/classes between reclamation and non-subsidence areas was
shown in Figure 1 and Supplementary Figure S4.
Proteobacteria, Acidobacteria, and Actinobacteria were the
most dominant bacterial phyla in the topsoil and subsoil, but
their percentages were significantly different between topsoil and
subsoil, suggesting the bacterial community composition was
significantly different. For example, Proteobacteria in the
topsoil of FCK accounted for 27.5%, which was 0.09 times
lower than that in the subsoil of FW, and Acidobacteria in the
subsoil of FS was higher compared to that in the topsoil of FS.
Moreover, Proteobacteria in the topsoil of FW accounted for
40.1%, which was 0.46, 0.68 and 0.73 times higher than that in
FCK, FS and FP, respectively. Similar to Wang et al. (2017),
Gammaproteobacteria and Alphaproteobacteria were the
dominant bacterial classes in the topsoil of the reclamation
area, and accounted for 13.3 and 9.24% in all sites (Figure 1;
Supplementary Table S4). Previous studies noted
Gammaproteobacteria and Alphaproteobacteria participated in
the process of nitrogen fixation (Madigan et al., 1984; Woliniska
et al,, 2020), thus their existence with large amounts in the
reclamation area favored the enhancement of soil quality. In
addition, the highest relative abundance of bacterial phylum and
classes of FW was higher than that of FCK, FP and FS, indicating
that the wheat-maize rotation model is a good selection to
reconstruct the bacterial community in the reclamation area.
The bacterial richness in the reclamation sites (FS, FP and FW)
for the topsoil were not significantly different from that in the
non-subsidence site (FCK) (Table 2). There were no significant
variations in the Chaol (5,038-5,255) and ACE (4,934-5,195)
indices of topsoil and subsoil among the four sites yet. These
results indicated topsoil bacterial richness indices in the
reclamation sites had reached a steady state within 20 years
compared to the non-subsidence site. Previous studies have
also reported soil bacterial communities reached a steady state
within 15 and 20 years in reclamation areas (Li et al., 2018; Zhao
et al., 2019). Moreover, Shannon and Simpson indices in the
topsoil of non-subsidence site (FCK) were significantly higher
than those in reclamation sites (Table 2), suggesting that different
bacterial diversity existed between non-subsidence and
reclamation sites. For example, Shannon indices in the topsoil
of FK (non-subsidence site) were higher by 0.41, 0.14 and 0.29
than those in FS, FP and FW (reclamation sites) (p < 0.05).
However, Shannon and Simpson indices for the subsoil had no
significant differences between non-subsidence (FK) and
reclamation sites (FS, FP and FW).
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FIGURE 1 | Relative abundances of dominant bacterial phyla/classes in topsoil (A) and subsoil (B) among different sites. Relative abundances are based on the
proportional frequencies of 16S rDNA sequences that could be classified at the phyla/classes level. Note: All, the whole soil samples; FCK, non-subsidence site (wheat-
maize rotation); FS, reclamation site with pagoda trees; FP, reclamation site with peach trees; FW, reclamation site with wheat-maize rotation.

Relative abundance (%)

All FCK FS FP FW
[ Planctomycetes [l Firmicutes others
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TABLE 2 | Impacts of vegetation species on the richness of OTU and alpha diversity indices.

Parameters Richness of Alpha diversity
OTUs Chao1 ACE Shannon Simpson Goods coverage
0-20 cm FCK 4,542 £ 41a 5,150 + 164a 5,050 + 72a 10.4 £ 0.08a 0.9982 + 0.0001a 0.9938 + 0.0004a
FS 4,523 + 145a 5,102 + 166a 5,011 + 154a 10.0 £ 0.11c 0.9963 + 0.0013b 0.9937 + 0.0002a
FP 4,580 + 81a 5,090 + 57a 5,008 + 81a 10.3 + 0.08ab 0.9974 + 0.0002ab 0.9942 + 0.0003a
FW 4,601 + 91a 5,122 + 137a 5,056 + 117a 10.1 £ 0.14bc 0.9966 + 0.0006b 0.9941 + 0.0003a
20-40 cm FCK 4,410 + 298b 5,038 + 285a 4,934 + 271a 10.2 £ 0.21a 0.9974 + 0.0006a 0.9934 + 0.0001¢c
FS 4,608 + 183ab 5,100 + 189a 5,036 + 163a 10.1 £ 0.11a 0.9965 + 0.0006ab 0.9941 + 0.0000ab
FP 4,580 + 74ab 5,153 + Ba 5,021 + 44a 10.1 £ 0.03a 0.9961 + 0.0003b 0.9940 + 0.0002b
FW 4,810 + 102a 5,255 + 106a 5,195 + 104a 10.3 £ 0.11a 0.9972 + 0.0002a 0.9944 + 0.0001a

Notes: Values are means + standard deviation (n = 3) and different letters within the same column denote significant differences (p < 0.05) among different sites. Site abbreviations are

defined in Figure 1.

As shown in Figure 2, PCoA and NMDS analysis noted that
microbial composition in woody plant revegetated sites (FS, FP)
clustered together in the topsoil and subsoil, and a similar result
was found by the cluster analysis at the phylum level
(Supplementary Figure S4). Because woody plants had a
robust root system and considerable amounts of exudates and
mucilage which can strongly absorb soil nutrients (Yang et al.,
2020), resulting in an substantial impact on the soil microbial
community. These findings suggested that vegetation species
significantly influenced soil bacterial community composition
(Kohler et al., 2016). Moreover, the PCoA and NMDS (Figure 2)
showed the soil bacterial community composition in the non-
subsidence site was significantly differentiated from reclamation
sites, indicating that reclamation changes the soil environment
and influences the soil microbial community structure. It may be
attributed to soil fertility in FCK being higher than that in the
reclamation sites. In agreement with our study, Xu et al. (2020)
also reported that soil organic carbon, inorganic nitrogen and

other nutrients were the key factors affecting soil microbial
diversity. Moreover, the PCoA and NMDS analysis indicated
bacterial community composition in FW was the closest to the
site of FCK (Figure 2) compared to other reclamation sites, thus
the bacterial community composition in the two sites was similar
and which may be due to the same wheat-maize rotation
cultivation model. In addition, PCoA and NMDS analysis
markedly separated topsoil and subsoil into two clusters
(Figure 2), which indicated that the bacterial community
composition in topsoil was different from that in the subsoil
at each site, and it was in agreement with the result in Figure 1.

Identification of Biomarkers and
Co-Occurrence Networks

LEfSe was used to identify the different biomarkers. As shown in
Supplementary Figure S5, more bacterial taxa (93 clades, 15
phyla, 25 classes, 39 orders, and 27 families) in the topsoil were
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FIGURE 2 | Principal coordinates analysis (PCoA) ordination (A) and non-metric multidimensional scaling (NMDS) ordination (B) based on Bray-Curtis distance at
OTU level showing the effects of different vegetation species on bacterial communities among different sites. The circles represent topsoil. The triangles represent
subsoil. The colors of the nodes represent different sites. Note: Site abbreviations are defined in Figure 1.
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FIGURE 3| The network of dominant bacterial OTUs of topsoil (A) and subsoil (B) in all sites. The nodes in the network represent the top 30 OTUs. The size of each
node is proportional to the relative abundance. The red edge represents the positive correlation between OTUs, the blue edge represents the negative correlation. The
colors of the nodes represent different soil bacteria phyla. Note: Site abbreviations are defined in Figure 1.

identified than that in the subsoil (78 clades, 12 phyla, 24 classes, ~ microorganisms. Moreover, the results of LDA revealed 37, 27,
28 orders, and 25 families), which indicated that soil bacteria in 13 and 16 bacterial phylotypes in the topsoil for FCK, FS, FP, and
the topsoil were more sensitive to the environmental disturbance =~ FW (Supplementary Figure S6A), and 27, 10, 30 and 11 bacterial
than those in the subsoil. These biomarkers can be regarded as  phylotypes in the subsoil for FCK, FS, FP, and FW
key microbial taxa shaping the metabolic threshold of the  (Supplementary Figure S6B), respectively. The taxa and
microbial community (Cui Y. et al.,, 2018). Chen et al. (2020) quantities of biomarkers were different between the non-
also noted biomarkers vary depending on the different  subsidence and reclamation sites, which may be caused by the
environments and the relative abundance of core  various soil quality and vegetation species.
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FIGURE 4 | Redundancy analysis (RDA) based on the bacterial community composition and soil characteristics in topsoil (A) and subsoil (B) among different sites.
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TABLE 3 | Pearson’s correlation between alpha diversity indices of bacterial community and soil physicochemical properties.

Parameters pH wcC TP

0-20 cm Richness of OTUs 0.27 -0.06 -0.20
Chao1 0.23 0.05 -0.20
ACE 0.21 0.05 -0.21
Shannon 0.09 0.66* 0.21
Simpson 0.24 0.66* 0.18
Goods coverage 0.33 -0.20 -0.09

20-40 cm Richness of OTUs -0.60* -0.31 0.45
Chaot -0.57 -0.24 0.47
ACE -0.57 -0.25 0.46
Shannon -0.17 0.18 0.21
Simpson 0.30 0.62* -0.12
Goods coverage -0.53 -0.39 0.29

AP AK TK TN AN SOM TC
-0.25 -0.09 0.10 -0.09 0.01 0.09 -0.16
-0.29 0.07 0.19 0.05 0.17 0.13 0.00
-0.23 0.00 0.17 0.02 0.11 0.13 -0.04
-0.24 -0.09 -0.17 0.33 0.25 0.48 0.40
-0.45 -0.19 0.02 0.29 0.31 0.34 0.41
-0.21 -0.35 -0.10 -0.28 -0.23 0.04 -0.37
0.06 0.17 -0.56 0.10 -0.37 -0.18 0.06
0.07 0.24 -0.35 0.19 -0.34 -0.10 0.24
0.13 0.24 -0.41 0.18 -0.28 -0.06 0.15
-0.01 0.07 -0.13 -0.10 -0.24 -0.04 -0.08

0.40 0.13 0.48 -0.13 0.22 0.37 -0.03
-0.20 -0.13 -0.89*** -0.19 -0.52 -0.49 -0.32

Notes: Soil physicochemical property abbreviations are defined in Table 1. *, **, and *** indicate significant correlation at p < 0.05, p < 0.01, and p < 0.001.

To describe the interactions among microbial communities,
we performed a network analysis of the top 30 OTUs in
abundance (Figure 3) and matched them in the NCBI
database (Supplementary Table S5, S6). In the topsoil,
OTU31 had 9 significant positive correlations and 1 significant
negative correlation with other OTUs (p < 0.05), and OTU126
and OTU23 had 13 and 11 significant positive correlations, and 2
and 4 significant negative correlations with other OTUs (p < 0.05)
in the subsoil (Figure 3). The above three OTUs all significantly
correlated with the top 30 OTUs, thus they can be recognized as
keystone taxa and play important roles in the soil reclamation
process (Ma et al., 2020). Moreover, the network of dominant
bacterial OT'Us in the subsoil was more complex than that in the

topsoil (Figure 3), suggesting the dominant OTU in the subsoil
were more closely connected than those in the topsoil.
Nowadays, rare microorganisms have attracted more attention
for their important ecological role in maintaining microbial diversity
and mediating biogeochemical processes (Sauret et al,, 2014; Jiao
et al, 2017). To analyze the connection between rare
microorganisms and different sites. The contribution of microbial
taxa to the community structure and the associations between
genus-level OTUs and sites were evaluated by the bipartite
association network (Supplementary Figure S7). Similar to Cao
et al. (2021), we found the number of OTUs classified as genera in
bacterial communities was at a low level (less than 15%). We
screened a total of 587 nodes and 4315 edges in all sites, and
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they can be divided into 10 clusters and several keystone taxa
according to the relationship between bacteria and sites. In co-
occurrence network analysis, intermediate centrality represents the
influence potential of an individual on the interaction between other
nodes of the network (Greenblum et al., 2012). The core cluster was
consisted by 451 nodes, and it accounted for 76.5% of the total nodes.
The bipartite network analysis noted that most of OTUs were cross
combinations, meaning similar taxa were presented among different
sites, but their abundances were significantly different among all
sites. In addition, several OTUs were connected to only a few sites,
which may have specific environmental significance. For example,
27F-1492R_uncultured delta proteobacterium was a common genus
of FCK and FW in the topsoil, which may be a keystone taxon in
wheat-maize rotation mode.

Impacts of Soil Physicochemical Properties

on Soil Microbial Community
Figure 4 showed the relationship between the top ten bacterial phyla
and soil physicochemical properties. The first and second axes of
RDA explained 89.9 and 6.44% of the variation in the bacterial
community at the OTU level in the topsoil, while 65.8 and 16.2%
were explained in the subsoil. (Figure 4). The total variation in
bacterial community explained by the two axes exceeded 80% in
both soil layers. Bacterial composition in all sites was significantly
influenced by pH (p = 0.044) in the topsoil, and was significantly
influenced by pH (p = 0.003), WC (p = 0.001), AK (p = 0.010) and
TK (p = 0.003) in the subsoil (Supplementary Table S7). Moreover,
Acidobacteria in the topsoil was positively correlated with pH, and
Actinobacteria and Bacteroidetes were positively correlated with
SOM, TN, TP, and AP (Figure 4). For the subsoil, Rokubacteria was
positively correlated with pH, while Chloroflexi and Acidobacteria
were positively correlated with AN, SOM, AP, TC, AK, and TN.
These results suggested soil pH was a key driving factor for bacterial
community structure (Ma et al., 2020; Ma et al., 2021), and further
confirmed that soil nutrients can significantly influence soil bacterial
communities in different reclamation areas (Wan and He, 2020).
In the topsoil, WC was positively correlated with the Shannon
and Simpson indices (p < 0.05), but WC was negatively correlated
with the Richness of OTUs (p < 0.05) in the subsoil (Table 3). For
subsoil, soil pH was markedly negatively correlated with and
Richness of OTUs (p < 0.05). Moreover, AN and SOM in the
topsoil were positively correlated with alpha diversity indices, this
may be because carbon and nitrogen sources are essential nutrients
for microbial survival, and they are also important driving factors for
the evolution of soil bacterial diversity (Liu et al., 2020). Interestingly,
we found that the correlations between alpha-diversity indices and
physicochemical properties (TP, AP, SOM, and pH) in the topsoil
overall differed from those in the subsoil, which indicated that soil
microorganisms in different soil layers were sensitive to the changes
in soil physicochemical properties.

CONCLUSION

In this study, we found soil fertility in the non-subsidence site was
significantly higher than that in reclamation sites, and topsoil SFI

Fertility and Bacterial Community Composition

was higher than that in the subsoil. Furthermore, topsoil SFI in
FW was higher than that in FS and FP. Proteobacteria,
Acidobacteria and Actinobacteria were the dominant bacterial
phyla in all sites, and topsoil bacterial Shannon and Simpson
indices in FCK were significantly higher than those in
reclamation sites. Soil bacterial community in reclamation sites
was different from that in non-subsidence site based on the PCoA
and NMDS analysis, and the bacterial community composition in
FW was more similar to FCK compared with FS and FP.
Moreover, co-occurrence network analysis showed topsoil had
a more complex network of dominant OTUs compared with that
of subsoil. Our study suggested that soil pH was an important
driving factor for soil bacterial community composition. Results
of this study suggested soil fertility in reclamation sites with a
wheat-maize rotation model was higher and it had similar
bacterial community composition to that in the non-
subsidence site. Therefore, the wheat-maize rotation model is
a good choice to improve soil fertility and soil bacterial
community composition in coal mining subsidence area filled
with fly ash.
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Sources and migration
characteristics of fluorine in the
river water of a small karst
watershed influenced by coal
mining

Shuangxue Du, Li An, Jiangxun Huang, Qingguang Li*, Pan Wu
and Xinggiang Guo

College of Resources and Environmental Engineering, Key Laboratory of Karst Georesources and
Environment, Ministry of Education, Guizhou University, Guiyang, China

In high-fluorine geological background areas, the supergene geochemical
process of fluorine has an impact on regional environmental health and
safety, which has long been the focus of attention. However, in karst areas
characterized by a high incidence of endemic fluorosis, the migration and
transformation of fluorine in surface water have not received sufficient
attention. This study investigated the joint influence of the weathering and
erosion of carbonate rocks and coal-bearing strata on a typical small watershed.
Accordingly, 239 samples representing 13 periods of hydrochemical samples
were systematically collected to clarify the source, migration, and
transformation characteristics of fluorine in surface water. The results
revealed that the pH of the Huatan River was low in the rainy season and
high in the dry season. The annual variation range of fluorine concentration was
0.11-0.40 mg/L. Although mining development produced acid mine drainage
with high fluorine concentration, its impact at the watershed scale appeared to
be limited. In terms of spatial scale, the concentration of fluorine in the Huatan
River increased gradually from upstream to downstream. The dissolution of
fluorite and other fluorine-bearing minerals had not reached the saturation
state. The fluorine in the watershed primarily came from the dissolution of
fluorine-bearing minerals, followed by the contribution of atmospheric
precipitation. The release of fluorine adsorbed on the surface of clay
minerals was not the main source of this element. The leaching of the
watershed was shown to represent a critical transport process concerning
fluorine in the Huatan River, and evaporation had a notable impact on the
enrichment of fluorine in water.
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1 Introduction

Fluoride, an essential trace element in the human body, is
also an identified cause endemic environmental health events,
such as dental fluorosis and bone fluorosis (Guo et al., 2021; Li
et al., 2020; Wang et al., 2021; Balcerzak, 2022). The World
Health Organization lists fluoride among the top ten chemicals
of public health concern and indicates that the guideline limit
for fluoride in drinking water should not exceed 1.5 mg/L
(Aghapour et al., 2018; Wang et al., 2020). According to the
Groundwater Quality Standard (GB14848-2017), Surface
Water Environmental Quality Standard (GB3838-2002), and
Living Drinking Water Sanitation Standard (GB 5749-2022),
the content of fluoride in drinking water shall not exceed
1.0 mg/L (He et al.,, 2020; Cao et al., 2022; Hao et al., 2022).
Globally, more than 200 million people are affected by drinking
water containing fluoride levels exceeding these standards
2020;
Bhattacharya, 2015; Wang et al, 2020). In an aqueous

(Strunecka  and  Strunecky, Vithanage and
environment, the primary forms of fluorine are F~, HF, FeF*,
FeF,", MnF*, AlF,", AIF*", AlF;(aq), AIF,", MgF*, CaF*, NaF,
and many other forms (Deng et al., 2011). Li X. et al. (2016)
indicated that fluoride easily forms stable complex compounds
with Al in acidic water. With increasing pH, the contents of
NaF, MgF*, and CaF* increase gradually, and weakly alkaline
water bodies are dominated by ionic F~ (Li X. et al., 2016; Hao
et al., 2022).

According to Fuge (2019) and Savenko and Savenko, (2020),
the average fluorine concentration in unpolluted surface
freshwaters worldwide is relatively low, ranging from <
0.05 to 1.6 mg/L, with a median of 0.1 mg/L. Fluoride in
water has long been a matter of concern mainly because of
the local health risks posed by excessive intake of fluoride.
Scholarly attention to this issue has also mainly focused on
the
groundwater, along with health risk assessment (Ozsvath,
2009; Ghosh et al., 2013; Feng et al, 2020; Liu et al., 2021;
Masood et al., 2022; Wu et al., 2022). Recent research has found

high fluoride levels in groundwater widely distributed in the

source and enrichment mechanism of fluoride in

north, northeast, and northwest regions of China, mainly in
shallow groundwater (He et al., 2020). In practical terms, the
concentration of fluorine in water is affected by many factors,
such as pH, dissolution and precipitation of fluorine-bearing
minerals, the ion exchange process, evaporation, and so on. In
alkaline water, HCO;~ and OH™ are more likely to replace the
adsorbed or isomorphic fluorine ions in clay, mica, and other
fluorine-bearing minerals, resulting in increasing fluorine
concentrations in surface water (Wenzel and Blum, 1992;
Deng et al.,, 2011; Emenike et al., 2018).

Unfortunately, at the surface watershed scale, especially in
terms of the high geological background area of fluorine in
Southwest China, the migration and transformation process of
fluorine in the surface water system has received inadequate
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scholarly attention. The endemic fluorosis area, represented by
the Bijie region in Southwest China, has a high soil fluoride
content of 5,979 mg/kg (Wang et al., 2021). Furthermore, in the
medium-to high-sulfur coal mining area of southwest China, the
weathering of sulfide-rich coal-bearing strata can produce serious
acid pollution in surface water (Zhang et al., 2021; Huang et al,,
2022). The fluorine content in acid mine drainage (AMD) from
the Zhijin mining area in Guizhou has been reported to be as high
as 4.94 mg/L (Li X. et al,, 2016). However, many factors are
known to affect the geochemical process of fluorine in acidic
water, and systematic research examining this topic remains
scarce (Deng et al., 2011; Miguel et al., 2017). Therefore, the
release of fluorine in the process of surface soil leaching may have
a notable impact on the enrichment of fluorine in surface
watershed water (Wenzel and Blum, 1992).

Thus, a typical small watershed in Jinsha County, Guizhou
Province, which is controlled by the superposition of weathering
and erosion of carbonate rocks and coal-bearing strata, was
selected as the research object for this study. In the study
area, we conducted a systematic collection and analysis of
hydrochemical samples in different seasons in the watershed
in order to reveal the temporal and spatial distribution
characteristics of fluorine in the river water, as well as to
clarify ~ the
characteristics in the process of surface water migration.

sources, migration, and transformation

2 Materials and methods
2.1 Overview of the study area

The Huatan River is located at east longitude
106°29'10"-106°42'24"and north latitude 27°20'43"-27°26'4",
at an altitude of 760-1,095m. This narrow and long
watershed is a secondary water system in the middle and
lower reaches of the Wujiang River.

The terrain is high in the southwest and low in the northeast.
The river under consideration empties into the Pianyan River in
the east. The drainage area is 321 km?, the total length of the river
is 59 km, the natural drop is 220m, the average gradient is 5.7 %o,
and the annual average runoff is 130 million m®. On the left bank
of the river are three tributaries with catchment areas greater
than 20 km”. The Huatanhe Reservoir is located upstream of the
study area and is an important local drinking water source. The
Huatan River Watershed is characterized as the subtropical
monsoon humid climate zone, featuring a mild climate,
of 1,057 mm,
temperature of 15.1°C, and annual average sunshine of

annual average rainfall annual average
1,120.2 h. Due to the development of karst landforms, funnels,
peaks, depressions, sinkholes, ambushes, and natural bridges are
omnipresent.

The geotectonic position of the study area is located in the

northeast structural deformation area of Bijie, Zunyi fault arch of
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Tyyn: Triassic Yongningzhen formation).

the Yangtze paraplatform, and Qianbei platform uplift. The
structural features are mainly NE trending folds and fault
zones, forming a barrier fold combination of wide and gentle
anticlines and tight and narrow synclines. The area includes two
groups of fault structures: NE trending and nearly EW trending.

