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With global urbanization and industrialization, environmental pollution and
food safety problems caused by soil heavy metal pollution occur frequently.
To realize the safe utilization of cultivated land resources in high-risk areas of
heavy metal pollution, we present an approach to safe utilization classification
and management in this study. A typical agricultural area around industrial and
mining enterprises located in the economic belt of the Yangtze River Delta
was chosen as the research area with cultivated soil as the research object. A
total of 1,139 geochemical survey sampling sites and soil survey data were
used for this research. Initially, the potential ecological risk index was used to
assess the potential ecological risk of heavy metals in cultivated soil, and key
soil physical and chemical indicators were chosen to assess soil resilience.
Next, the safe utilization classification of cultivated land was carried out by
combining the potential ecological risk of soil heavy metals with soil
resilience. Then, the specific classification management strategy was
developed according to ecological risk factor types and crop types. The
results showed that the production and operation activities of industrial
and mining enterprises in the study area contributed significantly to soil Cd
and Hg pollution, and the potential ecological risk of heavy metals in the
surrounding soil was high. The soil resilience of cultivated land in the study
area was generally not high. The clay content and cation exchange capacity
(CEC) were the main strong restrictive indicators, while CaO, soil organic
carbon (SOC), and pH were the main medium restrictive indicators. Natural
conditions such as topography, hydrogeology, and soil-forming parent
material differed by region, resulting in different restrictive factors. There
were 16 safe utilization types in the study area. Different management
strategies were proposed based on various soil potential ecological risks,
soil resilience, ecological risk factor types, and crop types. This study can offer
fresh perspectives on the safe utilization classification and management of
land resources in high-risk areas of soil pollution and serve as a reference for
sustainable intensification.
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1 Introduction

In parallel with economic development, air, water, and soil
pollution have increased due to excessive use of non-renewable
energy and climate change (Elahi et al., 2021a; Khan et al,, 2021;
Elahi et al., 2022a; Elahi et al., 2022b; Tang et al., 2022). Heavy
metals (HM) provide a direct and indirect threat to food safety,
the ecological environment, and human health because of their
of difficult mobility,
enrichment, and potential toxicity (He et al, 2013; Wang
et al, 2016; de Lima et al, 2022; Wei et al,, 2022). Heavy
metal accumulation in soils is significantly influenced by

characteristics degradation, easy

human  activities  connected to  urbanization and

industrialization, including industrial manufacturing,
agricultural inputs, sewage irrigation, waste treatment, and
vehicle exhaust (Li et al., 2008; Foucault et al., 2013; Doabi
et al.,, 2018; Xiao et al., 2019; Hu et al., 2020). Therefore, the issue
of soil heavy metal pollution has gained increased attention as a
result of the rapid rise of urbanization and industrialization. The
soil environment status was not favorable, according to China’s
“National Soil Pollution Survey Bulletin,” which was issued in
2014. In China, the exceedance rate of all soil sampling sites was
16.1% and the exceedance rate of cultivated soil sampling sites
was 19.4%, primarily due to inorganic pollution, with Cd severely
exceeding the limit (Zhao et al., 2015). Soil heavy metal pollution
has caused great concern around the world, especially for
cultivated land. In 2013, the FAO designated December 5 as
“World Soil Day” and 2015 as the “International Year of Soils,”
with the theme of “healthy soil for a healthy life.” In 2015, China
hosted a forum titled “Soil and Ecological Environment
Security—International Year of Soils,” which emphasized the
importance of monitoring and warning about heavy metal
pollution  in  agricultural

product-producing  areas,

strengthening agricultural planting structure adjustment,
carrying out heavy metal pollution repair and treatment in
agricultural product-producing areas, implementing strict
prohibited

production areas for agricultural products. In 2016, the State

hierarchical ~management, and delimiting
Council issued an action plan for soil pollution prevention and
control, which calls for the implementation of the safe utilization
classification and management of cultivated land (China State
Council, 2016).