The exposed strata in the study area include the lower
Permian Maokou Formation (P;m), the upper Longtan
Formation (P,l), the Changxing Formation (P,c), and the
lower Triassic Yelang Formation (T,y). Lithologically, the
strata mainly comprise carbonate rocks and clastic rocks.
Carbonate rocks mainly include the Permian Qixia Formation
(P1q), Maokou Formation (P;m), Changxing Formation (P,c),
Triassic Yelang Formation (T,y), and Yongningzhen Formation
(Tyyn). Specifically, the Longtan Formation is a coal-bearing rock
series, with a thickness of about 95-110 m, containing 4-8 coal
layers, and the coal is medium-sulfur anthracite. The Andi
anticline is the primary coal controlling structure in the study
area. The strata are monoclinal, and the occurrence is relatively
stable. In the southeast wing of the anticline structure are many
coal mines, such as the Huixin Coal Mine, the Yutiancheng Coal
Mine, the Hongxing Coal Mine, the Hebian Coal Mine, and the
Changsheng Coal Mine.

2.2 Sample collection and analysis

For the purposes of this study, we chose 18 sampling points
in the Huatan River. One sampling point in the stream was
affected by AMD (Figure 1). From August 2020 to November
2021, 13 time points of water samples were collected month by
month. In addition, two groups of atmospheric precipitation
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samples were collected in June and August 2021. During
sampling, pH, water temperature (T/°C), conductivity (EC),
and other variable parameters were recorded on site. The
instrument used was the YSI Pro Plus multiparameter water-
quality analyzer. Before sampling, the instrument electrodes were
calibrated in advance. All samples collected were filtered through
a 0.45 um nylon membrane. Nitric acid was added to each
subsample for cation analysis to adjust the pH < 2.0. Each
subsample for anion analysis was filtered without reagent and
stored in a 50 ml centrifuge tube. All samples were kept in the
refrigerator at 4°C until analysis.

Anions, including F~, CI', NO57, and SO,*, were measured
using the Dionex ICS-90 Ion Chromatography system (Dionex
Corporation, Sunnyvale, CA, United States), while Ca**, Mg**,
Na*, K, and soluble SiO, were determined via the Vista MPX
inductively coupled plasma optical emission spectrometer
(ICP-OES; Varian, Inc., Palo Alto, CA, United States). Blank
samples, parallel samples, and standard samples were added for
quality control, and the charge conservation was controlled
within + 5%.

3 Results

The collected data revealed that the pH of the Huatan River
was low in summer and autumn (rainy season) and high in
winter and spring (dry season). The pH range was 7.47-8.96
(Table 1), and the average value was 8.19, which is generally weak
alkaline. The pH in the stream (W11) affected by AMD was
always acidic throughout the year, with a range of variation of
4.95-6.91 and an average of 6.43.
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FIGURE 2
Variation characteristics of fluorine content along the Huatan
River Basin.

In terms of fluoride concentration, the annual variation range
was 0.11-0.40 mg/L (Table 2), with an average of only 0.20 mg/L:
Far lower than the limit of 1.0 mg/L for fluoride concentration in
drinking water but higher than the average level of unpolluted
rivers in the world. In the stream affected by AMD (W11), the
concentration of fluorine varied from 0.45 to 1.54 mg/L, with an
average of 1.05mg/L, which was significantly higher than the
concentration of fluorine in the Huatan River (Figure 2). In terms
of spatial scale, the concentration of fluorine in the Huatan River
Watershed demonstrated a gradually increasing trend from
upstream to downstream. This finding may be explained by the
location of mining activities in the basin, which are mainly in the
middle and lower reaches. In terms of time scale, differences in
fluorine concentration levels were not very obvious. According to
the average level in the watershed, the rainy season was more than
0.20 mg/L, while the dry season was less than 0.20 mg/L.

4 Discussion

4.1 Relationship between fluorine content
and hydrochemical parameters

Previous studies have shown that pH drives the form
transformation of fluorine in water and is also an important
factor affecting the adsorption and desorption of fluorine on the
surface of clay minerals. According to Wenzel and Blum (1992),
the solubility of fluorite is the smallest when the pH value is
6.0-6.5. Under acidic conditions, the hydroxyl groups on the
surface of metal oxides and hydroxides (Al,Os, Fe(OH),) are
easily replaced by ionic F~ (Li et al, 2015; Li et al, 2018).
Meanwhile, under alkaline conditions, the adsorbed F~ on the
surface of silicate minerals will be replaced by HCO3™ and OH,
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increasing the content of F~ in water (Parfitt and Russell, 1977;
Bhatnagar et al., 2011; Mukherjee and Singh, 2020).

The current study findings revealed that the fluorine content
in the AMD water
pH decreased; in contrast, the fluorine content in the Huatan

samples significantly increased as
River water samples remained stable and did not increase as
pH increased (Figure 3A). This observation indicates that the
influence of pH on the resolution of adsorbed fluorine on the
surface of silicate minerals in the watershed was limited.
Theoretically, summer and autumn are rainy seasons with
higher temperatures. Dilution from rainwater should result in
a lower concentration of fluorine in river water than in dry
seasons. However, as Figure 3 (b) shows, the concentration of
fluorine in the Huatan River was higher in the rainy season than
in the dry season. This observation may reflect the enhanced
leaching and dissolution of fluorine-containing minerals in the
rainy season. In addition, as can be seen in Figure 3, EC, SO,%,
HCO;", Ca**, and soluble SiO, had no noteworthy correlation
with fluorine. Obviously, the impact of these parameters in terms
of fluoride levels in the river water was limited.

4.2 Hydrochemical composition of the
huatan river

Hydrochemical composition of bodies of water often inherits
the chemical composition characteristics of the bedrock in the
source area (Gaillardet et al., 1999; Li Q. et al., 2016). Based on the
ion ratio analysis of Na Standardization (Figure 4A), the
hydrochemical composition of the river water in the Huatan
River Watershed was primarily controlled by the dissolution of
carbonate rocks and silicate rocks, and the influence of evaporates
was weak. This finding is consistent with the geological background
that carbonate rocks and coal-bearing rock series are widely
distributed in the study area. According to the molar ratio of
Mg/Ca and Na/Ca, the chemical composition of the river water in
the Huatan River Watershed also demonstrated the common
influence of dolomite and limestone (Figure 4B). Therefore,
fluoride in carbonate rock and silicate rock may have been the
dominant source of fluoride in the river water. Previous studies
have also shown that carbonate-bound fluorine may be a
predominant form of fluorine (Xu and Luo, 2008; Peng et al., 2021).

We sought to further reveal the impact of bedrock weathering
and erosion on the chemical composition of river water in the
watershed by mapping ion-equivalent concentrations of Ca**+Mg>"
and HCO;™ + SO4* and stoichiometric analysis. From the results
presented in Figure 5A, it can be seen that most of the data points are
located above the 1:1 evolution line, indicating that the dissolution of
carbonate rocks and gypsum had a crucial impact on the chemical
composition of the river water. Most of the data points are
distributed above the evolution line, indicating the influence of
additional HCO;™ and SO4> supplements. Meanwhile, in Figure 5B,
after deducting the influence of the carbonate dissolution process
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(Ca*+Mg**-0.5¢* HCO;"), most data points fall near the 1:
1 evolution line, which further confirms that gypsum dissolution
contributed a large quantity of SO4> at the experimental site.

It is generally believed that Cl” mainly comes from
atmospheric precipitation and the dissolution of evaporates
(Gaillardet et al.,, 1999; Zhong et al., 2017). Since the molar
concentration ratio of Cl” to Na* in atmospheric precipitation
is close to 1:1, it can be derived from Figure 5C that the
content of Na* in the Huatan River was much higher than that
of CI". Therefore, it is unlikely that Na* was mainly introduced
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by from atmospheric precipitation. Considering that the
contribution of evaporation was also minimal, Na* more
likely resulted from the ion exchange process and the
dissolution of silicate minerals such as clay. The problem is
that the dissolved SiO, component in Figure 5D seems to have
exerted a limited impact on fluorine in the Huatan River.
Therefore, even if an extensive dissolution process of silicate
minerals was occurring in the watershed, the release of
adsorbed fluorine from clay minerals was not the principal
source of fluorine in the Huatan River.
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4.3 Sources of fluorine in the huatan river

CI” and F~ are halogens with very similar chemical properties.
As illustrated in Figure 6A, a certain correlation existed between Cl-
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and F~ in the river water of the Huatan River Watershed. The two
rainwater samples collected in June and August 2021 revealed

concentrations

of fluorine of 0.02mg/L and 0.07 mg/L,

respectively; meanwhile, the concentration of fluorine in the
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TABLE 1 pH data of river water in different months in the Huatan River Basin.

Date 20.08  20.11 20.12  21.01 21.03  21.04
position

HT1 8.13 7.83 8.14 8.28 8.76 8.59
HT2 7.55 7.94 8.03 7.99 8.11 8.38
HT3 7.86 8.09 8.27 833 8.34 8.46
HT5 7.98 832 8.46 8.59 8.49 8.67
HT6 7.92 8.24 8.26 8.53 8.45 8.61
HT7 7.93 8.30 8.40 8.44 8.39 8.69
HTS 7.88 835 8.41 8.41 8.32 8.68
HT9-1 8.41 8.43 8.54 8.38 8.56
HT9 7.53 8.05 8.16 8.26 8.20 8.61
HT9-2 8.22 8.27 8.32 831 8.71
HT10 8.13 833 8.34 8.41 8.38 8.70
HT11 7.92 837 8.40 8.46 8.34 8.37
HT12 7.95 8.39 8.41 851 832 8.50
HT13 8.04 827 8.34 8.42 8.19 8.43
HT14 8.22 829 8.39 8.36 8.62 8.67
HT15-1

HTI15 8.24 8.15 8.24 8.68 8.77
HT16 8.32 8.12 8.11 8.24 8.73 8.92
Wil 6.17 6.81 6.74 691 6.58 6.74
AVE. 7.97 8.22 8.29 8.37 8.41 8.61

101]).00 0.20 0.40 0.60 0.80 1.00
CH/(CI+HCO3)
21.05 21.06 21.07 21.08 21.09 21.10 21.11
8.58 7.68 8.96 7.48 7.64 7.47 7.79
8.15 7.60 7.83 7.79 7.81 7.74 7.56
8.15 7.72 8.03 7.88 7.95 7.87 7.93
7.80 7.68 7.90 7.66 8.08 8.09 8.21
8.16 7.74 8.01 7.72 7.99 8.09 7.90
8.34 7.90 8.22 7.96 8.18 8.16 8.16
8.37 7.78 8.21 7.49 8.20 8.19 8.16
8.52 7.84 8.26 8.10 8.25 8.14 8.18
8.41 7.66 8.08 7.92 8.02 8.00 7.91
8.43 7.99 8.21 7.89 8.22 8.20 8.16
8.41 8.08 8.27 791 8.25 8.20 8.22
8.49 8.07 8.17 7.83 8.25 8.21 8.30
8.52 8.06 8.23 7.84 8.26 8.23 8.25
8.17 8.06 8.24 7.85 8.16 8.02 8.09
8.20 8.14 8.27 7.94 8.30 8.24 8.30
8.29 7.80 8.01 8.02 8.11
8.72 8.31 8.38 8.16 8.07 7.85 7.90
8.49 8.35 8.66 8.26 8.26 7.72 7.90
6.72 6.02 6.46 4.95 6.33 6.59 6.63
8.35 7.92 8.23 7.86 8.11 8.02 8.06

Huatan River varied from 0.11 to 0.40 mg/L, with an average of
0.20 mg/L. Therefore, although atmospheric deposition should have
contributed a certain amount of exogenous fluorine to the Huatan
River, it was not the river’s main source of fluorine. Prior research
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has shown that during the process of evaporation, the molar
concentrations of CI” and F~ increase in the same proportion; in
contrast, the process of dissolution of fluorine-bearing minerals
results in an increased concentration of F-, while the concentration
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TABLE 2 Data of fluorine concentration in different months in Huatan River Basin (mg/L).

Date
position

HT1
HT2
HT3
HT5
HT6
HT7
HTS8
HT9-1
HT9
HT9-2
HT10
HT11
HT12
HT13
HT14
HT15-1
HT15
HT16
W11
AVE.
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(A) Plot of F~ concentration versus §*°0; (B) Plot of F~ concentration versus D-excess.

of CI” remains stable (Olaka et al., 2016). In light of those previous
findings, evaporation was not the main process that induced an

increase in fluorine concentration in the surface water in the

watershed under consideration. Therefore, the fluorine in the

Huatan River may be mainly attributed to the dissolution of

fluorine minerals in the watershed (Figure 6B.
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4.4 Dissolution and ion exchange of
fluorine-bearing minerals

To date, the known fluorine-bearing minerals include
fluorite  (CaF,), fluorapatite (Cas(PO,4);F), magnesium
fluoride (MgF,), aluminophosphate (AIPO4(F, OH)), and
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others, totaling more than 80 kinds (Deng et al., 2011; Barathi
etal., 2019). Under alkaline conditions, the supersaturated state
of calcite, dolomite, and other carbonate minerals will promote
the reduction of Ca** and Mg** concentration and accelerate the
dissolution of fluorite, fluorapatite, and other fluorine-bearing
minerals, leading to increasing F~ concentration [Eqs. 1-3]
(Chen et al.,, 2020; Zhang et al.,, 2021; Hao et al., 2022).

CaF, + 2HCO; — CaCO; + 2F~ + H,0 + CO, (1)
CaF, + H,0 + CO, (g) — CaCO; + 2F + 2H* )
Cas (PO,),F + OH™ — Cas (PO,),OH + F~ 3)
CaF, + SO + 2H,0 — CaSO,#2H,0 + 2F" (4)

The results of the saturation index show that the dissolution
of fluorite in the Huatan River Watershed had not reached a
saturation state (Figure 7). Calcite revealed supersaturation,
which
fluorapatite, and other fluorine-bearing minerals. Furthermore,

obviously accelerated the dissolution of fluorite,

as F~ concentration increased, the saturation index of fluorite
demonstrated the law of synchronous increase. Consequently,
the dissolution of fluorite can be deemed a vital source of fluorine
in the watershed.

In addition, according to Eq. 4, high concentrations of SO,*
can promote the dissolution of fluorite (Shao et al., 2021; Hao
et al., 2022). In the Huatan River Watershed, gypsum also
demonstrated an unsaturated state. Mining development in the
study area caused the oxidation of a large number of sulfides
and transported a large amount of SO,* into the Huatan River,
which obviously further promoted the dissolution of fluorite.

The chloro-alkaline index (CAI-1 and CAI-2) can be used to
estimate the exchange process between main cations in water
(Magesh et al., 2020; Hao et al., 2022). When CAI-1 and CAI-2
are less than 0, Ca** and Mg”* in water tend to exchange with Na*
and K" in silicate minerals. When both CAI-1 and CAI-2 are > 0,
Na* and K* in water tend to exchange with Ca** and Mg*" in
carbonate minerals. Thus, Figure 7A reveals an obvious trend in
terms of Ca** and Mg’" in water replacing Na* and K" in silicate
minerals in the Huatan River Watershed. This conclusion is
observably consistent with the view in Figure 5C. Hence, this
process can be considered conducive to the release of adsorbed F~
from silicate minerals.

4.5 Evaporation and leaching in the huatan
river watershed

A Gibbs diagram is useful for describing the three processes that
control changes in water chemical composition: Evaporation,
atmospheric rainfall, and water-rock interactions (Li et al., 2015;
Li Q. etal, 2016). A perusal of Figure 8A reveals that the impact of
atmospheric precipitation and evaporation on the hydrochemical
composition of the Huatan River Watershed is minimal. Under the
condition where TDS remains basically unchanged, the Na/(Na +
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Ca) ratio maintains a wide variation range, simply reflecting the
process of Ca>" and Mg** replacing Na* and K" in silicate minerals,
as shown in Figure 7A, in which CI/(CI'+HCO5") remains stable.

Evaporation is a notable means of oxygen isotope
fractionation in surface water. When strong evaporation is
taking place, the oxygen isotope composition becomes heavier,
and the F~ concentration in the water body also increases
of
evaporation, because the enrichment of 'O is higher than
that of D, the D excess will be less than 10%o (Chen et al.,
2021; Mandal et al., 2021; Pant et al., 2021). In addition, during
the leaching process, the concentration of F~ increased; however,

synchronously. At the same time, in the process

the variation of §'*0O was limited.

In order to further reveal the influence of evaporation and
leaching on F~ enrichment in the watershed, we analyzed the
hydrogen and oxygen isotopic composition of water samples in
August, September, and November 2021. Figure 9 illustrates the
evaporation and leaching processes. As can be observed from the
figure, both evaporation and the leaching process had a certain
impact on the enrichment of F~ in the watershed; moreover, the
impact of the leaching process was more obvious. This
conclusion is consistent with the F-CI
(Figure 6B) and Gibbs diagram (Figure 7).

molar ratio

5 Conclusion

The annual variation range of fluorine concentration in the
Huatan River Watershed is 0.11-0.40 mg/L, with an average of
0.20 mg/L. In terms of seasonal variation characteristics, the
fluorine concentration was higher in the rainy season than in
the dry season. The fluorine concentration in the Huatan River
also showed spatial variation, increasing gradually along the flow
direction; that said, the impact of AMD input on fluorine
concentration in the watershed was limited. The water
chemical composition of the Huatan River Watershed was
generally controlled by the dissolution of carbonate and
silicate rocks, and the influence of evaporation was weak.
Lastly, the Huatan River Watershed revealed an obvious
process where Ca** and Mg®* was replacing Na" and K' in
silicate minerals.

The dissolution of fluorite and other fluorine-bearing minerals
was determined to be a major source of fluorine in the watershed
water. Meanwhile, atmospheric precipitation contributed an
observable share of fluorine to the Huatan River Watershed.
According to the results of the saturation index calculation, the
dissolution of fluorite in the Huatan River Watershed was not
saturated, and calcite was in a supersaturated state, which was
conducive to the dissolution of fluorite, fluorapatite, and other
fluorine-bearing minerals. Thus, albeit both evaporation and the
leaching process had an evident impact on the enrichment of F~ in
the watershed, the influence of the watershed scale leaching process
was more obvious.
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In order to understand the heavy metal pollution and potential ecological risk of
farmland soil around the waste dump in the eastern suburb of Kaifeng clearly
and provide a scientific basis for the remediation of heavy metals in farmland
soil, the single factor pollution index method, Nemero comprehensive pollution
index method and Hakanson potential ecological risk method were used to
evaluate the heavy metal pollution status and potential ecological risk degree of
farmland in this area at the same time. The ArcGIS software was employed to
map the spatial distribution of heavy metal pollution and potential ecological
risks. The results show that the average values of heavy metals in this area are
higher than the soil Background Value of Kaifeng City, and the problem of
excessive heavy metals in the soil is significant. Of the 41 surface soil samples,
Cd's heavy and moderate pollution rates were up to 15% and 38%, respectively,
and the potential ecological risk caused by Cd element was quite serious, and
more than 35% of the soil samples were at higher potential ecological risk. The
comprehensive review results showed that 38% of the samples were heavy
pollution, and 23% of the sample soils were at higher potential ecological risk.
The spatial distribution characterized by the levels of most heavy metals and the
extent of potential ecological risk showed high levels in the center of the dump,
with a gradual decrease towards the outward radiation zone. This means dust
and leachate from waste dump are major causes of heavy metal contamination
and potential ecological risks. In addition, the retrieval of the waste mound soil
from landfills by villagers as soil fertilizer for rapeseed also caused, to some
extent, the transfer of the waste mound contaminants.
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Introduction

As China’s reform and opening-up progress continue to
accelerate, the economy is rapidly developing, and its
increasingly large city size, urban population, and area are
increasing year by year. The consequent urban domestic waste
is increasing, which has become a serious problem in urban
development in China (Hogland et al., 2002; Huang et al., 2019).
Kaifeng City is an important tourism city in Central China,
where population growth and urbanization are also very rapid.
Since 1990, the annual rise in waste production has been fast,
among which municipal solid waste (MSW) is increasing rapidly.
Meanwhile, limited by the technical conditions for domestic
waste disposal in Kaifeng City, a large volume of domestic
waste is mainly disposed of in simple landfills or indirect
stacks. Therefore, a large number of hazardous materials, such
as heavy metals (HMs), organic pollutants, microorganisms, etc.,
will be generated during the decomposition of domestic,
municipal waste (Yahya et al, 2019), and the hazardous
materials can seriously contaminate the local soil and the
through
downwelling fluids (Alam et al., 2020). Heavy metals in soils

surrounding  environment fluctuations  and
are toxic to plants, animals, and humans, and longer exposure
leads to bioconcentration (Gao et al, 2019). MSW is usually
composed of different forms of toxic and carcinogenic heavy
metal elements that may penetrate soil and water bodies. Arsenic
(As), cadmium (Cd), chromium (Cr), and nickel (Ni) are
classified as class 1 carcinogens by the IARC and are also
toxic in nature (IARC, 2018).

Moreover, heavy metal enrichment would be absorbed by
different crops and thus enter into a complex food chain, thus
causing serious ecological risk (Wakeel et al., 2020). In humans,
long-term exposure to contaminated soil tends to negatively
affect the central nervous, gastric, and respiratory systems
(Khanam R. et al, 2019; Tseng et al, 2019). In addition,
previous studies have reported that long-term exposure to
heavy metals such as chromium, cadmium, and nickel can
cause allergies, asthma, dermatitis, diarrhea, and even lung
cancer (Bhattacharya et al., 2015; Moreira et al., 2018).

Current studies on MSW are mainly focused on the
physicochemical properties of soil and soil heavy metal
contamination after waste stacks (Wan et al.,, 2012; Li et al,
2014). Zhang et al. (2020) Studies have found that long-term
dumps of waste cause a decrease in soil pH, while soil organic
matter, total N, available P, and available K increase. Evaluation
of the environmental quality of soils from landfill sites in Bangou
County, Tibet, revealed that the levels of heavy metals were
significantly elevated in the soil surrounding the landfill (Zeng
etal. 2021). Lietal. (2015) measured Cu, Zn, Pb, and Cd levels in
soil and vegetables from Kaifeng Eastern suburban agricultural
soils and showed that Cd contamination was very severe and Zn
and Pb genera were slightly contaminated, which was confirmed
by Jiang Y. L. et al. (2020). Chen et al. (2020) determined that
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sewage irrigation and industrial and mining pollution of
farmland soil in the eastern suburb of Kaifeng are the actual
sources of soil heavy metal pollution in Kaifeng and proposed a
multiple linear regression model with an attenuation function to
quantify the accumulation of heavy metals in soil by previously
determined pollution sources.

This research was focused on the open-air waste dump in the
eastern suburb of Kaifeng. High-density samples were carried out
on the surrounding farmland by concentric circle sampling, and
the content characteristics and spatial distribution of heavy
metals in soil were investigated and analyzed, the degree of
soil heavy metal pollution and potential ecological risk were
evaluated so as to provide a theoretical basis for a reasonable
treatment of domestic waste and soil remediation. The study
aims to provide data support and model determination for heavy
metal pollution assessment of farmland around open-air
waste dump.

Materials and methods
Study area

Kaifeng is located in the Middle East of Henan Province. The
overall terrain of the whole city is relatively flat. The altitude range is
69-78m. The average annual precipitation is about 630mm, and the
average annual temperature is 14°C. It is dominated by the southerly
wind in summer and northerly wind in winter, belonging to the
continental monsoon climate of the warm temperate zone. The soil
quality of the Kaifeng area is formed by the alluvial of the Yellow
River. The basic type belongs to yellow tide soil, with a deep soil layer
and sandy texture. This study takes the waste dump (34°45'47.46"
N, 114°24'14.93" E, 72m) as the center, and there are many villages
nearby. Almost every village has several farmlands and grows a
variety of agricultural products. The waste dump (This place is called
Yangzhengmen Waste Mountain) covers an area of 0.066 km?. Due
to the limited capacity of urban garbage treatment, it has been
storing urban domestic garbage since 1960, forming a high garbage
mountain. A total of 300000 m® of garbage are accumulated in the
waste dump. The Songlou, Hengchuanwan, Yangzhengmen villages,
and other villages are located within 1km of radiation. Within
one kilometer around the waste dump, the color steel insulation
board processing plant is located in the East, the vegetable planting
area and atmospheric particulate matter settlement monitoring
point are built in the southwest. Within 1-2km around the
waste dump, liulizhuang village is in the west, Baita village is in
the northwest, and yuxiugi ecological wetland park is also built in the
southeast. Within 2-3 km around the waste dump, chenyanli village,
Xiazhang village, Tachua village and other villages are located within
the radiation range, and the East is the junction of urban and rural
areas, with commercial, residential communities, primary and
secondary schools and cash crop planting areas. The open
stacking of waste dumps in the eastern suburb of Kaifeng has
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FIGURE 1
Map of the study area and distribution of sampling points. *The center of the concentric circle is the waste dump.

already affected the region’s ecological environment. The content of
heavy metals in the surrounding farmland soil may reach the
pollution level. Due to the enrichment of heavy metals in crops
it has a potential threat to the health of local residents.

Sample collection

This study has taken the waste dump in the eastern suburb of
Kaifeng as the center and investigates the pollution of farmland soil
within 2 km around in a concentric circle (the sampling time was
November 2020). The land is subordinate to Nanjiao Township,
with a population of 23120. As shown in Figure 1, taking the waste
dump as the center of the study area, the study is divided into an
inner circle (500 m range, No. 1-17 samples), a middle circle
(0.5-1km range, No. 18-30 samples) and an outer circle
(1-2.5 km, No. 31-41 samples). Soil samples are taken from
waste dump and farms in the study area and shown in
Figure 1 and Table 1. Soil samples were randomly collected by
the plum blossom distribution method from 0 to 20 cm in the
surface layer and 20-40 cm in the middle layer of croplands, and as
shown in Figure 1, a total of 80 point soil samples were taken.
Sample 5 kg soil at each point by quartering method, record the
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longitude, latitude, altitude, and other information of the sampling
point, and mark it. The soil samples were air-dried (at room
temperature 25°C), crushed, and stones were removed, and then
screened with 20 mesh.

Methods of sample analysis

The pH was determined in deionized water with a ratio of
1:2.5 (w/v), using a pH meter (pHS-3C, Leici, China) (Biswas
and Mukherjee, 2008). Available phosphorous (AP) and total
nitrogen (TN) were extracted with sodium bicarbonate and
determined by molybdenum antimony anti Colorimetry.
(OM)
dichromate according to the trial implementation of

Organic matter was titrated with potassium
standards for pollution risk control of agricultural land for
soil environmental quality (Biswas and Mukherjee, 2008). The
farmland pollution risk screening value items were mandatory
items, including Cd, As, Pb, Cr, Cu, Ni, and Zn. The total
amount of Cd, As, Pb, Cr, Cu, Ni, and Zn were determined by
digestion of HNO;, HCIO,4 and HF (volume ratio 8:5:2). All
samples were replicated 3 times, and the average value was

taken.
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TABLE 1 Coordinates of the sampling point.

NO.
of sampling point

Latitude

—_

34.7593 N, 114.3928 E

2 34.7604 N, 114.3933 E
3 347628 N, 114.3949 E
4 347643 N, 114.3958 E
5 34.7659 N, 114.3966 E
6 34.7586 N, 114.3967 E
7 34.7599 N, 114.4000 E
8 34.7606 N, 114.4018 E
9 34.7617 N, 114.4030 E
10 34.7625 N, 114.4039 E
11 34.7556 N, 114.3937 E
12 34,7547 N, 114.3930 E
13 347536 N, 114.3944 E
14 34.7536 N, 114.3969 E
15 34.7500 N, 114.4000 E
16 34.7522 N, 114.3916 E
17 34.7511 N, 114.3922 E
18 34.7500 N, 114.3912 E
19 347491 N, 114.3925 E
20 347421 N, 114.3937 E
41 347661 N, 114.3841 E

TABLE 2 Soil pollution risk screening value of agricultural land.

10.3389/fenvs.2022.946298

NO. Latitude

of sampling point

21 34.7546 N, 114.3894 E
2 34.7538 N, 114.3887 E
23 34.7524 N, 114.3888 E
24 34.7505 N, 114.3869 E
25 34.7475 N, 1143888 E
26 34.7539 N, 114.3864 E
27 34.7541 N, 1143827 E
28 34.7519 N, 1143786 E
29 34.7500 N, 114.3800 E
30 347451 N, 1143712 E
31 34.7578 N, 114.3883 E
32 34.7581 N, 114.3870 E
33 347585 N, 114.3852 E
34 34.7586 N, 114.3836 E
35 34.7588 N, 114.3824 E
36 34.7588 N, 114.3804 E
37 34.7603 N, 114.3880 E
38 34.7616 N, 1143875 E
39 34.7633 N, 114.3863 E
40 34.7644 N, 1143852 E

NO. Elements Risk screening values
pH<55 55<pH < 6.5 65<pH<75 pH > 75

1 cd 0.3 03 0.3 0.6
2 As 40 40 30 25
3 Pb 70 90 120 170
4 Cr 150 150 200 250
5 Cu 50 50 100 100
6 Ni 60 70 100 190
7 Zn 200 200 250 300

Evaluation method of soil heavy metal
pollution

In this study, the single factor pollution index method and
Nemero comprehensive pollution index method were used to
jointly evaluate the heavy metal pollution of farmland in this
area (Khademi et al., 2019). The screening value of farmland
pollution risk is shown in Table 2 (Egbueri et al.,, 2020; Jiang
H. et al,, 2020; Monged et al., 2020).
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Single-factor pollution load index (P;) and integrated
pollution load index (IP;) were employed to assess the overall
level of HMs pollution in the soil samples of the studied area. The
pollution load index was determined using the Eq. 1:

Ci

P; (1)

Si

where P; is the pollution load index for the examined HMs, C; is
the concentration of HMs in a soil sample (mg kg ™), and Si is the
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TABLE 3 Graded evaluation standards of heavy metal pollution index.

Levels p; Pollution evaluation
| Pi<1l Non-pollution

Il 1<P<2 Lightly polluted

1] 2<P<3 Medium polluted

v P>3 Heavy polluted

\

TABLE 4 Hierarchical evaluation standards of potential ecological
risks of heavy metals.

Levels E: RI Pollution evaluation
| E! <40 RI < 150 Low risk

1l 40 < P;<80 150 < RI < 300 Moderate risk

n 80< Ei <160 300 < RI < 600 High risk

\% 160< El <320 600 < RI < 1200 Very high risk

\4 EL >320 RI > 1200 Extremely high risk

permitted standard of the same metal (mg kg™') (Men et al,
2018). For calculation of integrated pollution load index (Pyy), Eq.
2 was used as follows:

(I52 Pi)” + P2

PN= 5

@)

Pjnax is the maximum value of P;, and Piave is the average value
of the sum of all P; i.e,, the three HMs from the 20 sampling sites. If
the P; value is greater than unity, it suggests the existence of pollution
or the presence of pollutants, while no pollution loads are inferred.
Suppose the value is lower than or equal to unity. Among them, the
grading criteria of PN are shown in Table 3 (Yari et al., 2021).

Combined with the principle of the single factor pollution
index method, it is considered that as long as one pollutant
exceeds the standard, the soil sample exceeds the standard, so the
main heavy metals and their harm degree can be determined. The
Nemero-comprehensive pollution index method considers a
single factor with the most serious pollution and avoids the
influence of subjective factors in the weight coefficient in the
weighting process. It can more comprehensively reflect the soil
environmental quality of the farmland (Yari et al., 2021). The
classification and evaluation criteria of the heavy metal pollution
index are shown in Table 3.

Potential ecological risk assessment
method of soil heavy metals

The potential ecological risk index (PERI) is based on the
necessary test item - farmland pollution risk screening value in
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Py Pollution evaluation
Pn<0.7 Cleaning (safety)

0.7 < Py<1.0 Still Clean (Alert)

1.0 < Py<2.0 Lightly polluted

2.0 < Py<3.0 Medium polluted

Px>3 Heavy polluted

the trial implementation of standards for pollution risk control of
agricultural land for soil environmental quality. Hakanson’s
potential ecological risk index method evaluated the ecological
risk of heavy metal pollution in farmland soil in this area. The
classification evaluation standard of the potential risk of heavy
metals was established (Hakanson, 1980), as shown in Table 4.

In Table 4, the calculation formula of single factor potential
ecological risk index E! is

E =p;,-T! 3)

where is the corresponding Toxicity Coefficient of heavy metal
element i (Cd is 30, As is 10, Pb is 5, Cr is 2, Cu is 5, Ni is 5, and
Zn is 1). The calculation formula of comprehensive potential
ecological risk index RI is

w-y W

The single factor potential ecological risk index can reflect the
risk degree of each heavy metal, respectively, and the
comprehensive potential ecological risk index can reflect the
comprehensive risk of a variety of heavy metals.

Data analysis

Through Excel 2019 software, the contents of 7 kinds of
necessary heavy metal elements, soil pollution index, and
potential ecological risk index of farmland soil around
40 sampling points of an open-air waste dump in the eastern
suburb of Kaifeng are statistically analyzed and calculated, and
the sampling points are located and mapped by GISMAP
software. The classification and classification standard of
colors are divided by different degrees corresponding to the
single factor pollution index method, Nemero comprehensive
pollution index method, and Hakanson potential ecological risk
index method (explained by figure legend). According to the
observed values of the known sample points in the area, the
inverse distance weight method is used to predict the values other
than the sample points in the area (Tong et al., 2012). Due to the
low complexity of the data, in order to quickly interpolate from
the sparse data on irregularly spaced samples, this study selects
the inverse distance weight method (IDW) for spatial
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TABLE 5 Physico-chemical properties of the soil samples from the
study area.

Mean + SD Rang CV (%)
pH 7.68 + 0.36 6.55-8.60 4.70(%)
OM(%) 2.03% + 0.95% 0.11%-4.37% 46.96(%)
TN (%) 16% + 4% 49%-25% 23.10(%)
AP (gkg™) 0.24 + 0.05 0.15-0.36 21.23(%)

interpolation analysis and mapping through Arc Map software
(Xiao et al., 2019).

Results and discussion

General characteristics of soils
contaminated with municipal solid wastes

Through the potentiometric method for determining soil pH,
the pH values of 40 farmland soil in the study area were
measured. The results showed that the soil pH values of
80 samples (topsoil and middle soil) ranged from 7.21 to 8.52,
the median was 7.73, and the standard deviation was 0.36,
indicating that the soil in this area was slightly alkaline or
alkaline. The average organic matter content of 80 soil
samples in the study area was 2.03%, and the coefficient of
variation was 46.96%; the average value of total nitrogen content

10.3389/fenvs.2022.946298

was 16.00%, and the coefficient of variation was 23.10%; The
average value of available phosphorus content was 0.24 gkg™
and the coefficient of variation was 21.23%. Table 5 shows the
specific physical and chemical properties and contents of the soil.

Spatial distribution of heavy metals

As shown in the data results in Table 6, the samples in the
waste dump are seriously polluted, among which Cd, Pb, As and
Zn exceed the standard seriously. The contents of 7 necessary
heavy metals of farmland soil in the study area are shown in
Table 6, in which the Cd concentration in surface soil ranges
from 0.37 mg kg '-3.00 mg kg™". The range of Cd of 20-40 cm
soil is 0.37-3.00 mg kg ™" and the median is 1.27 mg kg ™', which is
similar to the median value of soil Cd (0.83 mgkg™) of soil
around Kaifeng reported by Li et al. (2015). The range of Ni in
topsoil is 148.63-254.28 mgkg™', with a median of
198.75mgkg™". The range of Ni in the middle soil is
168.33-245.37 mg kg™, with a median of 1.27 mgkg™', which
is similar to the median value of soil Ni (0.83 mg kg™") reported
by Li et al. (2015). Based on the variation coefficients of these
seven different heavy metals, it is found that the variation
coefficient pattern is Cu (55.77%) > Cd (42.36%) > As
(41.07%) > Zn (38.70%) > Cr (28.39%) > Pb (27.43%) > Ni
(11.40%). Cu and Cd have strong variation coefficients,
indicating that Cu and Cd are most affected by external
pollution factors and human activities in this area. The
variation coefficient of Ni is the smallest, indicating that it is

TABLE 6 Statistical results of heavy metals content in farmland soil and the waste dump samples in the study area.

Soil layer Element Concentration/(mg-kg™) SD CV(%) Background value
Mean Rang Median

Surface Cr 51.32 23.19-90.8 52.00 1457 28.39 63.80
Ni 200.41 148.63-254.28 198.75 22.82 11.40 30.06
Cu 52.30 20.86-155.67 39.70 29.16 55.77 19.70
Zn 258.07 104.91-554.56 229.92 99.86 38.70 60.10
As 16.98 8.83-52.53 15.68 6.97 41.07 11.40
cd 127 0.37-3.00 127 0.54 4236 0.074
Pb 33.72 16.37-63.72 33.69 9.25 27.43 19.60

Mesocosms Cr 4826 29.10-103.06 45.57 14.61 30.34 63.80
Ni 196.83 168.33-245.37 194.87 1571 7.98 30.06
Cu 48.02 16.96-224.21 36.68 38.20 79.54 19.70
Zn 227.72 56.52-466.61 213.96 83.41 36.62 60.10
As 16.45 9.96-54.51 15.19 7.31 44.40 11.40
cd 1.20 0.27-2.99 L11 0.56 46.60 0.074
Pb 32.20 16.55-55.30 30.48 8.50 26.41 19.60

Samples of the waste dump Cr 90.96 80.77-109.26 89.97 11.01 12.11 —
Ni 252.31 223.59-274.38 262.10 24.08 9.54 —
Cu 128.58 96.00-163.88 130.02 25.36 19.72 —
Zn 486.57 344.82-618.22 517.99 10531 21.64 —
As 15.82 14.75-17.05 15.80 0.83 5.29 -
cd 1.82 1.70-2.09 1.77 0.16 8.71 —
Pb 80.57 72.85-90.45 77.97 7.94 9.85 —
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less affected by human activities and the content changes little in
space. In addition, the range of soil heavy metal content at each
sampling point varies greatly. The average values of heavy metals
measured are higher than the soil background value of Kaifeng
City except for Cr. Among them, the more serious Cd, Cu, Pb, Ni,
and Zn are 17.16, 2.65, 1.72, 6.67, and 4.29 times the background
value, respectively, indicating that the long-term open-air waste
stacking and atmospheric deposition in this area have caused
heavy metal pollution in farmland soil, which may increase the
potential ecological risk of farmland. The experimental results
show that the average values of Cd and Ni in the measured heavy
metals are higher than the risk screening values of farmland soil
pollution, indicating that Cd and Ni elements may be risky to the
quality and safety of agricultural products, crop growth or soil
ecology, and soil environmental testing and agricultural products
should be strengthened in collaboration Monitoring (Egbueri
et al., 2020; Monged et al., 2020).

Soil heavy metal pollution evaluation

In this study, the single factor pollution index method and the
Nemero comprehensive pollution index method are used to evaluate
the heavy metal pollution of farmland in this area. It can be seen
from Table 6 that the average values of the single factor pollution
index of the measured heavy metal elements are 0.21, 1.05, 0.52, 0.86,
0.68, 2.12, and 0.20, respectively. The value of Ni is greater than 1,
indicating that there is slight pollution of Ni in the area, and the
value of Cd is greater than 2, indicating that there is moderate
pollution of Cd in the area. The floating dust formed by waste
transportation and open stacking may be the main cause of soil
heavy metal pollution. According to the Nemero comprehensive
pollution index method principle, 1.0 < Px<2.0 can be judged as
mild pollution, while the survey results show that the average value is
1.61 and the maximum value is as high as 3.66. In terms of the total
amount of heavy metal elements, the heavy metal pollution of
farmland in this area is serious, and the main contributors to
exceeding heavy metals are Cd and Cu. Li et al. (2015)
conducted crop and soil investigation on the farmland in the
eastern suburb of Kaifeng and found that the Cd content in the
local farmland soil was very high, which was basically consistent
with the conclusion of this paper. Heavy metals are potential long-
term pollutants in soil, which are not easy to leach with water and
cannot be decomposed by soil microorganisms but can be enriched
by organisms, which often makes heavy metals accumulate gradually
in the soil environment and difficult to remove transfer. Therefore,
soil heavy metal pollution is more difficult and harmful than water
environment heavy metal pollution. This study analyzes the content
of heavy metals and Nemero comprehensive pollution index at
40 sampling points by spatial interpolation through the inverse
distance weight method in ArcGIS. The results are shown in
Figure 2. It can be seen that the content of Cd and Ni in
farmland soil in this area is the highest, the pollution degree is
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the most serious, and the pollution distribution is the most extensive.
This is due to the non-standard management of open-air waste
dump for many years and the leakage of dust and leachate from the
dump (Khademi et al., 2019). It can be seen that in addition to Cu
and As, the spatial distribution characteristics of the content of most
other heavy metals are high in the central area of the waste dump,
and the content in the outward radiation area gradually decreases,
indicating that the content distribution is indeed affected by the dust
and leachate of the waste dump in the open air (Mutafela et al,
2020). The leachate from the waste dump will also cause heavy metal
pollution to the surrounding farmland through surface runoff and
underground runoff (Cossu et al., 2018). By comparison, it is found
that the content, pollution degree, and pollution distribution of
heavy metals in middle soil and surface soil are similar. Therefore, it
shows light pollution above the middle soil under the dual action of
continuous farmland tillage and open-air discharge of waste dump
in this area. This phenomenon also explains the fact that there is
long-term pollution in the waste dump. In addition, during the
sampling survey, this study found that part of the farmland soil in
the village came from the crushed waste residue retrieved by the
villagers from the waste dump for crop fertilizer, which also caused
the transfer of farmland soil near the center of the waste dump to a
certain extent.

The pollution degree of the single factor pollution index and
Nemero comprehensive pollution index of different elements in
the total sample is shown in Figure 3. It can be seen that
according to the evaluation of the single factor pollution index
method, there are serious pollution phenomena in the total
amount of Cd and Cu, including 62% mild pollution of Ni
and 15% severe pollution of Cd. However, there is no
pollution of Cr and Pb in the sampled farmland soil. As and
Cu in farmland in most areas are pollution-free, and only 5% of
farmland is slightly polluted. The distribution of Cd pollution is
relatively complex. 8% of farmland is free of pollution, 38% of
farmland is slightly polluted, 38% of farmland is moderately
polluted, and 15% of farmland is heavily polluted. In addition,
according to the Nemero comprehensive pollution index
evaluation, 3% of the farmland soils sampled in this area are
in a safe state, 8% are in a warning state, 56% are slightly polluted,
and 21% are moderately polluted, and 3% are heavily polluted.
Chen et al. (2020) analyzed the distribution characteristics of
heavy metals in the soil around the fertilizer plant in the eastern
suburb of Kaifeng and found that the contents of Cu, Pb, Zn, Cd,
and other heavy metals in the soil around the fertilizer plant are
significantly high, which has been seriously polluted by heavy
metals. Ma et al. (2014) have concluded that there is no pollution
of Ni, Zn, Cu, and Pb in the farmland soil far away from the
industrial park in different functional areas of Kaifeng County.
The overall environmental quality of the core area is excellent,
and only Cd is good and average in some areas. Most areas in the
core area of the comprehensive evaluation are pollution-free, and
the soil’s environmental quality is excellent. This is because the
farmland in the western suburb is far away from the industrial

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.946298

Wang et al. 10.3389/fenvs.2022.946298

Cr
o o
s B o - s Smn
e Cen-wn =ik
i [ sistos
e Ean-nn -
EpTe [l came
ama - o e
i o e
Cm . -,
es- me o
o] 130,28 ou-x&ss X
[ BT B o
- ma B . - s
™.
-&n 3 ‘e [ e
= y - s -ms > %
:::: Lavi Eros-se ko
Bl me s e o0.e2 .
B w005 - n.0s ‘ b - w29 -unnzruans -
S o 16 - 17625 :
I .0 - 1210 s ez -z o
wn- e -amn
‘ s
7 cd As cd
g o on sz o5 -0
] [y s o
om0 e - 105
-2 0.95 - 1.21 s - 20 : ;
[ . iz Clzw-ns ® 22,
L6 1. s 2831
[ EREr - ?
- s s L) .72 - 2
y
s -ss o s -sua -z
J2n-30 p) [ Jzss-30
Pb
5 - .02
[ PR ) : HMs content in the middle soil layer
e e HMs content in surface soil
s s Unit:mg-kg"*
Hwm-nw Unit: mg-kg"!
Bl w5 - 25
s
[T 0 300 600 1200 m 0 300 600 1200 m
[Jsse0-eam T T Y R

- o5 Wl oo-o5
o5 - 062 o5 - 0.2

0.62 - 0.69 0.62 - 0.69
[Joes-019 . [Joso-019 ®
[ Jom-os ’ [ Jom-os ’
o8- 09 Eos7- 09

0.94 - 1.00 .94 - 1.

el 0 150 300 600m i 0 150 300 600m
Cdrs-uss T T Y T | CJrs-un T T Y T |
FIGURE 2
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Distribution of soil heavy metal pollution.

TABLE 7 The potential ecological risk index Ei and Rl of different
heavy metals.

i
Sample E, RI
Cr Ni Cu Zn As Cd Pb

Max 072 669 778 185 2101 15507 187  168.85
Median 019 391 104 035 353 1847 048 2931
Min 042 523 198 077 627 6334 099 8047
Mean 041 527 261 086 679 6349 099  80.43
SD 012 060 145 033 278 2689 027  29.13
CV(%) 2829 1141 5577 3870 41.06 4237 2743 3621

park and open-air landfill, which reduces the heavy metal
pollution and potential ecological risk, which is consistent
with the conclusion of this paper.