A challenge that needs to be solved is how to scientifically
carry out the safe utilization classification of cultivated land.
Some pertinent research has been conducted. Based on the
requirements of the action plan (China State Council, 2016),
according to the pollutant risk screening value and control value
in GB15618 (Ministry of Ecology and Environment of People’s
Republic of China, 2018; Li et al., 2019), farmlands are classified
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as follows: priority protection (HM;; < risk screening value),
safe utilization (risk screening value < HM,; < risk intervention
value), and strict control (HM;,; > risk intervention value). Kong
and Zhang (2021) classified the farmland around the Beijing
Plain into safe, low-risk, medium-risk, and high-risk utilization
areas based on the geoaccumulation index and potential
ecological risk index and proposed control strategies
according to the core pollution sources in each area. Liu et al.
(2016) proposed a safe utilization classification and management
strategy based on the single factor pollution index, Nemero
pollution index, and potential ecological risk index. Gao et al.
(2021) determined the redevelopment priority of abandoned
industrial and mining land through the comprehensive
pollution risk rating of soil heavy metals. However, the
aforementioned classification scheme only considers the total
amount and exceedance of heavy metals in soil, ignoring the
actual impact of heavy metals on crop safety and the ecological
environment. The concentration of heavy metals in crop particles
and the total amount of heavy metals in the soil are not always
significantly correlated (Gu et al., 2018). Therefore, there is the
possibility of “false positives” or “mistaken judgments” (Yu et al,
2020), leading to bias in safe utilization classification. For
instance, the soil in a priority protection area may have a
high ecological risk, or the strictly controlled area may
squander land resources as a result of an overestimation of
the soil ecological risk (Yang Q. et al, 2021; Yang Y. et al,
2021). To address this issue, the researchers proposed an
improved classification scheme, which primarily incorporates
crop safety status into the classification basis. Yu et al. (2020)
developed a model of safe utilization classification based on the
link between crop and human biomarker concentrations and
crop and topsoil concentrations, which was then applied to the
safe utilization of Se-rich farmland with Cd. Yang Q. et al. (2021)
proposed the recommended threshold values for the safe
utilization and risk control of Cd in karst areas with a high
geochemical background, based on the relationship between soil
pH and Cd in the study area and Cd in rice particles. Li et al.
(2021) and Yang Y. et al. (2021) proposed a farmland safe
utilization scheme using the Cd concentration in topsoil and
the predicted Cd concentration in crop grains.

The absorption, accumulation, and redistribution of heavy
metals by crops depend not only on the total amount of heavy
metals in soil but also on the bioavailability of heavy metals. For
example, karst soils in Jamaica and central and eastern Guangxi,
China, are rich in heavy metals, but the concentrations and
exceedance values in local rice grains are low due to limited
bioavailability (Zhang and Lalor, 2002; Grant et al., 2013; Gu
etal., 2018; Wen et al., 2020). Similarly, if heavy metals’ potential
mobility is low, their impact on the surrounding environment,
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FIGURE 1

Location of the study area and distribution of sampling sites. (A,B) show the location of the study area (Yixing County) in Jiangsu Province, China,
and (C) shows the administrative division of Yixing County and the distribution of sampling sites.

such as the groundwater, will be limited. It is well known that the
bioavailability and potential mobility of soil heavy metals are
closely related to soil properties, such as the pH, organic matter
content, and clay content (Mcbride, 2002; Usman et al., 2004;
Zeng et al., 2011; Mahar et al., 2016). These key soil physical and
chemical properties form the filtering, buffering, and biochemical
transformation capabilities (Blum, 2005), which provide the soil
with some resilience in the face of heavy metal pollution (Blum,
2000; Schiefer et al., 2015; Schaeffer et al., 2016). Soil resilience is
the capacity of a system to return to (a new) equilibrium after
disturbance (Blum and Aguilar, 1994; Ludwig et al, 2018).
Resilient soils have a high rate of recovery, a high resilience,
high buffering capacity, and low malleability and may also be
hysteretic because of intrinsic soil properties that influence the
recovery path (Schiefer et al., 2016). Thus, soil resilience can
reduce heavy metal bioavailability and potential mobility,
lowering the threat of heavy metal pollution to crop safety,
the ecological environment, and human health. In this sense,
we can combine the pollution status reflected by the total amount
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of soil heavy metals with soil resilience to carry out safe
utilization classification of land.