Potential ecological risk assessment of soil
heavy metals

Considering the toxicity differences of different heavy metals, this
study adopts Hakanson’s potential ecological risk index method to
evaluate the ecological risk of heavy metal pollution in farmland soil
in this area. The potential ecological risk index of different heavy
metals is shown in Table 7. The average values of the single factor
potential ecological risk indexes of the measured heavy metal
elements are 042, 527, 261, 086, 6.79, 6349, and 0.99,
respectively. Among them, the potential ecological risk indexes of
as, Pb, Cr, Cu, Ni, and Zn are all less than 40, and the values of Pb, Cr,
Ni, and Zn are far less than 40, so the ecological risk is very low.
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However, the average value of Cd is greater than 80 but less than 160,
and the maximum value is as high as 155, indicating that there is a
high potential ecological risk of Cd in this area. In addition, the
average value of the comprehensive potential ecological risk index is
80.43, less than 150. However, there are more than 150 sample points
in the central area of the landfill, indicating that there is a medium
potential ecological risk under the comprehensive consideration of
the pollution of these seven heavy metals in this area.

The potential ecological risk index is analyzed by spatial
interpolation through the inverse distance weight method in
ArcGIS. The results are shown in Figures 4A,B. It can be clearly
shown the potential ecological risk degree of different areas in the
study area. The content of Cd in farmland soil in this area is high,
and the Toxicity Coefficient of Cd is as high as 30. Therefore, the
potential ecological risk caused by Cd is very serious, and other
elements have a lower toxicity coefficient than Cd. Therefore,
although heavy metal pollution exceeds the standard to varying
degrees, the potential ecological risk is relatively low. Generally
speaking, the relatively high potential ecological risks caused by
different elements are mainly concentrated around the
Tonglushan site, and the farther the distance is, the lower the
This
transportation of dust, leachate, and residue produced by

potential ecological risk is. also proves that the
open-air stacking waste is the main reason for the potential
ecological risk to the surrounding soil. It can be seen from the
comparison of Figures 4C,D that the potential health risk index
of Mesocosms soil is lower than that of surface soil.

For the potential ecological risk caused by Cd, 30% of the sample
soil is at low potential ecological risk, 35% of the sample soil is at
medium potential ecological risk, 23% of the sample soil is at high
potential ecological risk, 5% of the sample soil is at high potential
ecological risk, and 7% of the sample soil is at ultra-high potential
ecological risk, which is similar to the conclusion of “potential
ecological risk of Cd in farmland soil around Daye Lake” studied
by (Jiang et al., 2020). Cadmium is a non-essential element of the
human body. It can be enriched in the body to form cadmium, this
protein, which accumulates in the liver and kidney, resulting in
cadmium poisoning. Cadmium is widely used in industrial
production, which is easier to be absorbed by crops than other
heavy metals and is easy to be discharged into the environment
through waste gas, wastewater, and waste residue, resulting in
pollution (Essien et al, 2019). Pollution sources are mainly
mining and transportation of mineral resources, smelting and
electroplating non-ferrous metals, and factories using cadmium
compounds as raw materials or catalysts (Shao and Yang, 2020).
Many industrial products in municipal solid waste need cadmium-
containing raw materials or catalysts. Therefore, the dust and leachate
of these wastes cause cadmium pollution in local soil in different
ways. Another main reason may be closely related to the application
of phosphorus fertilizer and pesticide, which have a long history, wide
range, and large amount. Therefore, cadmium from phosphorus
fertilizer and some pesticides in crops may exceed cadmium from
other pollution sources (Shi et al,, 2019). The potential ecological risk
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of other elements is low, and only Ni has a low proportion of high-
risk sample soil. Considering the potential ecological risks, among the
80 sample varieties, 92% of the sample soil is at low risk, 8% of the
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sample soil is at medium risk, and there is no high-risk sample soil.
Soledad et al. analyzed the content and distribution of Hg, Pb, Cd, Cr,
as, Cu, and Zn in the surface sediment of Texcoco saline lake and

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.946298

Wang et al.

A
& S A ¥ & @ ;
e S
0.8
- @ - eoc00f
04
Cu 0.17 0.12
0.2
Zn 0.29 0.46 0.21 N‘ ° ° 0
0.2
As 0.26 0.34 0.15 0.13
04
Cd 0.37 0.59 0.23 0.73 0.34 ‘° 06
0.8
Pb 047 0.61 0.23 0.76 0.29 0.79
1
FIGURE 5

10.3389/fenvs.2022.946298

B
SRR N - AR R ¢ 5
tb
0.8
@ @ceoo]
0.4
Cu 0.17 | -0.049
0.2
Zn 0.27 0.55 0.17 ‘ ’ ° 0
0.2
As 0.22 0.20 0.12 0.14
0.4
cd | 021 | 054 | 034 | 085 | 0.2 “ 06
0.8
Pb 0.29 0.53 0.24 0.78 0.32 0.82
-1

Pearson correlation matrix between total heavy metals. (A) Suface; (B) Mesocosms; *p < 0.05, **p < 0.01, and the size of the circle represents the

absolute value of the correlation coefficient.

found that the comprehensive potential ecological risk index in this
area is 65.70-128.72, with an average value of 227.63, most of which
belong to low risk, which is basically consistent with the conclusion of
this study (Soledad et al., 2020).

Analysis on correlation and source of
heavy metals in soil

Because the source, migration, and transformation of heavy
metal elements in soil usually have a certain relationship, the
correlation analysis can intuitively reflect the degree of
correlation between various elements. It can be seen from
Figure 5A that the total amount of heavy metals in the topsoil
of Cr, Ni, Zn, Cd, and Pb in the study area has a significant
positive correlation with each other at the level of 0.05, and the
correlation coefficient is greater than 0.5; The total amount of
heavy metals in Cd has a significant positive correlation with Zn
at the level of 0.05. The total amount of heavy metals in Ni has a
significant positive correlation with Cr at the level of 0.05. The
total amount of heavy metals in Cu has a weak or no correlation
with other elements. It can be seen from Figure 5B that the total
amount of heavy metals in the middle soil of Cr, Ni, Zn, Cd and
Pb in the study area has a significant positive correlation with
each other at the level of 0.05, and the correlation coefficient is
greater than 0.5; The total amount of heavy metals in Cd has a
significant positive correlation with Zn at the level of 0.05, and
the correlation coefficients are greater than 0.8; The total amount
of heavy metals in Cu has weak or no correlation with other
elements. According to the correlation analysis of the total
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amount of heavy metals in surface and middle soil, the
correlation between Ni, Zn, and Cd is significant. There is a
significant positive correlation between Zn and Cd elements, and
their spatial distribution characteristics of potential ecological
risk index are basically the same, but their correlation with other
elements is weak or no correlation. Combined with the
characteristics of high Cd and Pb elements in individual
points in the central and western regions, the two sources are
more in line with the law of local leakage of dust activities in the
open-air stacking of waste.

According to the above analysis, the correlation between Cr,
Ni, Cu, Zn, As, Cd, and Pb elements is good, which is suitable for
principal component analysis. KMO and Bartlett methods were
used to test the total data of heavy metals Cr, Ni, Cu, Zn, As, CD,
and Pb in soil. The results showed that KMO was 0.762 and
0.747, respectively, and the companion probability of the Bartlett
sphericity test was 0.000, which met the data requirements of
analysis. The results
component analysis show that: Two factors with large

principal component of principal
eigenvalues are extracted from the upper soil, accounting for
66.67% of the total variance of the explanatory variable. Three
factors with large eigenvalues are extracted from the middle soil,
accounting for 77.68% of the total variance of the explanatory
variable. Factor 1 and factor 2 can reflect most of the information
from the original data. The elements with a high first-factor load
of total heavy metals are Cr, Cu, Zn, as, Cd, and Pb, and the
variance contribution rate can reach 81.8%, indicating that Cr,
Cu, Zn, as, Cd, and Pb have homology (Ma et al., 2018). The
pollution of heavy metals in the soil near a municipal waste dump
in northern China was studied. The results showed that the high
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contents of heavy metals were mainly as, Cd, Pb, Zn and Cu, and
their sources were mainly floating dust and leachate caused by
the open stacking of municipal waste in the region. Combined
with the statistical analysis and spatial distribution law of heavy
metals, it can be seen that the main sources of Cr, Cu, Zn, as, Cd
and Pb are waste dust and leachate input caused by the non-
standard management of waste dumps in the eastern suburbs.
The elements with the higher load of the second factor are Ni and
Cr, and the contribution rate of variance is 14.8%. Combined
with the previous research on ecological risk and spatial
distribution, the ecological risk of Ni and Cr is low, the
coefficient of variation is small, and Cr is usually in the
residual form (Wang et al, 2019; Jiang T. et al, 2020).
Therefore, the main source of the second factor is more in
line with the law of natural input. This result is consistent
with the research conclusion of Sun et al. (2018) and Maria
etal. (2011). that is, Ni and Cr are more derived from the parent
material and background of soil formation and belong to natural
source metals.

Conclusions

1) The single factor pollution index of each element is between
0.01 and 5.58, the single factor indexes of Cd and as are
1.50 and 2.13, respectively, and the evaluation results are light
pollution and light pollution, respectively. The single factor
index of Pb exceeds 5, which belongs to heavy pollution. The
enrichment factors of As, Hg, and Zn are 3.73, 10.4, and 22.4,
which belong to moderate pollution, heavy pollution, and
serious pollution, respectively. The enrichment factor of Cd
and Pb exceeds 40, which belongs to extremely heavy
pollution and is obviously polluted by artificial pollution.

2) The content of heavy metals in the soil measured in the study
area is higher than the background value of the soil in Kaifeng
City, and the variation range is large. The heavy metal pollution
problem is significant. Cd has the strongest coefficient of
variation, which is strongly affected by human activities.
Among the detected heavy metal elements, Cd and Ni have
serious pollution phenomena, but due to the high toxicity of Cd,
the heavy metal pollution and potential ecological risks caused by
Cd are the most serious. The spatial distribution characteristics of
the content of most heavy metals and the degree of potential
ecological risk in the area are as follows: the central area of the
mining area is high, and the outward radiation area gradually
decreases, indicating that the floating dust and leachate caused by
the open-air stacking of urban waste in the area are the main
causes of heavy metal pollution and potential ecological risk. In
addition, the villagers took the soil from the waste dump as
farmland soil, which also caused the transfer of heavy metal
pollution to a certain extent.

3) The results of correlation and principal component analysis
of total and available heavy metals in soil showed that the
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correlation between Cu, Zn, as, Cd, and Pb was significant,
and the main source was the input of industrial production
activities; There is a significant positive correlation between
Cd and Zn, but there is no correlation with other elements;
The main source of Ni is more in line with the law of natural
input.

4) In the next study, different spatial interpolation methods of
soil heavy metals [such as ordinary Kriging (OK), inverse
distance weight method (IDW), and radial basis function
method (RBF)] can be used to improve the reliability of the
analysis results. In addition, increasing the scope of the study
area and sampling density will also help to improve the
analysis accuracy further.
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Ammonia-oxidizing archaea (AOA) and bacteria (AOB) are the most important
ammonia oxidation functional community, while the coastal environment just
provides a different oxygen environment for the ammonia oxidation process.
However, few surveys concentrated on the influence of oxygen concentration
on the niche specialization of AOA and AOB in the ocean intertidal zones. Here,
high-throughput sequencing by Illumina MiSeq and gPCR were applied to
detect the change of abundance, diversity as well as community structure of
both AOA and AOB with 0-60 cm sediments depth in the intertidal zone in
Qingdao, China. Results showed that the AOA/AOB amoA gene copy numbers
and AOA/AOB OTU numbers rate increased as sediment depth went more
profound, which indicated that AOA was more adaptive to oxygen-limited
niches compared to AOB. Oxygen indeed led to the niche specialization of AOA
and AOB in intertidal sediments. The dominant AOA and AOB were the clusters
of Nitrosopumilus and Nitrosospira, respectively, which indicated ecological
success in the intertidal zone. A significant and positive correlation (p < 0.01)
between AOB abundance/AOB OTU numbers and Oxidation-reduction
potential (ORP) was observed. In addition, both total nitrogen (TN) (p < 0.01)
and pH (p < 0.05) were significantly negatively correlated to AOB abundance.
TN was also significantly negatively correlated to AOB OTU numbers (p < 0.05).
Hence, oxygen led to niche specialization of AOA and AOB, especially under
anoxic conditions, AOA played a dominant role in the process of ammonia
oxidation. The Nitrosopumilus and Nitrosospira clusters were the dominant
AOA and AOB, respectively, representing an ecological success in the
intertidal zone.
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Introduction

Nitrification, a vital role in the ecosystem nitrogen cycle,
converts ammonia to nitrate through nitrite (Beeckman et al,,
2018). Three kinds of microorganisms of ammonia oxidizers,
nitrite oxidizers, and complete ammonia oxidizers were involved
in the nitrification process (Stein and Klotz, 2016). Ammonia-
oxidizing bacteria (AOB) were long thought to be the only
microorganism that performed ammonia oxidation, the first
rate-limiting step in nitrification. However, the ammonia
oxidation theory was changed after discovering ammonia-
oxidizing archaea (AOA) (Konneke et al, 2005). To date,
several strains of AOA, such as Candidatus Nitrososphaera
(Hatzenpichler et al,  2008), Candidatus
(de la Torre et 2008),
Candidatus Nitrosoarchaeum limnia SFB1 (Blainey et al,

gargensis
Nitrosocaldus  yellowstonii al,,
2011), and Candidatus Nitrosotalea devanaterra (Lehtovirta-
Morley et al., 2011), were enriched or isolated from various
ecosystems. Until now, both AOA and AOB have been shown to
perform ammonia-oxidizing (de la Torre et al, 2008;
Hatzenpichler et al, 2008; Jia and Conrad, 2009). Various
AOA and AOB functional gene abundance, community
structures, and activity patterns were reported in different
biotopes (Wang et al, 2020). Environmental factors play a
crucial role in the niche differentiation between AOA and
AOB. Moreover, the AOA and AOB relative contribution to
ammonia oxidation in various ecosystems gradually become the
hot spots in the field of ammonia oxidation.

As reported previously, a series of environmental factors may
cause the niche specialization between AOA and AOB, such as
pH, temperature, salinity, ammonia concentrations, and oxygen
concentrations. AOA seems to be more adaptive in niches with
lower pH and more likely to dominate the process of ammonia
oxidation in acidic niches (Gubry-Rangin et al., 2011; Prosser and
Nicol, 2012). AOB was more adaptable than AOA with
increasing abundance but no composition alteration at
elevated temperature (Zhang et al., 2019). Microcosm test also
verified that pH and temperature were vital factors that led to the
niche specialization of AOA and AOB (Aigle et al, 2020).
Ammonia, as one of the substrates for ammonia oxidation,
could cause niche specialization of AOA and AOB. The
concentration of ammonia half-saturation constant of some
AOB strains (Martens-Habbena et al., 2009; Jung et al., 2011;
Kim et al,, 2012) was much higher than AOA strains, indicated
that AOA had a higher affinity for ammonia than AOB. The half-
saturation constants of Candidatus Nitrosoarchaeum koreensis
MY1, Candidatus Nitrososphaera sp. JG1 and Nitrosopumilus
maritimus SCM1 were 0.69 , 2.15 uM, and 133 nM, respectively,
which were much lower than that of Nitrosomonas europaea
(K, =553 uM) (Martens-Habbena et al., 2009). Therefore, AOA
is more competitive than AOB in the oligotrophic environment
(Beman et al., 2008; Verhamme et al., 2011). In other substrates
for ammonia oxidation, oxygen could also lead to niche
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specialization of AOA and AOB. The half-saturation constants
for oxygen of AOA, such as Candidatus Nitrosoarchaeu
mkoreensis MY1, Candidatus Nitrososphaera sp. JGI and N.
maritimus SCM1 were 10.38, 4.67, and 3.90 uM, separately
(Martens-Habbena et al., 2009; Jung et al., 2011; Kim et al,
2012), which were much lower than that of Nitrosomonas
oligotropha NL7 (76.3 uM) and N. europaea C-31 (183.3 uM)
(Parketal,, 2010; Park and Noguera, 2007). The affinities of AOA
for oxygen were much higher than that of AOB, which means
that AOA had competitive advantages over AOB in oxygen-
limited environments. The AOA lived better in many oxygen-
limited environments. AOA dominated the transcriptome and
probably dominated the ammonia oxidation process in the
oxygen minimum zone (Stewart et al., 2012). The increasing
AOA OTU number and abundance ratio (AOA: AOB) in flooded
soil proved that AOA could better adapt to low oxygen
conditions (Liu et al., 2015).

The intertidal zone is an ecological crisscross zone with
significant environmental and ecological functions affected by
marine and terrestrial ecosystems (Community structure and
organization of tidepools). The daily tidal rhythm made the
sediment is submerged or exposed to air. As one of the biggest
wharves in Qingdao, the Shazikou wharf is significantly
affected by human activities and the decayed fish, which
provided enough ammonia nitrogen for the ammonia-
The
ecological distribution, including the community structure
and AOA/AOB abundance in intertidal zones, have been
discussed previously (Bernhard et al., 2005; Zhang et al,

oxidizing microbes in nearby intertidal zones.

2015; Hu et al., 2019). However, the relationships between
oxygen concentration and niche specialization of AOA and
AOB have not been investigated, especially, the ecological
distribution of AOA and AOB under oxy-gen-limited habitats
under different layers/depth of the sediments. So, the main
objectives of this research are: 1) to study the difference of
abundances and community structure of AOA and AOB in
different layers/depth of the sediments in the intertidal zones,
2) to explore which, AOA or AOB, was the main driver
performing ammonia oxidation in different layers/depth of
the sediments in intertidal zones, 3) to evaluate how the
oxygen concentration influences the niche specialization of
AOA and AOB in intertidal zones.

Materials and methods
Description of sampling sites

The sampling sites were distributed in Shazikou wharf coast
(36°6'N, 120°33’E). The Shazikou wharf was built in 1976 and
was one of the biggest wharves in Qingdao, China. The region is
located in the north temperate monsoon region, with a temperate
monsoon climate. Regulated by the marine environment, it also
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has significant marine climate characteristics. The mean annual
temperature is 12.6°C, and the mean annual rainfall is 734.3 mm.
The sunshine duration is 2281.4 h, with a frost-free period of
179 days. Coastal lowlands or coastal beaches are typical saline
soils.

Collection and physicochemical
properties analysis of sediment

The sediment samples were collected using a cylindrical
soil sample from the ocean intertidal zone near the Shazikou
wharf in Qingdao, Shandong Province. Three sampling sites
(biological triplicates) along the sandy beach were selected.
For each site, different depths (0-10, 10-20, 20-30, 30-40,
40-50, and 50-60 cm, namely So_10, S10-200 S20-30> S30-40>
S40-50 the
sediments in the same depth were mixed. Totally six

Sso-60» respectively) were sampled, and
sediment samples were obtained. Each sample was divided
into two subsamples: one, stored at 4°C, was used to analyze
physicochemical properties; another, frozen at —80°C, was
applied to molecular analysis. The soil pH was determined
at a soil: water ratio of 1:5 with a conductivity meter (FE38-
FiveEasyPlus™, Mettler-Toledo, Zurich, Switzerland). The
oxidation-reduction potential (ORP) was measured by an
ORP meter (ORP-2096, Boqu, China). The content of
moisture content (MC) was measured at the same time
with soil samples collecting, and the method of oven-
drying at 105°C for 10h. Total nitrogen (TN) was
measured by Kjeldahl method. The ammonium (NH,"-N)
and nitrate (NO3;-N) were leached with KCI solution
(I molL™"), and the filtrate was taken and measured by a
continuous flow analyzer (Seal-AA3, Germany). The nitrite
(NO, -N) was determined by ultraviolet spectrophotometry

(Liu et al., 2013).

DNA extraction and quantitative PCR of
amoA genes

Total genomic DNA was extracted from the fresh soil
samples by employing the E.ZN.A.° soil DNA Kit (Omega
Bio-tek, Norcross, GA, United States) as the protocols of
manufacturer. The final DNA concentration of extracts was
using a NanoDrop 2000 UV-vis
(Thermo Wilmington,
United States). The extracted DNA quality was assessed on

determined
spectrophotometer Scientific,
1% agarose gel using a nanometer droplet spectrophotometer
(ND-1000; Isogen Life Science, Netherlands) to measure the
concentration of DNA.

For the quantification of genes (AOB/AOA amoA) copy
the  Abi7300 PCR
instrument (Applied Biosystems, United States) was applied to

numbers, fluorescent  quantitative
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perform real-time PCR. Specific primers were used to amplify
target genes. The forward primer sequence of AOA-amoA is
STAATGGTCTGGCTTAGACG (5'-3'), and the reverse primer
is GCGGCCATCCATCTGTATGT (5'-3'). The forward primer
sequence of AOB-amoA is GGGGTTTCTACTGGTGGT
(5'-3"), and the reverse primer is CCCCTCKGS
AAAGCCTTCTTC (5'-3") (Park et al, 2008). The reaction
system (Supplementary Table S1) and reaction conditions
(Supplementary Table S2) are shown in the supporting
The identified by
sequencing. Then the plasmid value was measured at 260 nm

materials. constructed plasmid was
by UV spectrophotometer (NanoDrop2000, Thermo Fisher
Scientific, United States), and converted into gene copies
(copies g™ dry soil) by formula. The standard curve was
prepared by 10-fold gradient dilution of the constructed
plasmids (107'-107 for AOB amoA, 1072-10"° for AOA
amoA) (Hu et al,, 2019).

High-throughput sequencing and
bioinformatic analysis for the amoA genes

The AOB and AOA amoA genes were amplified using the
two primer sets mentioned above, and the protocols used to
amplify have been previously reported (Shen et al, 2008;
Pester et al., 2012). Illumina MiSeq sequencing, carried out
by Personal (Shanghai, China), was applied to ensure the
excellent coverage of each clone library. Bar code
oligonucleotides were connected to the ends of two pairs of
primers to distinguish amoA amplicons of different samples.
For each sample, triplicate PCR products were obtained and
then mixed. PCR products length was subsequently
determined by electrophoresis in a 1.5% agarose gel.
Bioinformatic analysis was conducted with the Mothur
software package (Schloss et al., 2009). After the screening,
trimming, and chimeras checking procedures, the high-
quality reads were left for further analysis. Both AOA and
AOB amoA genes were grouped into OTUs using an 85%
similarity as a previously recommended cut-off value (Pester
et al., 2012). The obtained sequences were submitted to the
RDP pipeline using the FrameBot tool to remove non-amoA
sequences (Wang et al., 2013). The OTUs were taxonomically
categorized using neighbor-joining phylogenetic trees
constructed from representative sequences with the longest
length of the amoA genes. AOA amoA representatives were
matched with an existing high-quality amoA database (Pester
et al., 2012), while AOB amoA representatives were matched
with GeneBank reference sequences. The taxonomy-derived
reference sequences were combined with the Kimura 2-
parameter distance (MEGA 6.0), and the bootstrap values
were calculated using 1,000 repetitions (Kumar et al.,, 2016). In
addition, the diversity indices of ACE, Chaol, Shannon, and

Simpson for each OTU were also calculated.
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TABLE 1 The physiochemical properties of the sediment samples (mean + SE, n = 3).

Sample  pH ORP (mV)  MC (%) NH,N  NO,-N  NO;-N TIN TN (g/kg)
names (mg/kg) (mg/kg) (mg/kg) (mg/kg)

So-10 5.45 + 0.09d 149.07 £ 3.13a 25.12 + 0.41d 132£0.09d  0.18 £ 0.0lc 10.75 + 0.17d 12.25 + 0.49e 0.86 + 0.01c
S10-20 591 + 0.13¢ 105.88 £ 2.76b 3523 + 1.00c 130£0.07d 018 +00lc 499 + 0.08¢ 6.47 + 0.30f 1.24 £ 0.01b
S20-30 6.01 + 0.07¢ 76.86 + 1.71d 4144 +10l1ab  155+010d 048 + 0.03b 12.73 + 0.15b 14.76 + 0.77d 1.28 = 0.02b
S30-40 6.56 + 0.12a 75.10 + 1.89d 44,02 + 1.12a 621+022a 079 £ 0.05a 16.89 + 0.41a 23.90 + 1.02a 1.52 £ 0.02a
S40-50 623 +0.10bc 8317 + 2.31c 39.50 + 0.89b 377 + 0.11c 0.67 + 0.03a 1621 + 0.22a 20.65 + 0.84b 1.27 £ 0.02b
Ss0-60 629 +0.09ab  89.39 + 2.18¢ 39.56 + 0.65b 498 +0.14b  051+002b 1161 +0.1lc 17.11 + 0.75¢ 1.60 = 0.03a

Note: Different letters in a single column indicate a significant difference between the treatments at p < 0.05. Sy_;0, sediment sampled from 0 to 10 cm layer; S50, sediment sampled from

10 to 20 cm layer; Syo_30, sediment sampled from 20 to 30 cm layer; S3o_40, sediment sampled from 30 to 40 cm layer; S4o_s0, sediment sampled from 40 to 50 cm layer; Sso_go, Sediment

sampled from 50 to 60 cm layer. ORP, oxidation-reduction potential; MC, moisture content; NH,"-N, ammonium nitrogen; NO,™-N, nitrous nitrogen; NO5™-N, nitrate nitrogen; TIN, total

inorganic nitrogen; TN, total nitrogen.

Statistical analysis

Pearson correlation analysis with a 0.05 significance level was
used to determine the correlation between the AOA/AOB
diversities or abundances and environmental factors. In
addition, the representative sequences with the longest length
were selected for the following phylogenetic analyses, which were
conducted with MEGA 6 through a neighbor-joining tree using
Kimura 2-parameter distance with 1,000 bootstrap replicates
(Tamura et al, 2013). Redundancy analysis (RDA) was
performed to investigate the relationship between AOA/AOB
microbial community structure and the environmental factors
with CANOCO 5.0 (CANOCO, Microcomputer Power Inc.,
Ithaca, NY, United States).

Results

Physicochemical properties of sediment
samples

Determination of physicochemical properties of sediment
samples are showed in Table 1. All the sediments had acidic
pH (i.e., 5.45-6.56). The pH value of the upper layer sediment
samples (Sy_;o) was relatively lower than the other five layers.
Middle and deep layers (S30-40> Sa0-50» and Sso_g0) had higher
pH values, and S3¢_4o showed the highest pH of 6.56, which
probably resulted from the higher nitrification rates in the
upper layer sediments. However, the ORP of the upper layer
sediments was much higher than the rest of the samples by
40.79%-98.50%. The moisture varied from 25.12% to 44.02%,
and the middle layer (Sy0_30, S30-40) Was the highest of other
layer sediments. The NH,"-N content of the six sediment
samples ranged from 1.32 to 6.21 mg kg™, and the peak was
found in the sample of S3_49, which was significantly higher
than the other five sediment samples by 24.70%-377.70%. All
the sediment samples had low NO,™-N content, and the upper
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layer sediment samples (So_10, Sz0-30) were the lowest. The
NO;5™-N content ranged from 4.99 to 16.89 mg/kg, and the
NO;™-N content in Ss3g_40 and Syo_50 layers was higher than
that of the other layers. The TIN of middle and deep layers was
higher than the upper layers, and S3o_49 was higher than the
rest samples by 15.74%-269.40%. As for the TN, the content
ranged from 857.77 to 1604.05 mg kg™', and the TN content
increased as the depth went deeper.

Abundance of ammonia-oxidizing
archaea and ammonia-oxidizing bacteria

The AOA amoA gene copy numbers in the upper layers
(So-10s S10-20) were much lower than that in the middle (S,_30,
S30-40) and deep (Si0-50, Sso-60) layer (Figure 1). On the
contrary to AOA amoA genes, the number of AOB amoA
genes in the upper layers (So_10, S19-20) was much higher than
that in the middle (S;0_30, S30-40) and deep (S40_50> Ss0-60)
layer (Figure 1). The ratio of AOA/AOB amoA gene copy
numbers ranged from 0.04 to 150.75 in the six sediment
samples, and the ratio increased dramatically from upper
layers to deep layers. The ratios of AOA/AOB amoA genes
in the six sediment samples were 0.04 (So_10), 0.11 (S10-20)>
8.20 (S20-30)> 7.07(S30_40)> 86.77 (S40-s0) and 150.75 (Sso_eo)>
respectively. In the upper layers (So_10, S10-20)> where the
oxygen was sufficient, AOB won the competition with AOA
and maybe the main driver of ammonia oxidation. However,
in the middle (S0 30, S30-40) and deep layer (S40-50, S50-60)>
where the environment became anoxic, the higher affinities of
AOA for oxygen could help them to win the competition with
AOB. In the middle tidal zone, where the oxygen was relatively
sufficient, the number of AOB amoA genes was higher than
AOA. In the subtidal zones where oxygen was limited, AOA
outnumbered AOB (Hu et al., 2019). From the point of
abundance, oxygen concentration indeed led to the niche
specialization of AOA and AOB.
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FIGURE 1

AOB

Quantitative analysis of AOA and AOB in the six sediment samples (means, SEs displayed with errors bars, n = 3). Sg_10, sediment sampled from

0 to 10 cm layer; Sig_20, sediment sampled from 10 to 20 cm layer; S;o_30, Sediment sampled from 20 to 30 cm layer; Sso_40, Sediment sampled
from 30 to 40 cm layer; S40-50, sediment sampled from 40 to 50 cm layer; Ssp-_g0, sSediment sampled from 50 to 60 cm layer. AOA, ammonia-
oxidizing archaea; AOB, ammonia-oxidizing bacteria. In the figure in the upper right corner, four gray columns corresponded to the principal
coordinate axis, and two red columns corresponding to the sub coordinate axis.

TABLE 2 The OTU numbers and the diversity index of AOA in the soil samples (mean + SE, n = 3).

Sample names Coverage (%) Shannon
So_10 9991 1.03 + 0.01d
S10-20 99.94 1.39 + 0.01b
Sx0-30 99.90 1.38 + 0.01b
S30-40 99.96 1.28 + 0.02¢
S40-50 99.85 1.46 + 0.02a
Sso-60 99.80 1.38 + 0.02b

Simpson Chao Ace

049 + 0.01a 17.88 + 0.80c 19.28 + 0.75¢
032 + 0.01b 18.36 + 0.77¢ 19.68 + 0.88¢
033 + 0.01b 22.87 + 0.91b 2441 + 1.01b
034 + 0.01b 15.08 + 0.75¢ 1578 + 0.80d
032 + 0.01b 25.20 + 0.95b 23.93 + 0.94b
0.36 + 0.01b 30.74 + 1.05a 29.28 + 1.19a

Note: Different letters in a single column indicate a significant difference between the treatments at p < 0.05. Sy_;0, sediment sampled from 0 to 10 cm layer; S5, sediment sampled from

10 to 20 cm layer; S;o_30, sediment sampled from 20 to 30 cm layer; S30_40, sediment sampled from 30 to 40 cm layer; S40_s0, sediment sampled from 40 to 50 cm layer; Ssq_g0, sediment

sampled from 50 to 60 cm layer.

Diversity of ammonia-oxidizing archaea
and ammonia-oxidizing bacteria

High-quality sequences of AOA and AOB, after quality
control procedures, were applied to the analysis of diversity.
In AOA, 17144 high-quality sequences were obtained for the
six samples of sediment. The coverages of the six AOA amoA
gene clone libraries were all higher than 99.0%, ranging from
99.80% to 99.96% among the 18 OTUs obtained from the
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AOA amoA gene (Table 2). The AOA OTU numbers of the
six sediment samples ranged from 10 to 15, with S3g_4
(10 OTUs) and Ssp_6 (15 OTUs) displayed the lowest and
highest diversity, respectively (Table 2). The OTU numbers
in deep layers were higher than those in the upper and middle
layers (Figure 2). The coverage of the six AOB amoA gene
clone libraries was ranged from 99.96 to 100.00% (Table 3).
The sample Sy_;o showed the highest diversity, holding
11 OTUs in total, which was higher than the rest five
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FIGURE 2

The OTU numbers of AOA and AOB in the six sediment
samples (means, SE displayed with errors bars, n = 3). So_10,
sediment sampled from 0 to 10 cm layer; Sio-20. sSediment
sampled from 10 to 20 cm layer; Sy0-30, sediment sampled
from 20 to 30 cm layer; Szp_40. Sediment sampled from 30 to
40 cm layer; S40-50, sediment sampled from 40 to 50 cm layer;
Ss0-60. sSediment sampled from 50 to 60 cm layer. AOA, ammonia-
oxidizing archaea; AOB, ammonia-oxidizing bacteria.

sediment samples. The OTU numbers in the rest of the five
samples were all the same, holding 8 OTUs. Similar to the
change rules of abundance, the AOB OTU numbers
decreased as sediment depth went deeper, which indicated
that AOB was not tolerant or adaptable to hypoxic
environment. The AOB OTU numbers were higher in the
non-flooded zones where the oxygen concentration was
flooded
environment was anoxic. The diversity of AOA was always
higher than AOB in all the sediment samples (Table 3), and
the ratio of AOA/AOB OTU numbers increased from 1.09 to
1.88 as the sediment depth went deeper, which was similar to

sufficient than in the zones where the

the changing pattern of the abundance.

10.3389/fenvs.2022.976618

Phylogenetic analysis and community
structure of ammonia-oxidizing archaea/
ammonia-oxidizing bacteria

For AOA, 17144 high-quality sequences after quality control
procedures were obtained for the six sediment samples. As
showed in Figure 3, the representative sequences of the
18 OTUs, according to the amoA genes classification of AOA
(Pester et al., 2012), have been grouped into four different
clusters. Neither Nitrosotalea nor Thermal-related AOA was
found in all the sediment samples. Nitrosophaera cluster
contained 3 OTUs (OTU 12, OUT 15, OTU 18), a total of
9 sequences. OTU 12 (containing 3 seqs) belonging to
Nitrosophaera cluster was retrieved from samples S 30 and
S40-50» OTU 15 (containing 2 seqs) was detected in sample
So-10 and Ssp_gp, and OTU 18 (containing 4 seqs) was only
retrieved from deep layer samples (S49_s0, Ss0_s0)- The rest of the
15 OTUs all belonged to the Nitrosopumilus cluster. Among the
17144 sequences, 17135 accounted for 99.94% of all obtained
sequences belonged to the Nitrosopumilus cluster. AOB obtained
18865 sequences from 6 sediment samples by the same quality
control procedure as AOA, and then these sequences were
assigned to 11 OTUs using the 15% cut-off recommended
previously (Purkhold et al, 2000). The representative
sequences of the 11 OTUs were subsequently grouped into
two clusters, as showed in Figure 4. OTU 9 and OTU 10 were
clustered into the Nitrosomonas, and the remaining 9 OTUs
belonged to the Nitrosospira cluster. Only 35 sequences belonged
to the cluster of Nitrosomonas. All six AOB communities were
primarily composed of Nitrosospira-related sequences.

Environmental factors that influence the
diversity and communities of ammonia-
oxidizing archaea and ammonia-oxidizing
bacteria

As shown in Table 4, the linear relationship between various
environmental factors and OTU number, amoA gene abundance as

TABLE 3 The OTU numbers and the diversity index of AOB in the soil samples (mean + SE, n = 3).

Sample names Coverage (%) Shannon Simpson Chao Ace

So_10 99.98 1.16 + 0.02ab 0.53 £ 0.01b 20.20 + 1.00a 22.37 £ 0.52b
S10.20 99.96 1.13 + 0.01bc 0.55 £ 0.01b 1530 + 0.61c 16.57 % 0.50¢
Sx0.30 99.97 0.94 + 0.01c 0.63 + 0.01a 16.79 + 0.68bc 17.85 + 0.45¢
S30.10 100.00 0.95 + 0.01c 0.63 + 0.01a 18.51 + 0.89ab 24.93 + 0.73a
Sa0-50 100.00 1.16 + 0.02ab 0.54 + 0.01b 17.85 + 0.57b 2528 + 091a
Sso-60 100.00 1.30 + 0.02a 0.52 + 0.01b 16.96 + 0.43bc 17.94 + 0.60c

Note: Different letters in a single column indicate a significant difference between the treatments at p < 0.05. Sy_;, sediment sampled from 0 to 10 cm layer; S50, sediment sampled from
10 to 20 cm layer; So_30, sediment sampled from 20 to 30 cm layer; S3g_40, sediment sampled from 30 to 40 cm layer; S49_s50, sediment sampled from 40 to 50 ¢m layer; Sso_g0, sediment

sampled from 50 to 60 cm layer.
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well as AOA/AOB diversity index was determined by the Pearson
correlation coefficient. ORP was positively correlated with AOB’s
abundance and OTU numbers (p < 0.01), indicating that AOB
preferred the niches with higher oxygen concentrations. On the
contrary, a negative correlation between ORP and AOA abundance
was observed in Table 4, implying that AOA preferred the niches with
lower oxygen concentrations. Moreover, these results could be due to
the higher oxygen affinity of AOA than that of AOB. Significantly
negative correlation between MC and AOB abundance (p < 0.01)/AOB
OTU numbers (p < 0.05) was also observed. The AOB abundance was
significantly negatively correlated to the TN (p < 0.01) and pH (p <
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0.05). In addition, TN was also significantly negatively with AOB OTU
numbers (p < 0.05).

In order to further study the dominant role of the
environmental factors of different sediment site in AOA
and AOB community structure, the redundancy analysis
(RDA) was used to rank the influencing factors (Figure 5).
Figure 5A performed the relationship between AOA
community structure and environmental factors. The
explanation degree of each factor for AOA community
structure distribution on the horizontal axis was 54.06%,
and on the vertical axis was 22.25%. Therefore, it mainly

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.976618

Du et al.

10.3389/fenvs.2022.976618

TABLE 4 Correlation analysis of environmental factors and AOA, AOB abundance, OTU numbers, and diversity index.

Environmental factors

Relative abundance

Pearson correlation coefficient

Ratio of abundance Number of OTUs

AOA AOB AOA:AOB AOA AOB
pH 0.300 -0.020*" 0.423 -0.919 -0.055
ORP —-0.184 0.002** -0.576 0.976 0.001**
MC 0.250 —0.004** 0.605 -0.871 —-0.014*
NH,"-N 0.503 -0.178 0.320 —-0.887 -0.392
NO,-N 0.090 —-0.051 0.519 —-0.727 —0.242
NO; -N 0.083 -0.273 0.676 —-0.600 —-0.755
TIN 0.142 —-0.187 0.516 —-0.670 —-0.583
TN 0.674 —-0.029* 0.252 0.760 —0.045*

Note: Significance levels are indicated as follows: **, 0.01; *, 0.05. ORP, oxidation-reduction potential; MC, moisture content; NH,"-N, ammonium nitrogen; NO, -N, nitrous nitrogen;

NO5 -N, nitrate nitrogen; TIN, total inorganic nitrogen; TN, total nitrogen. AOA, ammonia-oxidizing archaea; AOB, ammonia-oxidizing bacteria.
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FIGURE 5

Redundancy analysis between AOA (A) and AOB (B) flora structure and environmental factors. Sg_10, sediment sampled from 0 to 10 cm layer;
S10-20. sediment sampled from 10 to 20 cm layer; So_30. sediment sampled from 20 to 30 cm layer; Szg_40, sSediment sampled from 30 to 40 cm
layer; S40-50, sediment sampled from 40 to 50 cm layer; Sso_g0, Sediment sampled from 50 to 60 cm layer. ORP, oxidation-reduction potential; MC,
moisture content; NH4"-N, ammonium nitrogen; NO,™-N, nitrous nitrogen; NOsz™-N, nitrate nitrogen; TIN, total inorganic nitrogen; TN, total

nitrogen.

referred to the vector projection length of each factor vector
on the horizontal axis. NH,"-N, pH, and NO,™-N were the
main factors affected the AOA community structure
distribution because of their long projection (>0.05) on
the horizontal axis. ORP had the opposite performance
with other factors, which was also
consistent with the results in Table 4. 5B
performed the relationship between AOB community

environmental
Figure
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structure and environmental factors. The explanation
degree of each factor for AOB community structure
distribution on the horizontal axis was 42.52%, and on
ORP and MC were the
important environmental factors that affected the AOB

the vertical axis was 38.43%.
community structure distribution because of their long

projection on the horizontal and vertical axis. The results
of RDA were consistent with those of correlation analysis
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(Table 4) to a certain extent, which confirmed the significant
effects of OPR and MC on the distribution of AOB

community.

Discussion

The difference of abundances and
community structure of ammonia-
oxidizing archaea and ammonia-oxidizing
bacteria

The number of AOA and AOB amoA genes observed in
this work was similar toa previous study in the intertidal
zones in Zhoushan, Zhejiang province (Hu et al., 2019). Hu
found that the AOA and AOB amoA gene copy numbers in
the intertidal zone ranged from 107 to 10°. The AOB amoA
gene copy numbers in this study were relatively lower since
samples Sy0_s0 and Ssq_go were collected in the deep layers of
the sediments. The ratios of AOA/AOB amoA genes
increased as the depth of the sediments went deeper,
that the
oxidation in the deep layer. This founding was in

indicating AOA may dominate ammonia
accordance with the previous work focusing on the
ammonia-oxidizing microbes in soils (Leininger et al,
2006). Leininger reported that the ratios of AOA/AOB
amoA genes increased from 55 to 842 with soil depth went
deeper. This phenomenon could be explained by the higher
affinities of AOA for oxygen compared to AOB (Martens-
Habbena et al., 2009; Jung et al., 2011; Kim et al., 2012). In the
subtidal zones where oxygen was limited, AOA outnumbered
AOB (Hu et al,, 2019). From the point of abundance, oxygen
concentration indeed led to the niche specialization of AOA
and AOB.

Overall, the change rule of the AOA OTU numbers was
similar to the AOA abundance. Both of them increased with
sediment depth. AOA showed higher diversity as oxygen
concentration became lower, according to previous work in
water-level-fluctuating zones in Three Gorges Reservoir (Liu
etal., 2015). At higher oxygen concentrations of non-flooded
areas, AOA OTU values were lower. However, AOA OTU
values were higher in the relatively low oxygen concentration
in flooded areas. This phenomenon represented that AOA
was more adaptive to the oxygen-limited environments. A
total of 18865 high-quality AOA sequences were obtained
from 6 sediment samples, and these sequences were assigned
to 11 OTUs using 15% as cut-off value (Purkhold et al., 2000).
All the six sediment samples were predominantly composed
of sequences that belonged to the Nitrosopumilus cluster. The
observation of the Nitrosopumilus cluster dominance over
the Nitrosophaera cluster in this research was consistent with
the previous reportsin the intertidal zones in Zhoushan
Island (Hu et al, 2019) and Chongming eastern intertidal
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sediments (Zheng et al., 2013). The most AOA belongs to the
cluster of Nitrosopumilus (73%) confirmed by the phylogeny
and meta-data analyses of AOA amoA sequences, which was
nearly twice as much as the Nitrososphaera cluster (37%)
(Alves et al., 2018). These results of the dominance of the
Nitrosospira cluster over the Nitrosomonas cluster were
consistent with the previous report in the coastal Pearl
River estuary (Cao et al,, 2011). The lower concentration
of ammonia nitrogen (0.03-0.11 mm NH,*) in the intertidal
zone of Qingdao may help to explain the absolute dominance
of Nitrosoma. The cluster of Nitrosomonas has a lower
affinity which leads

concentration Conversely,

substrate to higher substrate

the
cluster has relatively higher substrate affinity and is more

adaption. Nitrosospira
likely to survive in environments with a low concentration of
substrate (Zheng et al., 2014; Yu et al,, 2016).

Environmental factors

Ammonia oxidizing microorganisms (AOA and AOB) were
the most critical microorganisms involved in nitrification and
were the first rate-limiting step in the nitrification process.
Studies showed that the abundance of AOA and AOB were
significantly related to nitrogen forms and soil pH (Segal et al,,
2017). Our results (Figure 5) also showed that NH,"-N, pH, and
NO,™-N were the main factors affected the AOA community
structure distribution. AOB was the main driver of nitrification
in alkaline soils, while AOA was the main driver of nitrification in
acidic soils (Hu et al., 2013; Zhang et al., 2012; Lu et al.,, 2012).
Thus, a significantly negative correlation was shown between
AOB and pH in our study (Table 4). These results consistently
confirmed the characteristics of niche differentiation of AOA and
AOB. AOB tended to play a leading role in neutral or alkaline
environments with high nitrogen and pH value, while AOA was
more suitable to dominate in acidic and low nitrogen soil (Ke
etal, 2013; Qin et al,, 2013). However, our consequence showed
that AOB was significantly negatively correlated with TN and
ORP, which was the opposite of some other studies. For example,
studies of Di et al. (2010) and Pratscher et al. (2011) showed that
a high nutrient environment was more conducive to the growth
of AOB, while AOA was more suitable to grow in a low nitrogen
environment. Most of these studies were aimed at the upper soil.
However, our research range varied from 0 to 60 cm soil layer.
The differential changes of ammonia oxidation bacteria in
different soil layers might be an important reason for the
correlation with environmental factors. Some studies showed
that the reduction of ORP was conducive to improve the
abundance of AOB (Ke and Lu, 2012), and AOA was easier
to fix in a low CO, environment (Martens-Habbena et al., 2009).
This was contrary to the result that AOB likes niches with high
oxygen concentration in our study. On the one hand, it was
related to the different pH and salinity of different tested soils
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(Min et al,, 2016). On the other hand, it was also related to the
different flooding conditions between different soil layers (Ke
and Lu, 2012). Therefore, it was necessary to study further the
effects of multiple environmental factors on ammonia-oxidizing

bacteria in the future.