In summary, we chose Yixing County, which is located in the
Yangtze River Delta’s economic belt, as the research area and
cultivated soil as the research object to carry out the following
research: 1) evaluate the potential ecological risk of cultivated soil
heavy metals using total soil heavy metal data; 2) select key soil
indicators to evaluate the soil resilience of cultivated land; and 3)
carry out safe utilization classification of cultivated land by
combining the potential ecological risk of soil heavy metals with
soil resilience and propose classification management strategies
based on ecological risk factor types and crop types. It is hoped
that this study will provide a reference for the safe utilization
classification and management of cultivated land in high-risk
areas. The article is divided into five sections: Section 1 deals
with the study background, problem identification, and research
gap. Section 2 describes the study area, data sources and processing,
and the methods used to address the study objectives. Section 3
relates to the explanation of the study results. Section 4 discusses the
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value of the study and suggests some policies and future research
recommendations. Section 5 summarizes the main findings.

2 Materials and methods

2.1 Study area

The study site is located in Yixing County, southwest of
Jiangsu Province, China (31°07'-31°37' N and 119°31'-120°03’
E) (Figure 1). The region is part of the Taihu Lake Basin in the
Yangtze River Delta, bordering Taihu Lake in the east and Gehu
Lake in the north, and has a total area of 197,700 hm? with a
permanent population of 1.29 million. The regional climate is
warm and humid, belonging to the subtropical monsoon climate,
with an annual average temperature of 16.5°C and an average
annual precipitation of 1,200 mm. The terrain of the region is
high in the south and low in the north, with a variety of soil types.
Paddy soil is dominant on the plains, which is formed by the
alternation of iron and manganese reduction leaching and
oxidation deposition after long-term flooding under rice
planting. The hilly areas are mostly covered with acidic soils
with allitization characteristics, including yellow-brown soil and
red soil; red soil is more acidic and shows more obvious
desilicification and allitization.

The region is one of the most important commodity grain
production bases in the Taihu Lake Basin, with dense rivers
and convenient irrigation and transportation. The region is
part of the Yangtze River Delta’s economic development zone,
where industrialization and agricultural intensification are
prevalent, and the accumulation and exceedance of soil
heavy metals due to industrial and agricultural production
activities are becoming increasingly serious and have received
widespread attention.

2.2 Data sources and processing

Data on the content of heavy metals (Cd, Hg, As, Pb, Cu, and
Zn) in the topsoil of Yixing County were derived from the results
of a land quality geochemical survey. According to the
“Specification of Land Quality Geochemical Assessment” (DZ/
T 0295-2016) (Ministry of Natural Resources of the People’s
Republic of China, 2016), 1,139 sampling sites (including
614 cultivated land sampling sites) were distributed across the
entire area using a grid structure. The sampling density was
around 2 sites/km?, the sampling depth was 0-20 cm, and GPS
was used for precise positioning. Pb and Cd in soil samples were
determined by graphite furnace atomic absorption
spectrophotometry, Hg and As by atomic fluorescence
spectrometry, and Cu and Zn by flame atomic absorption
spectrophotometry. The sample measurement deviation was

kept to less than £10%, and 10% of the samples were chosen
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for the repeated test, with a relative error of less than +5%. Data
for soil resilience indicators were derived from the results of the
soil survey.