Conclusion

In summary, our results showed the changing pattern of AOA
and AOB abundance and diversity with sediment depth. In upper
layers, the AOB abundance was higher compared to that of AOA. In
contrast, AOA abundance outnumbered AOB in deep layers. Both the
AOA/AOB amoA gene copy numbers rate and AOA/AOB OTU
numbers rate increased as sediment depth went deeper, which
indicated that oxygen indeed led to the niche specialization of
AOA and AOB. AOA won the competition with AOB in the
oxygen-limited niches. AOA may be dominant in the ammonia
oxidation process in the deep layers. The Nitrosopumilus cluster
and Nitrosospira cluster were the dominant AOA and AOB,
respectively, representing ecological success in the intertidal zone.
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Wheat—maize rotation is one of the most popular systems and successful
intensification cropping systems in Northern China, while soils in some of
this area are contaminated by cadmium (Cd). However, few studies have
performed experiments on the reduction of Cd accumulation in the
wheat—maize rotation system. In this study, wheat- and maize-derived
biochars are applied to the Cd-contaminated soil to reduce the Cd
accumulation in the wheat and maize plants. The results showed that soil
biochar applications can significantly decrease DTPA-extracted Cd
concentrations by 12.7-26.0% and 13.1-20.5% by wheat- and maize-derived
biochars, respectively. Sequential extractions showed that biochar applications
significantly reduced the Cd mobility and bioavailability in soils and changed the
exchangeable and carbonate-bound fractions of Cd to organic material-bound
and residual fractions. The biochar applications increased the plant growth,
yield, and quality of both wheat and maize, especially a significant increase in
high dosages. The biochar applications also improved the antioxidant enzyme
activities and reduced the reduction of MDA in both wheat and maize roots. The
Cd concentrations in wheat grains were reduced by 38.1-91.5% and 65.9-80%,
and maize grain Cd concentrations were reduced by 20.9-54.2% and
30.8-44% by wheat- and maize-derived biochar applications, respectively,
and the Cd concentrations in the root, stem, and leaf were also significantly
reduced. The wheat-derived biochar was more effective on the Cd reduction in
soil bioavailable fractions and Cd accumulation in crop plants.

KEYWORDS

DTPA-extracted Cd, sequential extractions, antioxidant enzyme, yield, translocation
factor
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Introduction

Anthropogenic activities (e.g., non-ferrous/ferrous mining
and smelting, biosolids, and manures, pesticides, and fertilizers)
have released large amounts of heavy metals to the earth’s surface
environment (e.g., pedosphere) over the past decades (Proshad
et al, 2018; Jafarabadi et al., 2020). One of the widely concerned
metals cadmium (Cd) is known to be widespread in the
environment and toxic to humans and ecosystems (Bashir
et al,, 20205 Cui et al,, 2020; Huang et al,, 2021). Compared to
most of the heavy metals, Cd shows relatively high mobility and
toxicity, and crops can readily take up Cd from soils and transfer
it into food chains, threatening human health (Du et al., 2020;
Zhang et al,, 2021). More than 50% of the world’s population
subsists on wheat and maize as staple food (Nuss and
Tanumihardjo, 2010; Pang et al., 2020). However, agricultural
soils and crops contaminated with Cd are becoming a global
concern, especially in eastern Asia. In China, Cd ranked first
among all the pollutants with the sample points of 7% exceeding
the tolerance limit (GB 15618-1995) (Wang et al., 2015). The
serious soil pollution resulted in wheat samples collected from
fields with Cd contamination exceeding the national food
threshold (0.1 mgkg™, GB 2762-2017) (Qu et al, 20205
Zhuang et al., 2021).

Exposure to Cd can lead to many chronic diseases, such as
respiratory cancer, early atherosclerosis, and kidney damage
(Fatima et al., 2019; Du et al,, 2020). Reduction of staple Cd
accumulation is the most effective way to reduce Cd exposure risk,
as staple food is the dominant pathway of the daily Cd intake and
becomes the major source of Cd exposure (Li et al., 2021; Zhuang
et al,, 2023). Many strategies have been applied to reduce wheat
and corn Cd accumulation in Cd-contaminated soils, but most of
them have a high technical barrier or environmental hazard
(Wang L. et al,, 2021; Cao et al., 2021). Biochar is pyrolyzed by
thermal decomposition of raw biomass at a wide range of
temperatures under the condition of hypoxia (Thengane and
Bandyopadhyay, 2020; Siddique et al., 2021). Biochar is widely
studied and applied to heavy-metal-contaminated soils as it has a
large amount of microporous structure, high specific surface area,
and organic functional groups, which can potentially regulate the
soil pH and structure and decrease the mobilization of soil heavy
metals via adsorption and precipitation (Cui et al, 2021).
Additionally, the raw biomass and temperature during pyrolysis
can also influence the performance of heavy metal immobilization,
and their immobilization mechanisms also varied from each other
(Inyang et al.,, 2016).

Recent studies showed that applications of biochar to soils
could effectively immobilize Cd in soils and reduce Cd
accumulation in crops, such as rice, rice-rape-corn rotation,
wheat, and lettuce (Abbas et al, 2017; Zheng et al., 2017; Qu
etal, 2020; Zong et al., 2021). Generally, a large number of studies
are available for lab incubation experiments and rice Cd
accumulation where biochar effectively

experiments can
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immobilize and reduce Cd accumulation in rice from
contaminated acid soils (Zheng et al.,, 2017; Bashir et al., 20205
Cui et al., 2021). Wheat-maize rotation is one of the most popular
systems and successful intensification cropping systems in
Northern China, which has produced about 45 and 30% of the
national wheat and maize, respectively (Kamaruzzaman et al,
2021). Additionally, soil, maize, and wheat Cd contaminations
have been reported in these areas (Zhuang et al., 2021; Zhuang
etal,, 2023); however, few studies have performed experiments on
the reduction of Cd concentrations in the wheat-maize rotation
system. In the current study, the goals of the pot experiment in the
greenhouse were: 1) to evaluate the ability of wheat/maize-straw
biochar on the reduction of the Cd bioaccumulation from soils
under the wheat-maize rotation system; and 2) to explore the
biochar impact on the soil Cd chemical fractions and the

translocation of soil bioavailable Cd to the wheat and maize plants.

Materials and methods
Soil and biochar preparation

Pot soil samples were collected from the plow layer of a
wheat-maize rotation field in the sewage irrigated area of
Xiaohe, Shijiazhuang City, China, which is alkaline sandy loam.
The polluted soils were collected using a stainless steel shovel at
various locations and then pooled, ground thoroughly, and
removed plant residue and scree. The collected soils were dried
in the greenhouse and then grounded to less than 2 mm. Other
basic properties of the soil like pH, soil organic matter (SOC), and
cation exchange capacity (CEC) were measured as 7.9, 1.47%, and
23.2 cmol kg™, respectively; total N and alkali-hydrolyzed N
concentrations were 880 and 84.8 mgkg™', respectively; total P
and available P concentrations were 22.4 and 147 mgkg™,
the
downstream of the industrial zone, the mean concentration was
1.45 + 0.13 mg kg " The soil was polluted by Cd based on the soil
environment quality risk control standard (GB 15618-2018, pH >
7.5, 0.6 mgkg™).

Wheat and maize straws were washed with tap water to

respectively. Because experiment soils were located

remove impurities, air-dried to constant weight, and then cut
into particle sizes (<1 cm). The straw pieces were pyrolyzed in a
ceramic crucible at 500°C in a muffle furnace for 3 h blowing with
N, (0.5 dm® min™"). Then, the biochar was cooled down, sifted
through a 50-mesh sieve, and stored in a clean bag for the pot
experiment.

Experimental design

The experiment was conducted in the greenhouse including
three treatments at two levels (low dosage (L) and high dosage
(H)): 1) control treatment (CK), 2) wheat stalk biochar (WB-L
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Effect of biochar on grain number per spike, grain yield, plant height, and 100-grain weight of wheat and maize.

and WB-H), and 3) maize straw biochar (MB-L and MB-H).
Totally, five treatments were performed with environmental
triplicate. Initially, 10 kg of the contaminated soil was placed
in each ceramic pot, and the prepared biochar was added at 1 and
2% levels as low dosage (L) and high dosage (H), respectively.
After 2 weeks, the biochar thoroughly mixed and balanced with
the soil, and fifteen wheat seeds were sown in. During the
seedling stage, wheat seedlings were thinned to five per pot.
Then, the wheat plants were harvested at the mature stage.
Sequentially, two maize seedlings per pot were planted in the
same soils. The nutrition solution containing N, P, and K was also
applied at the seeding stage of the two crops.

Soil and plant sample collection and
analysis

During the filling stage, the wheat and maize roots were
collected to measure the activities of the antioxidant enzymes and
malondialdehyde (MDA). The activities of superoxide dismutase
(SOD), axial tomography (CAT), peroxidase (POD), and MDA
were determined spectrophotometrically, which were detailed in
the previous study (Wu et al., 2020). Briefly, MDA activities were
determined using 0.1% thiobarbituric acid. Antioxidant enzyme
(SOD, POD, CAT, and APX) activities were determined
spectrophotometrically. Fresh wheat root was ground into
small pieces in liquid nitrogen for the determination of
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antioxidant enzyme activities. Phosphate buffer (0.05 M) with
a pH of 7.8 was used to standardize the samples and centrifuged
at 4 °C for 10 min (12,000 r). The supernatants were transferred
for further analysis.

In the mature stages, whole wheat and maize plants were
collected and separated into root, stem, leaf, and grains in the
laboratory. All the tissues were cleaned with tap water, rinsed
with Milli-Q water, and dried in the oven at 90°C for 0.5 h and
then at 60°C to constant weight. Each pot soil was mixed
thoroughly and about 500 g was collected after wheat and
maize harvest. All the samples were milled through 100-mesh
using a coffee grinder. For Cd measurement, the plant samples
were digested by an acid mixture of HNO;: HCIO, (v: v=5:1) in
a conical flask and kept overnight. On the following day, the
conical flasks were placed on an electric hot plate at 80°C for 2 h,
gradually increased to 120°C for 2 h, and then kept at 160°C. The
soil samples were digested with an acid mixture of HNOs,
HCIO,, and HF. Bioavailable Cd was extracted with 0.005 M
DTPA at pH 7.3 and shaken for 2 h. The sequential extraction
was conducted based on the approach performed by Tessier’s
method (Tessier et al., 1980). Five fractions of Cd were chemically
extracted, i.e., an exchangeable fraction (EX), a carbonate-bound
fraction (CB), Fe-Mn oxide-bound (OX), organic material-
bound (OM), and a residual fraction (RE). The digested and
extracted solutions were filtered through a 0.45-uM membrane
into centrifuge tubes. The Cd concentrations were measured
using ICP-MS (NexION 2000, Perkin Elmer, United States).
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Quality assurance and quality control during the measurement
were conducted with triplicate, blanks, matrix spikes, and
standard materials (GBW10020 (GSB-11) and GBWO07427
(GSS-13)). The recoveries of Cd in soil and plant standard
materials were in the range of 89-103% and 96-108%,
respectively. The soil and biochar properties were measured
according to the previous study by Zong et al. (2021).

Data analysis
The translocation factor (TF) and bioconcentration factors
(BCFs) of wheat and maize are calculated using the following

equations (Zhou et al., 2020):

TFm—n = Cm/Cm
BCF = Cm/Csoil >

1)
2

where m and n are the plant upper and lower parts and Cy,;; is the
Cd concentrations in the soil.

Statistical significance was determined by one-way ANOVA
using SPSS 22.0, and all variations in means were significant at
the p = 0.05 level (two-tailed). All figures were plotted by Origin
2021 software.

Results
Wheat and maize yield
The biochar application significantly increased soil pH after

the harvest of wheat. The variations in soil pH were relatively
proportionable to the dosage of biochar. Soil pH significantly
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increased by 3.65-4.6% for wheat-biochar treatments and by
3.9-5.3% for maize-biochar treatments after wheat harvest
compared to CK, respectively. After maize harvest, we
observed similar results. Soil organic carbon was also notably
enhanced by the biochar applications during the wheat-maize
rotation system, especially at high biochar applications,
indicating that biochar applications have potential effects on
the soil improvement of its low fertility.

Compared to the control treatment, the biochar applications
increased plant growth, yield, and quality of both wheat and
maize (Figure 1). For example, WB-H and MB-H significantly
increased the grain yield and grain number per spike for both
wheat and maize (p < 0.05). The plant height and 100-grain
weight of wheat was also significantly increased by the high
dosage of biochar implications (p < 0.05), but not for maize
(p > 0.05).

Soil cadmium mobility

The results of DTPA-extracted Cd concentrations in the soils
of wheat and maize are shown in Figure 2A. In the CK treatment,
DTPA-extracted Cd concentrations were 0.47 and 0.48 mg kg™ '
in the soils after wheat and maize harvest, respectively. Biochar
addition significantly reduced the DTPA-extracted Cd fraction at
both low and high dosage treatments (p < 0.05). The DTPA-
extracted Cd concentrations significantly —decreased
0.37-0.42 and 0.39-0.41 mgkg™' in the treatments of WB-H
and MB-H in wheat-maize rotation soils, respectively.

The results showed that the DTPA-extracted Cd
concentrations were reduced by 15.6, 26.0, 17.3, and 20.5%
with  WB-L, WB-H, MB-L, and MB-H
respectively, in wheat-harvested soils. The DTPA-extracted Cd

to

treatments,
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concentrations were reduced by 12.7, 21.7, 13.1, and 16.5% in
treatments of WB-L, WB-H, MB-L, and MB-H of maize-
harvested soils. It followed that soil DTPA-extracted Cd was
more reduced but not significantly in the high dosage treatment
than that in the low dosage treatment (p > 0.05). Additionally,
more DTPA-extracted Cd was reduced compared to that in MB-
treated soils during the wheat-maize rotation. These results
suggest that biochar applications can significantly decrease the
DTP-extracted Cd concentrations in soils compared to the CK
treatment.

Soil cadmium chemical fractions

Sequential extractions were conducted to explore the biochar
application impact on Cd fractions in wheat-maize rotation soils
(Figure 2B). In CK, Cd was mainly in RE, CB, OM, and EX and
the lowest in the OX. The results display that high dosage of
biochar applications was more effective than the lower dosage in
the reduction of the fractions of EX and CB and increasing OM
and RE fractions of Cd. In the wheat growing season, the EX
fractions decreased considerably to 9.3 and 10.3% at the low
dosage and 6.3 and 8.2% at the high dosage of biochar
applications compared to that of 13.0% in the control
treatment. CB fractions of Cd were also reduced with biochar
applications, while the OX fractions had no significant reduction.
In the maize growing season, the EX Cd decreased considerably
to 9.7 and 9.9% at the low dosage and 7.6 and 8.0% at the high
dosage of biochar applications compared to that of 11.6% in the
control treatment. CB fractions of Cd were also reduced with
biochar applications, while the OX fractions had no significant
reduction. The OM and RE fractions significantly increased to
19.2-25.9% and 49.9-56.0% compared to those of 17.7 and 46.3%
in the control treatment. Therefore, biochar applications changed
EX and CB fractions of Cd to OM and RE fractions. These results
indicate that the soil Cd bioavailability was reduced by biochar
applications, which would reduce the Cd uptake risks by plants.
Sequential extractions suggested that biochar applications
significantly influence the distributions of soil Cd fractions.

Plant activities of the antioxidant enzymes
and malondialdehyde

To explore the effects of wheat and maize biochar on the
antioxidant system in Cd-stressed wheat and maize, MDA, CAT,
SOD, and POD activities in the wheat and maize roots after
biochar applications were measured and shown in Figure 3. For
wheat, the MDA activities were significantly reduced with high
dosage of both WB and MB applications by 28.0 and 20.1% (p <
0.05), respectively, and for maize, high dosages also significantly
decreased the MDA activities by 31.3 and 27.6% (p < 0.05);
however, there were no significant differences between the low
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dosage of biochar applications compared to control treatments of
both wheat and maize (p > 0.05). The high dosages of both wheat-
and maize biochar (WB-H and MB-H) significantly increased the
CAT and POD activities in wheat compared to the control
treatment by 15.6-18.2% and 12.5-15.7% (p < 0.05) and also
significantly increased these activities in maize by 18.5-19.0%
and 23.4-24.6% (p < 0.05), respectively. However, the low dosage
had no effects on the CAT and POD activities in both wheat and
maize (p > 0.05). Additionally, both wheat and maize biochar at
low and high dosages can also significantly increase the SOD
activities compared to control treatments for both wheat and
maize, particularly at the high dosages that can increase the
averaged 168 and 36.8% of SOD activities in wheat and maize,
respectively. Our results indicate that biochar applications can
improve the antioxidant enzyme activities and reduce MDA in
both wheat and maize roots.

Cadmium concentrations in wheat and
maize

The effects of biochar on the Cd accumulations in wheat and
maize are shown in Figure 4. In CK, wheat grain Cd
concentration was 0.21 mgkg™, which was about 1.1 times
higher than the safe limit value of the National Food Safety
Standard (0.1 mgkg™) (GB 2762, 2017), but the Cd
concentration in the maize grain (0.091 mgkg™) was under
the limit. Both wheat and maize roots depicted the highest Cd
concentration (1.12 and 0.98 mg kg™') among other plant parts,
displaying the following order: root > stem > leaf > grain. The
biochar applications can significantly decrease all the Cd
concentrations in wheat and maize tissues at both levels of
dosages (p < 0.05). the Cd
concentrations in wheat grains were reduced by 38.1-91.5%
and 65.9-80.0% by WB and MB applications, and maize grain
Cd concentrations were reduced by 20.9-54.2% and 30.8-44% by
WB and MB applications. For roots, both biochars significantly
decreased the Cd concentrations by 24.1-62.4% in wheat and
23.5-42.9% in maize. Leaf Cd concentrations were also
significantly reduced by 32.3-71.4% and 17.4-36.8% for wheat
and maize, respectively, and stem Cd concentrations were
reduced by 32.1-80.6% and 15.6-34.2%, respectively.

biochar For example,

Discussion

Mechanisms of soil cadmium

immobilization by biochar
Biochar  applications the

bioavailability and immobilize the Cd in contaminated soil in

can effectively decrease

the wheat-maize rotation system. The important phenomenon
reducing bioavailability and mobility of soil Cd after biochar
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TABLE 1 Basic properties of soil and biochar.

Parameter WB MB CK-soil
Cd (mg kg™) 0.55 0.28 1.45
pH 10.63 971 7.9
CEC (cmol kg™) 35.8 325 233
SOC (g/kg) 756 691 147
Alkali 110 79 ND
Surface area (m” g') 2.2 3.6 ND
Total pore volume (cm’® g™") 0.21 0.39 ND
Average pore radius (nm) 12.1 9.3 ND
Average pore diameter (4V/A, nm) 3,698 2,134 ND
Porosity (%) 78 77 ND

applications is the availability of cations (Ca**, Mg**, K, and
Zn**) and nutrients (nitrogen, silicon, and phosphorus). Some
studies showed that the biochar applications bring large amounts
of nutrients into contaminated soils (Kim et al., 2015; Xia et al,,
2021; Gong et al., 2022). Additionally, high specific surface area
and presence of negative charges decrease the bioavailability by
the electrostatic interaction, increase the presence of organic
functional groups, and form the sulthydryl and phosphate
precipitation (Cui et al., 2021; Yang et al, 2021; Gong et al,
2022).

In general, soil pH plays a role in heavy-metal speciation,
mobility, and bioavailability in polluted soils because most of the
metals are available in soils with acidic pH values. Biochar is
normally alkaline, and our results confirmed that biochar
applications can significantly increase soil pH with increasing
application rates (Table 1). This enhancement of pH neutralized
the free-state H* and thus in turn increased the hydrolysis of Cd,
increased its immobilization by soil and the biochar in soils, and
accelerated the transformation of exchangeable fractions to the
organic-bound and residual Cd fractions (Gong et al., 2022). This
phenomenon was also observed in this study that showed biochar
applications had significant effects on the transformation of EX
and CB Cd fractions to OM and RE Cd fractions (Figure 2). The
enhancement of pH can also strengthen Cd complexation,
reducing the desorption of Cd** from soils (Xiang et al,
2021). Furthermore, decreased hydrogen ions can reduce the
production of Cd solubility products and thus reduce the Cd
bioavailability.

Large specific surface area, high micro-porous structure, and
abundant large porosity distribution of biochar promote soil to
contain the biochar in soil pores. The large specific surface area
and high micro-porous structure also contained high
electronegativity that can promote the electrostatic adsorption
of positively charged ions (Inyang et al., 2016; Guo et al., 2020).
The adsorption strength is dependent on the negatively charged
groups on the biochar surface, that is, increasingly negative with
the increase of pH values (He et al., 2019). Soil pH increased by
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WB-L-soil WB-H-soil MB-L-soil MB-H-soil
143 1.42 1.4 1.42
7.96 8.03 7.975 8.06
239 29.8 24.1 283
18.8 20.1 17.6 18.9
ND ND ND ND
ND ND ND ND
ND ND ND ND
ND ND ND ND
ND ND ND ND
ND ND ND ND

biochar applications would also facilitate the electrostatic
adsorption of Cd in this study. Additionally, in general,
biochar contains high CEC and can release large amounts of
cations, such as Ca**, Mg**, K*, and Zn>*, which can promote the
cationic exchange with soil solution heavy metals on the biochar
surface (Xu et al., 2016). Thus, the biochars can increase their
adsorption capability for heavy metals, for e.g., Cd, Pb, and Cu (Li
etal,2017; Wu et al,, 2021). A previous study by Lei et al. (2019)
found that the animal-derived biochars contained about 27%
higher Ca than plant-derived biochar, so ion exchanges were
regarded as the dominant pathway of animal-derived biochars
during the adsorption of heavy-metal ions.

The surface functional groups of biochars can also
immobilize metal ions through ion exchange processes and
surface complexation, particularly for biochars with relatively
low mineral concentrations (Uchimiya et al., 2010; He et al,
2019). Previous studies suggested that crop straw-made biochars
through the
complexation formation (Jiang and Xu, 2013; Lahori et al,

mainly immobilize heavy metals surface-
2017). The functional groups, for e.g, phenolic -OH,
-COOH, -C=0-, and -C=N, largely exist in biochars,
providing binding sites to form complexes, which increase the
adsorption and immobilization for Cd (Uchimiya, 2014; Zong
et al,, 2021). Soil heavy metals adsorbed by biochar functional
groups are regarded as the key mechanism in heavy-metal
immobilization (Sun et al, 2021). Additionally, iron and
manganese oxides and inorganic ions such as Si, Se, S, and Cl
contained in biochar can complex with heavy metals, (e.g., Cd**),
reducing the mobility and bioavailability in soils (Lahori et al,
2017). A previous study suggested that the main reason of soil
DTPA-extractable Cu reduction was from the complexation of
functional groups with Cu in the soils (Wang V. et al., 2021).
Furthermore, precipitation between the mineral elements in
biochar and soil heavy metals was considered another
mechanism of Cd immobilization of heavy metals, especially
with biochar contained with mineral elements (e.g., P, S, and Se).
For instance, the biochar produced by impregnation of P with the
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TABLE 2 Cd bioaccumulation factor (BAF) and translocation factor (TF) of wheat and maize tissues.