The spatial interpolation method was used to turn the
sampling point data into spatial continuous data. This study
focuses on soil heavy metal exceedances, especially the maximum
content. Compared with other interpolation methods, inverse
distance weighted (IDW) interpolation can retain information
on the local peaks or troughs of the spatial distribution of soil
heavy metals. The method is based on the principle of “the
nearer, the more similar,” which coincides with the spatial
distribution characteristics of soil heavy metals. Therefore, the
IDW method was chosen for spatial interpolation. The reliability
of the interpolation results was tested by cross-validation and
compared with the ordinary kriging (OK) method and radial
basis function (RBF) method. The mean error (ME) and root
mean square error (RMSE) were used as evaluation indicators. In
general, the higher the prediction accuracy, the closer the ME to
0 and the smaller the RMSE. Furthermore, if the sample sites
cover the entire area evenly, the interpolation accuracy will be
high. Therefore, instead of only 614 cultivated land sampling
sites, a total of 1,139 sampling sites from the entire area were used
for interpolation (Figure 1). For the statistical analysis of heavy
metal content and the potential ecological risk assessment, we
also used 1,139 sampling sites.

2.3 Evaluation method of heavy metal
pollution

Accurate assessment of the heavy metal pollution status of
cultivated soil has become the foundation for ensuring safe
utilization of cultivated land and food security. Currently, there
are various methods to evaluate heavy metal pollution, each
with its own focus. There are methods for assessing single heavy
metal element pollution, such as the single factor pollution
index, enrichment factor method, and geoaccumulation index,
as well as multi-element comprehensive assessment methods,
such as the Nemero comprehensive pollution index, fuzzy
mathematics method, and potential ecological risk index
(Wu et al,, 2015; Kong and Zhang, 2021; Wang H. et al,,
2021). The potential ecological risk index proposed by
Hakanson evaluates the degree of heavy metal pollution
based on heavy metal toxicity and environmental response
by introducing a toxicity response coefficient (Hakanson,
1980). This method is suitable for evaluating and comparing
the potential ecological risk of soil over a vast area and is of
great significance for the prevention and control of soil
pollution. At present, this method is widely used in
ecological risk assessment of soil heavy metal pollution (Cao
et al., 2009; Sun et al., 2010; Igbal and Shah, 2011; Wang et al,,
2012). The potential ecological risk index (RI) is calculated as
follows:
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TABLE 1 Classification of potential ecological risk factors (E;) and risk
index (R).

E; Risk levels RI Risk levels
<40 Low <150 Low

[40, 80) Moderate [150, 300) Moderate
[80, 160) Considerable [300, 600) High

[160, 320) High >600 Severe

=320 Very high

RI:iEi=iTiXPi=iTiX%
i=1 i=1 i=1 i

where i represents 6 heavy metal elements involved in the
calculation (Cd, Hg, As, Pb, Cu, and Zn); the value range is
1-6; E; is the potential ecological risk factor (risk coefficient of a
particular heavy metal); RI is the potential ecological risk index
calculated as the sum of the risk factors; T; is the “toxic-
response” factor for each heavy metal element (Cd = 30,
Hg = 40, As = 10, Pb = 5, Cu = 5, and Zn = 1) (Hakanson,
1980); P; is the pollution factor of heavy metal element i; C; is
the actual measured concentration of the element in the
the
background value of the sample element i (mg/kg). The
background values of Cd, Hg, As, Pb, Cu, and Zn in Yixing
County are 0.19, 0.12, 10.6, and 24.8 mg/kg, respectively.

measured sample (mg/kg); S; is environmental

According to the different values of E; and RI, the potential
ecological risks are divided into different levels, as shown in
Table 1.

2.4 Definition and identification of the soil
resilience index

Soil sustainability is achieved through coordination of its
various environmental, social, and economic functions, which
include 1) biomass production, 2) protection of humans and the
environment, 3) gene reservoirs, 4) physical basis of human
activities, 5) sources of raw materials, and 6) geogenic and
cultural heritage (Blum, 2005). We cannot ensure the
cleanliness and safety of agricultural production or prevent
groundwater and food chain pollution, unless we consider the
ability of soil to provide other ecological functions besides food
and biomass. Therefore, in addition to considering the function
of soil biomass production, we should also consider the function
of protecting humans and the environment. Soil function is
founded on soil ecosystem services, which are composed of a
series of soil processes (Zhao et al., 2021). On many solid, liquid,
or gaseous inorganic or organic depositions, soil reacts through
mechanical filtration, and

physicochemical — absorption,

precipitation ~ or  micro-biochemical ~and  biochemical
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mineralization and metabolization of organic compounds,
resulting in filtering, buffering, and transformation functions
(Blum, 2005). By lowering the bioavailability and potential
mobility of heavy metals, these functions can reduce the risk
of heavy metals to crop safety, the environment, and human
health, allowing the soil to show some resilience in the face of
heavy metal pollution.