Crop BAF TF
Treatment Root Stem Leaf Grain G/S L/S S/R G/R

Wheat CK 0.77 + 0.06 0.58 + 0.03 0.43 + 0.02 0.14 + 0.01 0.25 + 0.02 0.74 + 0.05 0.75 + 0.03 0.19 + 0.01
WB-L 0.59 + 0.02 0.39 + 0.03 0.29 + 0.01 0.09 + 0.01 0.23 + 0.01 0.74 + 0.03 0.67 + 0.10 0.15 + 0.02
WB-H 0.41 + 0.03 0.26 + 0.01 0.22 + 0.01 0.06 + 0.00 0.24 + 0.02 0.84 + 0.06 0.64 + 0.04 0.15 + 0.01
MB-L 0.61 + 0.04 0.43 + 0.02 0.32 + 0.02 0.1 + 0.01 0.24 + 0.03 0.74 + 0.08 0.70 + 0.03 0.17 + 0.01
MB-H 041 % 0.02 0.23 + 0.01 0.28 + 0.01 0.06 % 0.00 0.26 + 0.02 1.21 + 0.06 0.58 + 0.04 0.15 + 0.01

Maize CK 0.68 % 0.04 0.31 + 0.02 0.16 + 0.01 0.06 % 0.00 0.20 + 0.01 0.51 + 0.03 0.46 + 0.03 0.09 + 0.01
WB-L 0.52 + 0.04 0.26 + 0.01 0.13 + 0.01 0.05 + 0.00 0.19 + 0.02 0.50 + 0.05 0.51 + 0.02 0.1 +0.010
WB-H 0.46 + 0.03 0.22 + 0.01 0.11 + 0.01 0.04 + 0.00 0.16 + 0.01 0.50 + 0.05 0.48 + 0.03 0.08 + 0.00
MB-L 0.53 + 0.02 0.28 + 0.02 0.14 + 0.01 0.05 + 0.00 0.19 + 0.01 0.50 + 0.04 0.52 + 0.05 0.10 + 0.01
MB-H 0.45 + 0.03 0.25 + 0.01 0.12 + 0.01 0.04 + 0.00 0.16 + 0.01 0.47 + 0.04 0.55 + 0.03 0.09 + 0.00

TABLE 3 Regression relationship between DTPA-extracted and exchangeable Cd in soils and Cd concentrations in wheat and maize tissues.

Cd in Wheat Wheat Wheat Wheat Maize Maize Maize Maize
Tissues root grain leaf stem root grain leaf stem
DTPA-Cd 0.86% 0.93+% 0.98+ 0.85+% 0.94+ 0.93+ 0.96% 0.96%
Exchangeable 0.9% 0.92+ 0.96 0.88+ 0.92+ 0.99+ 0.99+ 0.94+%
Cd

# means significant correlation.

pyrolysis of bamboo can enhance the Cd absorption capacity by
10 times, and the solution Cd removal efficiency increased by
85% (Zhang et al., 2018).

Effects of biochars on the cadmium
reduction in plants

Our results suggested that the soil applications of wheat- and
maize-derived biochars can improve both wheat and maize growth
and yield (Figure 1). Reduced grain yield, grain number per spike,
plant height, and 100-grain weight of wheat and corn would result
from the toxic effects induced by Cd, as previous studies found that
Cd is toxic to plants, causing nutrient loss, reduction of antioxidant
enzyme activities, and damage to photosynthesis in plants (Anwar
etal., 2019; Wu et al., 2020; Zhou et al., 2020; Liu et al., 2021; Zhou
et al, 20215 Li et al,, 2022). It is also reported that Cd can also
produce oxidative stress via high binding capacity for oxygen,
nitrogen, and sulfur atoms, which resulted in reactive oxygen
species (ROS) accumulation (Anwar et al., 2019). In this study,
wheat and maize roots had the highest Cd concentrations in the
control treatments, whereas wheat- and maize-derived biochar
applications decreased their levels, as shown in Figure 3. The
increased ROS is from higher Cd concentration and toxicity in
wheat and maize roots in the control treatment as oxidative stress
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induced by Cd was well elucidated in wheat (Kaya et al., 2020),
maize (Alharby et al., 2021), and other plants (Dabral et al., 2019;
Gao et al,, 2020). MDA contents reduced by biochar applications
would be due to the reduction of Cd concentrations in wheat and
maize tissues (Figures 3, 4). Previous studies also found that
biochar applications can not only decrease oxidative stress in
other plant species cultivated in Cd-contaminated soils but also
reduce the oxidative stress by other heavy metals (Hafeez et al,
2019; Yue et al, 2019; Qu et al,, 2020). Furthermore, biochar
applications can also decrease the oxidative stress of wheat and
maize in this study (Figure 3) and some other plants under the
stresses of heavy metals in previous studies (Abbas et al., 2017;
Hafeez et al., 2019; Alharby et al., 2021). For example, rice-straw
biochar application elevated SOD, CAT, and POD by 18, 958, and
27%, respectively, in Brassica napus L. planted in the Cd-
contaminated soils (Lei et al., 2022). Our results suggested that
the enhancement of the enzyme activities resulted from decreased
Cd concentrations in wheat and maize tissues and increased the
plant tolerance to soil Cd stresses, thus improving the plant growth
(Figures 1, 4).

The effects of biochar applications on TFs and BAFs in wheat
and maize are shown in Table 2. Biochar applications
significantly reduced BAFs, particularly in both wheat- and
maize-derived biochar at high application rates. Additionally,
the biochar applications also significantly decrease TFs from root
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to stems and grains (TFgr and TFg/r) and also increase Cd in
stem translocation to leaves in the high dosage treatments of
wheat. More Cd transported to the leaf from the stem would be
due to the wheat node allocation of Cd in the stem as previous
studies suggest that node can allocate heavy metals and nutrient
ions to grains and leaves (Feng et al., 2021). Additionally, the
biochar applications would enhance the photosynthetic
physiology (Shahbaz et al., 2019), which can also promote Cd
in the stem transporting to the leaf. Our results agree with other
findings that high dosages of biochars can decrease the Cd
transport from roots to shoots (Zong et al, 2021). The Cd
translocation from underground tissues to aboveground
tissues is regarded as one of the most important factors in
determining the accumulations of heavy metals in plants
(Wang et al,, 2020). In this study, regression analysis showed
that the Cd concentrations in wheat and maize tissues (root,
stem, leaf, and grain) were significantly correlated with
Cd (DTPA-extracted and exchangeable Cd)
(Table 3), which indicates that the soil Cd bioavailability is

directly contributed to the Cd accumulation in these crops.

bioavailable

Therefore, reduction of bioavailable Cd concentrations in the
soils is the most effective approach to reduce the soil Cd
migration to crops and control food safety. Zong et al. (2021)
also found that crop straw-derived biochar induced the Cd
reduction in the rice-rape-corn rotation system that was
notably correlated with the decreased DTPA extracted in soils.
Additionally, high cation (e.g., Ca**, Mg*, K', and Zn>")
concentration in biochar would be another reason for the
reduction of Cd accumulation in wheat and maize tissues.
These cautions can complete with Cd during the root Cd
uptake and thus reduce the Cd uptake by crop roots (Xu
et al., 2016).

Conclusion

Wheat straw- and maize straw-derived biochar applications
to the Cd-contaminated soils can significantly decrease DTPA-
extracted Cd concentrations by 12.7-26.0% and 13.1-20.5%,
respectively, and WB applications can reduce more DTPA-
extracted Cd in soils than MB applications during the
wheat-maize rotation. Sequential extractions suggested that
biochar applications can decrease the Cd bioavailability in
biochar-amended soils and changed the EX and CB fractions
of Cd to OM and RE fractions. For wheat and maize, the biochar
applications increased the plant growth, yield, and quality of both
wheat and maize, especially a significant increase in high dosages
can also improve the antioxidant enzyme activities and reduce
the reduction of MDA in both wheat and maize roots. The Cd
concentrations in the wheat grains were reduced by 38.1-91.5%
and 65.9-80% under WB and MB applications, and maize grain
Cd concentrations were reduced by 20.9-54.2% and 30.8-44.0%
under WB and MB applications, respectively. Cd concentrations
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in the root, stem, and leaf are also significantly reduced under
WB and MB applications.

Although biochar applications can significantly reduce the Cd
accumulation in wheat and maize grains, more -effective
approaches are necessary to qualify relevant transporters and
provide useful information for breeding in the future.
Additionally, mitigation strategies are in development, and
short-term and long-term solutions with cost-effectiveness are
needed to cope with the current Cd-contaminated paddy fields
and Cd accumulation in rice grains. Moreover, long-term field
trials are highly desirable to examine the residual effects of biochar
amendments on different soil types and environmental conditions.
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The research on polycyclic aromatic hydrocarbons (PAHSs) in karst soil mainly
focuses on 16 kinds of parent-PAHs (p- PAHs), and little attention is given to
alkylated-PAHs (a-PAHSs) with higher concentration and greater toxicity. Five
surface soils of coal mining area and their surrounding areas in karst area were
sampled as subject investigated, and the spatiotemporal pollution
characteristics of p-PAHs and a-PAHs were analyzed to discuss the impact
of karst soil properties and environmental conditions on the migration of
a-PAHs. The research results showed that the pollution concentration of
a-PAHs in the soil of the southwestern karst area, especially the coal mining
area, was significantly higher compared to the 16 kinds of p-PAHSs, and the
average concentration of the p-PAHs was 17729 + 37.36ng/g; the
concentration of a-PAHs was 346.87 + 104.91ng/g; the concentration of
PAHs presented a seasonal pattern of that in winter > spring > autumn >
summer. At the same time, seasonal rainfall could affect and change the
occurrence state of PAHs in karst soils, but the effect on p-PAHs was
weaker than on a-PAHs. The concentration of PAHs in the coal mining area
and forest soil were 651.68 ng/g and 755.38 ng/g, respectively, so they
belonged to contaminated soil, while the concentrations of two cultivated
soil and abandoned soil were 475.51ng/g, 367.58 ng/g and 370.63 ng/g,
respectively, belonging to weakly contaminated. Toxicity assessment
showed that p-BaP with a maximum toxic equivalent of 62.35ng/g, C;-BaP
(42.09 ng/q), DaA (37.82 ng/g) and C;_s BaA (25.91 ng/g) were toxic PAHs with
higher risk. The results of the correlation study showed that soil organic carbon,
soil clay and soil calcium content were the dominant factors affecting the
spatiotemporal distribution of PAHs of soils in karst coal mining areas and their
surrounding areas. The research can provide data guidance for the
management, control and restoration of soil pollution in karst areas, and
offer a reference for Guizhou province to implement the big-ecological
strateqy.
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Introduction

Global karst landforms were widely distributed, accounting for
about 15% of the terrestrial area (Larson and Mylroie, 2018).
Guizhou province was China’s distribution center of karst
landforms (Yan et al, 2019). Karst areas are vulnerable to
various exogenous pollutants due to their extremely fragile
ecosystems and thin soil layers. The coal-dominated energy
consumption structure, rapid urbanization, and the increasing
number of motor vehicles have made Guizhou province karst
soil a major “sink” of PAHs. Research pointed out that the total
emission of PAHs was 1730 tons in Guizhou province, ranking
fourth in the country in 2003 (Xu et al, 2006), and Guizhou
province’s overall emission intensity was also at a high level in
China (Zhang et al., 2007). Han et al. (2019) pointed out that China
emitted 32,700 tons of PAHs because of incomplete fuel combustion
in 2016, and the emission intensity of Guizhou province was high.
Zhang et al. (2022) pointed out that the pollutant concentration of
soil PAHs near the coal-fired power plant in the karst area of
Guizhou province reached 12.2 mg/kg.

The occurrence, migration and fate of 16 kinds of p-PAHs in the
environmental priority control pollutants in soil have been widely
studied, but the total polycyclic aromatic compounds (PACs) in the
environment not only contain 16 kinds of p-PAHs, but also include
a-PAHs, (n-PAHs),
dibenzothiophenes (DBTs), etc. In recent years, researchers have

nitro-polycyclic aromatic hydrocarbons
found that aerosols (Wei et al., 2015), bituminous coal (Zhang et al.,
2021), coking plants and coal gangue (Lin et al., 2017; Liang et al.,
2018), oil-contaminated sites (Golzadeh et al, 2021), untreated
sludge and municipal wastewater (Hellou et al, 1999) include
not only 16 kinds of p-PAHs, but also a large number of
a-PAHs whose proportion was often greater than p-PAHs. The
main sources of a-PAHs included the accompanying products of
petroleum, namely diagenetic sources; a-PAHs also existed in raw
coal; the processing and combustion of petroleum and coal products
also released a part of a-PAHs. The substitution reaction of p-PAHs
in the environment also increased the concentration of a-PAHs in
the environment. Studies have found that a-PAHs may be
significantly more toxic than p-PAHs (Andersson and Achten
2015; Golzadeh et al., 2021). The study believed that PAHs with
a “Bay region” structure was the key molecular feature that affected
whether PAHs would lead to mutagenesis, carcinogenesis and
teratogenesis. The study also found that 38 kinds of a-PAHs had
the above three effects (Baird et al., 2007).

The climate, precipitation and various Earth surface
China’s  karsts
complicated, which may affect PAH’s environmental
migration and final fate. Lan et al. (2016, 2018) showed that
rainfall events changed the distribution of PAHs in karst

processes in southwest were extremely

groundwater, the mass concentration of PAHs in water
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increased with the increase of rainfall or flow, and the
ecological risk of underground water changed during rainfall.
Zhu et al. (2022) showed that high ring PAHs were more
enriched in the soil of typical karst trough valleys in
Chongqing, and soil PAHs generally caused a low risk of
carcinogenicity. Qian et al. (2020) showed that low cyclic
PAH was mainly found in the karst cave sediment, and PAHs
distribution had no significant relationship with the sediment
particle size. Ye et al. (2015) believed that the migration of PAHs
in karst areas was mainly controlled by two mechanisms: organic
matter and water dissolution. They believed that energy
combustion and traffic pollution, and atmospheric deposition
were the main pollution pathway for PAHs in the study area. An
etal. (2021) believed that the migration of PAHs in karst soil was
closely related to natural ecological processes such as freezing and
thawing. Freeze-thaw cycles may affect the form of calcium ions
in the karst environment, thereby changing the microscopic
morphology and structure of soil organic matter, resulting in
chvvvanges in PAHs occurrence state and desorption process.
The research on PAHs in the karst environment mainly focused
on groundwater and 16 kinds of p-PAHs, while the more toxic
a-PAHs and 16 kinds of p-PAHs in soil had not been reported.

Meanwhile, the physicochemical properties of a-PAHs and
p-PAHs were quite different, which may affect the occurrence,
migration and toxicity in the environment (Kang et al., 2016).
The pollution of a-PAHs in southwestern karst areas, especially
in coal-rich areas, would inevitably affect soil health and
groundwater safety, and ultimately affected the safety of the
entire regional ecosystem and human health. In addition, the
unique climatic conditions in the karst area of Guizhou province
may change the occurrence and migration of p-PAHs and
a-PAHs. Hence, studying the pollution characteristics of
a-PAHs in karst areas was necessary. The main purpose of
this study was to find out the temporal and spatial
distribution tendency of PAHs in the soil of karst coal-rich
areas in different seasons, analyze the possible influencing
factors, calculate the ecological risk value. The research can
provide data guidance for the management, control and
restoration of soil pollution in karst areas, and provide a
reference for implementing the big ecology strategy in
Guizhou province.

Material and methods
Sample collection
The study selected five surface soils (0-10 cm) in a coal

mining area in Hezhang County, Guizhou province (Figure 1).
The coal mining area was 2.29 km?, and the production scale was
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FIGURE 1

Location of samples site of karst soil in Guizhou province.

0.45 Mt/a. The coal-bearing formation of the coal mine was
Xuanwei Group (P3x), which mainly was lignite with medium
high sulfur and low volatile anthracite. The study was conducted
in March, 2021 (spring, with continuous light rain for a week
before sampling), June, 2021 (summer, with a heavy rain for a
week before sampling), September, 2021 (autumn, without
rainfall for a week before sampling), and December, 2021
(winter, without rainfall for a week before sampling). 10 m x
10 m surface soil mixed sample was collected by the W-type
sampling method, which was air-dried at room temperature in
the laboratory in the dark to remove plant roots and debris,
ground and screened through a 100-mesh stainless steel sieve,
and put in a sealed bag for later use. The basic characteristics of
the soil are shown in Table 1. The total organic carbon (TOC)
was measured by an organic element analyzer (vario Macro
cube), and the cation exchange capacity (CEC) was measured
by the NH,CI-NH,OAc method. The total calcium amount of the
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soil (TCA) was digested using aqua regia-perchloric acid and
determined by the ICP-OES method. Soil texture was determined
using a laser particle size analyzer (BT-9300ST).

Instruments and reagents

The main experimental apparatus included Agilent 6890/
5973B gas chromatography-mass spectrometer (equipped with
EI ionization source and automatic sampler); rotary evaporator
(VORTEX-5), ultrasonic cleaner (KG-250DE type), centrifuge
(TGL -16C).

N-hexane and dichloromethane were products of Thermal
Fisher, the United States; methanol and anhydrous sodium
sulfate were bought from Sinopharm Group Corporation. The
standard mixed samples of 16 kinds of p-PAHs were purchased
from AccuStandard, the United States, and the standard
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TABLE 1 Physical and chemical properties of the soil at the sampling sites.

Sample pH TOC (%) CEC (cmol/kg) TCA (107° cmol/kg)
S1 639 3.5 11.28 521
S2 762 3.84 23.57 3.22
S3 748 561 12.28 438
S4 724 447 14.57 347
S5 737 946 26.45 635

solutions of 12 a-PAHs were purchased from Ehrenstorfer,
Germany. Preprocessing standard internal Dg-naphthalene,

quantitative internal standard Djj-acenaphthene, Djo-
phenanthrene, Dj,-perylene, D;,-chrysen, and injection
internal standard Dj,-tribiphenyl were purchased from

Cambridge Isotope Laboratories.

Extraction and analysis

Ultrasonic extraction was used to extract the p-PAHs and
a-PAHs in the soil. Briefly, 5 g sample was put into a 10 ml screw-
top glass test tube, then 2 g high-temperature treated anhydrous
sodium sulfate was added, then 100 puL with 20 pg/ml recovery
internal standard Dg-naphthalene was added, and meanwhile
10 ml of dichloromethane was added. At a constant water
temperature of 20°C, the sample was sonicated for 5h, and
stirred once per hour during ultrasonication. The supernatant
was transferred to a centrifuge tube, centrifuged at 14,000 r/min
for 5 min, and then transferred to a rotary evaporator, which was
concentrated to 0.5 ml, transferred to a 1.5 ml brown injection
bottle. 100 uL with 400 ng/g quantitative internal standard (D ,-
acenaphthene, D;y-phenanthrene, and D;,-perylene) was added.
The sample capacity was fixed to 1 ml using methanol, and
evenly was mixed in a vortexer for 5min to tested on the
machine.

The sample was measured by GC-MS, and the specific
chromatographic parameters were as follows: temperature
programming of the chromatographic column (DB-5MS,
30 m x 0.25mm X 0.25 um, United States) started from 70°C,
and held for 1 min; the chromatographic column was heated to
180°C at 15°C/min, held for 2 min; heated to 220°C at 10°C/min,
held for 0.5 min, and finally heated to 300°C at 8°C/min, held for
5 min. The carrier gas was helium, the flow rate was constant flow
with 1.0 ml/min; the injection port temperature was 280°C, and
the injection volume was 1 uL without split sampling. Mass
spectrometry parameters: electron bombardment ion source,
ionization voltage 70eV, ion source temperature 230°C,
interface temperature 280°C, mass scanning range m/z
50-550, in full scan mode, solvent delay for 4 min.

Frontiers in Environmental Science

67

10.3389/fenvs.2022.990471

Soil texture(%) Descriptions

Silt Clay Sand

3326 2023  46.51 The soil in the mining area, without the vegetation
19.24 4392 36.84 Abandoned soil, with horsetail pine

1136  67.06  21.58 Slope soil, perennial planting pepper

4029 2454 3517 Cultivated soil, mainly planting corn

2648  39.03 3449 Forest soil

Data processing and quality control

The p-PAHs were determined by gas chromatography-mass
spectrometry, specifically referred to by Lan et al. (2016). The
a-PAHs were qualitatively and quantitatively analyzed using
MassLynx V4.2 software by referring to the mass spectrum of
the standard sample and the mass spectrum in the standard mass
spectrum database (NIST Mass Spectral Database), and
qualitative analysis was made based on retention time. The
relative response factor (RF) internal standard method was
used for quantitative analysis; the components of a-PAHs not
included in the standard sample were quantified according to the
response factors of PAHs or a-PAHs with the closest retention
time in the homologues or the chromatogram (Qian et al., 2022).
The RF calculation formula was as follows:

Ks-
RF = Js-paH
Kis

1

In Eq. 1, Kg papr was the regression curve slope of a single
PAH standard substance; K;s was the regression curve slope of
the added standard internal substance corresponding to a single
PAH standard substance.

All samples were subject to a strict quality assurance and quality
control system: 3 parallel samples were set for each sample, and the
recovery standard sample was added; the actual recovery ranges
were Dg-naphthalene (83.2% + 6.3%), D;o-Acenaphthene (79.2% +
8.4%), Djp-phenanthrene (95.1% + 2.8%), Dj,-chrysen (98.2% =+
3.4%), Dy,-perylene (102.6% + 6.5%); one blank was added for every
10 samples, and the concentration range of naphthalene was
0.03-0.95 ng/g in the blank sample; the final data were revised
from the blank and corrected for recovery.

Results
Concentration characteristics of ) PACs
35 kinds of PACs (14 kinds of p-PAHs and 21 kinds of

a-PAHs) were detected in the samples, and the concentrations
of 14 kinds of p-PAHs ranged from 224.66 + 55.78 ng/g to
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TABLE 2 Concentration of ) 1¢ p-PAHs in samples of soil (ng/g).

10.3389/fenvs.2022.990471

p-PAH S1° S2 S3 S4 S5 Average
Nap 1146 + 1.17 526 + 1.3 14.38 + 1.42 495 + 2.1 13.93 +3.97 9.99 + 1.99
Acy ND ND ND ND ND ND

Ace ND ND ND ND ND ND

Flu 15.55 + 2.13 1125 + 2.55 1249 + 3.83 10.74 + 1.43 16.14 + 2.48 13.23 + 248
Phe 16.37 + 242 872+ 1.72 16.82 + 3.11 9.6 +2.84 23.18 + 3.46 14.93 + 271
Ant 17.12 £ 1.77 1039 + 2.01 13.03 + 227 1036 + 3.14 17.03 + 2.98 13.59 + 2.43
Fla 17.83 + 2.62 12.51 + 1.39 13.44 + 2.71 11.46 + 237 24.82 +5.19 16.01 + 2.86
Pyr 2347 + 3.04 12.47 + 2.48 17.27 + 4.42 9.64 + 1.64 16.73 £ 3.77 15.92 + 3.07
BaA 12.33 + 229 10.16 + 1.57 117 + 3.08 9.03 + 1.09 16.99 + 5.23 12.04 + 2.65
Chr 11.06 + 2.06 9.88 + 1.84 12.89 + 3.76 7.84 + 1.69 18.6 + 6.69 12.05 + 3.21
BbF 1939 + 22 14.52 + 231 2042 + 8.26 142 + 129 27.92 + 7.36 19.29 + 4.28
BKF 6.47 + 2.12 638 + 3.06 1141 +2.99 8.01 + 1.98 1031 + 3.21 8.52 + 2.67
BaP 14.15 + 2.46 9.89 + 2.06 152 + 1.93 7.82 + 2.13 153 +5.10 1247 + 2.73
DaA 13.2 £ 1.51 5.88 + 135 13.18 + 4.05 556 + 243 ND 7.56 + 1.87
InP 12.54 £ 1.06 7.13 + 127 935 + 2.95 5.28 + 146 1132 +3.26 9.12 + 2.00
BgP 1672 + 1.62 12.25 + 2,51 1447 + 3.5 6.97 + 1.32 12.41 + 3.09 12.56 + 241
2-3 ringy PAHs 60.49 + 7.48 35.61 +7.58 56.72 + 10.62 35.63 £ 9.50 70.28 + 12.89 51.75 + 9.62
4 ringy PAHs 64.68 + 10.01 45.02 +7.28 5529 + 13.97 37.96 + 6.78 77.14 + 20.88 56.02 + 11.78
5-6 ringy PAHs 8247 + 10.95 56.05 + 12.56 84.03 + 23.68 47.84 + 10.61 77.25 + 22.02 69.52 + 15.96
S PAHs 207.64 + 28.45 136.67 + 27.42 196.04 + 48.27 121.43 + 26.89 224.66 + 55.78 177.29 + 37.36

Note: ND was not detected (the same below).

“Indicates the average concentration of samples at the same location in the four-sampling season. [Abbreviations: Nap, Naphthalene; Acy, Acenaphthylene; Ace, Acenaphthene; Flu,

Fluorene; Phe, Phenanthrene; Ant, Anthracene; Fla, Fluoranthene; Pyr, Pyrene; BaA, Benzo(a)anthracene; Chr, Chrysene; BbF, Benzo(b)fluoranthene; BKF, Benzo(k)fluoranthene; BaP,

Benzo(a)pyrene; DaA, Dibenzo(a,h)anthracene; InP, Indeno(1,2,3-cd)pyrene; BgP, Benzo(g,hi)perylene].

121.43 + 26.89 ng/g, with an average value of 177.29 + 37.36 ng/g;
21 kinds of a-PAHs concentrations ranged from 530.72 +
172.17 ng/g to 444.04 + 94.19 ng/g, with an average value of
346.87 + 10491ng/g (Tables 2, 3). The two p-PAHs
(acenaphthylene and acenaphthene) were not detected in the
karst soil, but their alkyl-substituted hydrocarbons had high
concentrations. According to analysis from the polluted site, the
forest soil sampling site (S5) had the maximum concentration of
p-PAHs (224.66 + 66.82ng/g), and the soil sampling site of
traditional corn crop cultivated soil (S4) had the minimum
value of p-PAHs (12143 + 31.94ng/g). The specific
concentration tendency was S5 > S1 > S3 > S2 > S4. Forest soil
sampling site (S5) had the maximum concentration of the a-PAH
(530.72 £ 172.17 ng/g), and cultivated corn crop soil (S4) still was
the minimum value (24921 + 94.69ng/g). The specific
concentration tendency was S5 > S1 > S3 > S4 > S2. According
to analysis from the sampling season: the average concentration of
total PAHs in the five sampling sites was winter (588.01 ng/g) >
spring (573.26 ng/g) > autumn (499.41 ng/g) > summer
(435.95 ng/g). The average concentration of p-PAHs in the five
sampling sites was winter (203.09 * 41.65ng/g) > autumn
(177.56 + 36.21 ng/g) > spring (169.31 * 40.25 ng/g) > summer
(159.18 + 60.17 ng/g). Except for the winter in which the
concentration of the S1 was higher than that of the other four
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sampling sites, the concentration of the sampling site was exhibited
with S5 > S1 > S3 > S2 > S4 in other seasons. However, there were
differences in the seasonal distribution characteristics of a-PAHs.
The seasonal distribution order of the five soil samples was spring
(403.95 + 41.65 ng/g) > winter (384.92 + 113.38 ng/g) > autumn
(321.85 + 104.19 ng/g) > summer (276.77 + 91.31 ng/g). Except for
the spring sampling in which the content of a-PAHs in cultivated
soil (S4) was lower than that in the abandoned soil (S2), the general
trend of a-PAHs concentrations was S5 > S1 > S3 > S4 > S2 in the
four seasons. A comparison of the concentration distribution of
PAHs in different sites and in different sampling seasons with the
soil properties of the sampling sites revealed that the spatial
distribution of p-PAHs and a-PAHs were closely related to soil
organic carbon content.

The Y PACs in the mining area (S5) were significantly higher
than in the other 4 sampling sites (Table 4); the p-PAHs
concentration at all sampling sites was lower than the a-PAHs
concentration. The a-PAHs accounted for 63%-70% of PACs,
with an average value of 64%, which indicated that a-PAHs might
be the main type of PAHs of the sampling sites surface soil in the
karst area. In different seasons, the concentrations of PAHs in the
soil were significantly different, with the total concentration of
PAHs in the soil in winter and spring higher than that in autumn
and summer.
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TABLE 3 Concentration of ) ,; a-PAHs in samples of soil (ng/g).

10.3389/fenvs.2022.990471

a-PAH CAS S1 S2
1-Methylnaphthalene 90-12-0 25.64 + 2.79 17.81 + 2.09
2-Methylnaphthalene 91-57-6 21.92 + 2.03 21.38 + 1.52
2 -Ethylnaphthalene 2949-26-0 7.83 +1.35 4.54 + 4.43
2,7-Dimethylnaphthalene 582-16-1 2422 + 258 14.62 + 1.92
2,3,5- Trimethylnaphthalene 2245-38-7 20.04 + 4.33 10.8 + 3.41
1-Methylfluorene 1730-37-6 2593 +6.97 14.84 £+ 3.15
9-Methylfluorene 2523-37-7 27.83 £7.95 11.07 £ 1.55
1,9-Dimethylfluorene 17057-98-6 2296 £ 6.01 12.82 + 4.47
1-Methylanthracene 610-48-0 29.97 £ 5.46 14.28 + 4.07
2-Methylanthracene 613-12-7 27.52 + 6.87 8.06 + 1.01
9,10-Dimethylanthracene 781-43-1 23.93 +£2.25 10.94 + 2.82
2,9,10-Trimethylanthracene 63018-94-0 26.28 + 5.05 104 + 3.78
7-Methylbenz[a]anthracene 2541-69-7 20.78 + 5.84 10.24 + 4.36
12-Methylbenz[a]anthracene 2422-79-9 15.72 + 1.74 12.44 + 1.31
7,12-Dimethylbenz[a]anthracene 57-97-6 25.92 + 3.57 9.57 + 2.67
2-Methylphenanthrene 2531-84-2 22.12 + 1.08 7.54 + 3.66
9-Methylphenanthrene 883-20-5 14.16 + 3.84 7.7 +2.86
4,5-Methylenephenanthrene 203-64-5 18.03 + 8.99 3.79 + 1.88
2,3,5-Trimethylphenanthrene 3674-73-5 12.7 + 4.97 6.08 + 3.71
1-Methylpyrene 3442-78-2 23.35 + 3.90 16.3 £ 2.91
6-Methylbenzo[a]pyrene 2381-39-7 7.23 + 6.64 5.73 + 4.96
2 ring XA, 3 Nap® 99.64 + 13.07 69.14 + 13.37

3 ring £A, 3 Flu/Ant/Phe”
4-5 ring A, , Pyr/BaA/BaP*
Ya-PAHs

“Means alkylated homologues of the 1-3 substituted of 2 ring naphthalene.

313.82 + 70.59
30.58 + 10.54
444.04 £ 94.19

139.75 + 41.28
22.03 +7.87
230.92 + 62.52

S3 S4 S5 Average
22 %357 2078 + 2.35 2433 +£7.96 2211 +3.75
22.1 + 401 16.81 + 1.72 31.59 + 4.92 22.76 + 2.84
574 + 422 6.15 + 423 11.58 + 3.23 7.17 + 3.49
13.74 + 2.52 13.83 +2.17 2533 + 621 18.34 + 3.08
15.46 + 4.46 13.56 + 3.85 28.47 % 10.99 17.66 + 5.41
16.17 + 4.10 13.99 + 3.56 27.74 + 10.14 19.73 + 5.59
1447 + 3.36 13.87 + 9.22 28.7 + 4.99 19.19 + 5.41
16.75 + 5.84 15.97 + 5.05 34.82 * 12.66 20.66 * 6.81
14.15 + 531 1541 + 4.60 53.5 + 8.37 25.46 * 5.56
1044 + 7.12 10.01 + 6.53 21.07 + 7.61 1542 + 5.83
143 + 221 132 +3.18 28.85 + 12.96 18.24 + 4.68
10.74 + 4.92 7.89 + 4.26 19.15 + 9.66 14.89 + 5.53
13.36 + 5.70 12.8 + 492 2697 + 11.56 16.83 + 6.47
15.99 + 12.56 14.52 + 9.74 3178 + 13.22 18.09 + 7.71
1197 + 3.52 11.94 + 3.02 25.15 * 8.61 1691 + 4.27
10.79 + 4.93 7.94 + 7.87 2597 + 4.61 14.87 + 4.43
925 + 3.75 8.86 + 3.24 18.65 + 8.24 11.72 + 439
474 + 338 5.19 + 2.13 9.55 + 4.99 8.26 + 4.36
7.79 + 491 7.46 + 4.19 15.72 + 7.46 9.95 + 5.05
2224 + 3.81 12.04 +3.29 27.06 + 5.88 20.2 + 3.96
733 + 645 7.02 + 5.59 14.78 £ 7.95 8.42 + 632
79.03 + 18.76 7111 + 14.31 121.29 + 33.29 88.04 + 18.56

170.88 + 71.97

29.57 + 10.26

279.48 + 100.99

Means alkylated homologues of the 1-3 substituted of 3 ring fluorene, fluorene and phenanthrene.

“Means alkylated homologues of the 1-2 substituted of 4-5 ring pyrene, benz[a]anthracene and benzo[a]pyrene.

TABLE 4 Distribution and ration of different kinds of PAHs content in sampling sites.

Ya-PAHs (ng/g)

159.04 + 71.51
19.06 + 8.88
249.21 + 94.69

Ratio (a/p)

367.59 + 125.05
41.84 + 13.84
530.72 £ 172.17

Ratio (p/X)

230.22 + 76.08
28.62 + 10.28
346.87 + 104.91

Ratio (a/X)

Sample YPACs (ng/g) p-PAHs (ng/g)

s1 651.68 207.64 444.04
s2 367.58 136.67 230.92
s3 475.51 196.04 279.48
S4 370.63 121.43 249.21
S5 755.38 224.66 530.72
Total 262078 886.43 1734.35

Y PACs pollution pattern

In all sampling sites, the a-PAHs were a significantly higher
proportion than p-PAHs, and the proportion of a-PAHs
accounted for 59%-70% of the total aromatic hydrocarbons.
In terms of 16 kinds of p-PAHs, the concentration of 2-3-ring
PAHs ranged from 35.61 + 7.58 ng/g to 70.28 + 12.89 ng/g, with
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2.14 0.32 0.68
1.69 0.37 0.63
1.43 0.41 0.59
2.05 0.33 0.67
2.36 0.30 0.70
1.96 0.34 0.66

an average value of 51.75 + 9.62 ng/g, accounting for 29.19%; the
concentration of 4-ring p-PAHs ranged from 37.96 + 6.78 ng/g to
77.14 *+ 20.88 ng/g, with an average value of 56.02 + 11.78 ng/g,
accounting for 31.60%; the concentration of 5-6-ring p-PAHs
ranged from 56.05 + 12.56 ng/g to 84.03 + 23.68 ng/g, with an
average value of 69.52 + 15.96 ng/g, accounting for 39.21%. The
2-ring a-PAHs had the highest value of 121.29 + 33.29 ng/g in the
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FIGURE 2

Distribution of p-PAHs and a-PAH in karst soils for different seasons.

S5 and the lowest value of 69.14 + 13.37 ng/g in the S2, with an
average value of 88.04 + 18.56 ng/g, accounting for 25.38%. The
3-ring a-PAHs had the highest value of 367.59 + 125.05 ng/g in
the S5 and the lowest value of 139.75 + 41.28 ng/g in the S2, with
an average value of 230.22 * 76.08 ng/g, accounting for 66.37%.
The 4-5-ring a-PAHs had the highest value of 41.84 + 13.84 ng/g
in the S5 and the lowest value of 19.06 + 8.88 ng/g in the S4, with
an average value of 28.62 + 10.28 ng/g, accounting for 8.25%.
Seen from the analysis of different sampling seasons (Figures
2, 3), the average concentrations of 2-3-ring p-PAHs were
4727 + 7.10ng/g (spring), 46.97 + 9.37ng/g (summer),
5438 + 6.99 ng/g (autumn) and 58.36 + 8.60 ng/g (winter);
the average concentrations of 4-ring p-PAHs were 59.18 +
13.04 ng/g (spring), 50.89 * 22.75ng/g (summer), 54.68 =+
11.22 ng/g (autumn) and 59.33 + 11.90 ng/g (winter); the
average concentrations of 5-6-ring p-PAHs were 62.86 +
12.33 ng/g (spring), 61.32 *+ 17.36 ng/g (summer), 68.51 =+
10.86 ng/g (autumn) and 85.40 * 12.65ng/g (winter). The
average concentrations of 2-ring a-PAHs in spring, summer,
autumn, and winter were 116.70 + 20.66 ng/g, 57.47 + 16.23 ng/g,
95.39 + 19.93 ng/g, and 82.63 + 17.42 ng/g, respectively; the
average concentrations of 3-ring a-PAHs in spring, summer,
autumn, and winter were 250.15 + 79.98 ng/g, 193.58 + 66.12 ng/
g, 194.24 + 74.46 ng/g, and 282.89 + 83.74 ng/g, respectively. The
average concentrations of 4~5-ring a-PAHs were 37.10 +
10.12 ng/g in spring, 25.72 + 8.96 ng/g in summer, 32.25 *
9.80ng/g in autumn, and 19.39 + 12.22ng/g in winter,
respectively. As seen from the analysis of a-PAHs homologs
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of the same type, the concentration of alkylated-naphthalene and
alkylated-anthracene homologs were significantly higher than
that of other a-PAHs homologs, while alkylated-BaP homologs
had the smallest concentration and proportion (Figure 4). The
4-5-ring p-PAHs was a relatively high proportion, and there was
a small difference between p-PAHs with different ring numbers,
with a maximum value of 50.44% in winter. The a-PAHs with
different ring numbers varied significantly, and the 3-ring
a-PAHs were significantly higher proportion than 2-ring and
4-5-ring, and the largest proportion was 70.03% in winter.

Polycyclic aromatic compounds risk
assessment

The soil PAHs pollution standard (Maliszewska-Kordybach
1996) was combined with the substance toxicity equivalent factor
(Table 5) to evaluate the toxic concentration of p-PAHs and
a-PAHs in the coal mining area and then conduct a risk
assessment of the sample site in the coal area (Figure 5). The
results showed that when only 16 kinds of p-PAHs were
considered, except that the average concentration of the S5
(0.22 pg/g) and the average concentration of the SI (0.21 pg/g)
were slight pollutions, the samples of other sites were all non-
pollution (Figure 5B). The concentration of a-PAHs in different
sites and seasons was significantly higher than that of p-PAHs,
and the pollution level was also significantly increased. The
S5 was moderately contaminated in winter, and the S2 was
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Triangle diagram of different kinds of PAHs for the seasonal distribution [Seasonal distribution of low and high ring of total PAHs (A); Seasonal
distribution of 2—-3, 4 and 5-6 ring of p-PAHSs (B); Seasonal distribution of 2, 3 and 4-5 ring of p-PAHSs (C); Seasonal distribution of 2, 3 and 4-5 ring of
a-PAHs (D)].
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TABLE 5 Toxic equivalent factors (TEFs), and BaP equivalent concentration (BaP.).

PAHs TEF Sites (1-5) (ng/g)
Nap 0.001 49.970
Acy 0.001 0.000
Ace 0.001 0.000
Flu 0.001 66.155
Phe 0.001 74.673
Ant 0.010 67.928
Fla 0.001 80.055
Pyr 0.001 79.575
BaA 0.100 60.190
Chr 0.010 60.268
BOLF 0.100 96.443
BKF 0.100 42,583
BaP 1.000 62348
DaA 1.000 37.815
InP 0.100 45.615
BgP 0.010 62.815
Cy_3 Nap 0.001 440203
Cy_, Flu 0.001 297.895
Cy_5 Ant 0.010 343.781
Cy_; BaA 0.100 259.143
Cy_3 Phe 0.001 223.978
C, Pyr 0.001 100.988
C, BaP 1.000 42.088
Yp-PAHs 886.430
Ya-PAHs 1708.073
S PACs 2594.503

non-pollution in summer and autumn, and the rest of the sample
sites were all weakly polluted (Figure 5C). As seen from the
analysis of total PAH concentrations, PAHs of all soil samples
were above the level of weak contamination. Except for the S1 in
summer, S1 and S5 samples of other sites and seasons were
moderately contaminated (Figure 5A).

The equivalent concentration factor of a-PAHs was
calculated based on p-PAHs (Chen et al, 2016). The toxicity
equivalent concentration results showed that (Table 5): the
maximum concentration of p-PAHs was BbF (96.44 ng/g); the
minima were Acy and Ace; the maximum concentration of
a-PAHs was C;; Nap (440.20 ng/g); the minimum was C;-
BaP (42.09 ng/g). The evaluation results showed that BaP with
a maximum toxic equivalent of 62.35 ng/g, C,-BaP (42.09 ng/g),
DaA (37.82g/g) and C,; BaA (26.91 ng/g) were the most
important 4 types of PAHs with high toxicity risk. The risk
value of ) p-PAHs accounted for 63.64%, and it was the most
important toxic risky PAHs in the soil of the karst coal mining
area. As seen from the analysis of monomers and homologs, BaP
and C;-BaP contributed 52.38% of the toxicity risk, which were
the most important toxic risky substances. It was worth noting
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TEQg.p Percentage (%)
0.050 0.03
0.000 0.00
0.000 0.00
0.066 0.03
0.075 0.04
0.679 0.34
0.080 0.04
0.080 0.04
6.019 3.02
0.603 0.30
9.644 4.84
4258 2.14
62.348 3127
37.815 18.96
4562 2.29
0.628 0.32
0.440 0.22
0.298 015
3.438 172
25914 13.00
0.224 0.11
0.101 0.05
42.088 2111
126.906 63.64
72503 36.36
199.409 100.00

that both DaA and C, ; BaA toxicity risk accounted for more
than 10%, which were also the main types of PAHs that affect the
regional ecological risk. In the cultivated soil S3 and $4, a certain
content of BaP may cause the enrichment of plants, which were
transmitted in the food chain and caused certain toxicity risks to
the local residents.

Discussion

Coal mining and consumption were the main sources of
PAHs in soil. The average concentration of p-PAHs in the soil of
karst coal mining areas wasl177.29 ng/g. Shang et al. (2019)
showed that the average concentration of p-PAHs in Chinese
surface soil was 1217 ng/g, and the average content in Guizhou
province was 117.8 ng/g. Compared with other chemical areas in
China (Table 6), the pollution concentration of PAHs in the coal
mining area of Guizhou province was at a low level. Compared
with the PAHs pollution concentration in other regions of
Guizhou province, the total concentration of PAHs in this
study was at a moderate level, but was significantly lower than
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TABLE 6 Concentrations of PAHs in surface soils from different areas in China.

Study area PAHs Minimum Maximum Middle Average References Samples time
Surface soil, China 16 ND 65500 381.9 1214 Shang et al. (2019) 1999-2018
Surface soil, China 16 9.90 5910 159 377 Zhao et al. (2015) 2015
Agricultural soil, China 16 ND 27580 ND 772 Sun et al. (2018) 2015
Agricultural top-soil, 16 277.79 3217.20 ND 1023 Liu et al. (2016) 2013
Urban soil, China 16 92 4733 ND ND Han et al. (2019) 2001-2017
Urban soil, China 16 30.1 23300 661 584 Ma et al. (2015) 2004-2013
Rural soil, China 16 3.7 6250 147 148 Ma et al. (2015) 2004-2013
Tangshan mining area, Hebei 16 115.30 1042.31 349.17 486.37 Jia et al. (2017). ND
Yangtze River Delta Chemical Industry Park 19 16.3 4694 ND 688 Jia et al. (2021) 2019
Heshan coal district, Guangxi GGuangxi,China 16 79.56 4256.96 ND 1280.12 Huang et al. (2016) 2013

Coal mine district of Lu ling, Anhui 28 350 6210 ND 1690 Liu, (2014) 2010
Ningdong Chemical Industry District, Ningxia 16 ND 123120 ND 10190 Yang et al. (2020) ND
Niangziguan karst catchment, Shanxi ,Niangziguan 16 4713 705.3 194.4 259.96 Li et al. (2019) ND
Suburb of Guiyang, Guizhou 16 61 511 339 281.8 Hu et al. (2006) ND
Urban area of Guiyang, Guizhou 16 247 1560 692 663 Hu et al. (2006) ND
Zunyi, Guizhou 16 0.8 251 ND 36.48 Zhang et al. (2009) 2008
Top-soil of Guiyang, Guizhou 16 10.02 1708.86 99.98 139.14 Zhang et al. (2021)  ND

Bijie, Guizhou 16 196 11592 780 1500 Chen et al. (2016) 2014-2015
Power plants in Bijie, Guizhou 16 200 12200 5350 4866 Zhang et al. (2021) ND
Qiannan, Guizhou 16 3.7 259.6 ND 56.8 Lin et al. (2015) 2010

Coal mine district of Hezhang county, Guizhou 16 136.67 224.66 196.04 177.29 This study 2021

Coal mine district of Hezhang county, Guizhou 21 249.21 530.72 279.48 346.87 This study 2021

Note: ND means no data available in reference.
the regional pollution concentration of PAHs in Guizhou

province coal power plants (4866 ng/g on average). The
concentration in the karst area soil was at a moderate level,
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province, and the emission of PAHs from coal was significantly
higher than that from high grade anthracite. Geng et al. (2014)
believed that the overall emission coefficient of Guizhou province
anthracite was 129.47 mg/kg, which was significantly higher than
that of anthracite in other parts of China. Therefore, the
accumulation of PAHs in the soil of Guizhou province coal
mining areas may be derived from coal combustion and the
emission of lithogenic PAHs during