To summarize, soil resilience to pollution can be reflected by
the key physical and chemical indicators of the soil. Indicators
provide information for understanding and managing heavy
land
Indicators must be easily measurable and understandable for

metal-contaminated according to soil resilience.
specialists, as well as for politicians, decision-makers, and
farmers at the grass-root level (Schiefer et al., 2015). Based on
the existing literature, expert knowledge, and data availability, we
selected seven specific soil indicators, including soil organic
carbon (SOC), clay content, pH, cation exchange capacity
(CEC), soil depth, TFe,Os;, and CaO, determined the
threshold levels, and scored them as poor (1), medium (2),
good (3), and excellent (4) (Table 2). Soil pH directly affects
the solubility of soil heavy metal hydroxides, carbonates, and
phosphates, as well as heavy metal hydrolysis, organic
component dissolution, and the characteristics of soil surface
charges, making it an important factor in the heavy metal
that as

pH increases, the adsorption capacity of soil for heavy metals

adsorption process. It is generally believed
increases and the effective heavy metal content decreases (Li
et al, 2013). The pH of the soil system is mainly controlled by
CaO (Mahar et al,, 2016), and Ca ions have a buffering effect on
the soil pH, which means that in an environment with high Ca**
content, the pH value decreases slowly. Studies in the Yangtze
River Delta and karst areas show that when the CaO content
drops below 1%, soil acidification occurs quickly (Wang et al,
2015; Li et al,, 2021). CEC is a key factor that influences soil
buffering capacity. The higher the CEC, the stronger the
adsorption and fixation of cations in soil and the lower the
solubility and mobility of heavy metals (Zhang et al., 2018). Soil
organic matter affects the migration characteristics and
bioavailability of heavy metals by changing the occurrence
form of soil heavy metals via the specific adsorption of heavy
metal elements (Zhou et al., 2020). Clay particles are the core part
of soil inorganic colloids, with small particle size, large specific
surface area, and high charge density, which can increase the
effective adsorption site of soil and enhance the adsorption and
fixation ability of soil for heavy metals (Damian et al., 2019). Li
et al. (2021) found a significant negative correlation between
TFe,05 and the ability of rice to absorb and accumulate Cd from
the soil. Iron oxide in soil has a strong adsorption capacity for
heavy metals and can effectively fix heavy metals (Ran et al., 2014;
Qiao et al., 2020). Only under extremely acidic conditions (pH <
3) can heavy metals in Fe-Mn nodules be dissolved (Ji et al.,
2021). Iron spots formed by the strong iron redox reaction in
the rice rhizosphere can isolate heavy metals on the root surface
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TABLE 2 Threshold levels and scoring of soil indicators (the score for each indicator is given in parentheses).

Indicators Excellent (4) Good (3)
Soil organic carbon >2.5 1.5-2.5
Clay >30 20-30

pH 7.5-8 6.5-7.5
Cation exchange capacity >20 15-20

Soil depth >100 60-100
TFe,05 >4.60 4.15-4.60
CaO >2.68 1.16-2.68

TABLE 3 Descriptive statistics of the heavy metal contents in the study
area (n = 1,139) (mgkg™).

Heavy metals As Cd Cu Hg Pb Zn
Background values 10.6 0.19 32.3 0.12 24.8 76.8
Maximum 34.8 7.18 593 1.34 434 3,032
Minimum 241 0.03 14.4 0.02 21.1 34
Average 8.88 0.22 29.33 0.13 38.43 75.08
Median 8.48 0.19 27.6 0.12 36.9 69
Standard deviation 2.72 0.28 20.51 0.08 15.17 91.76
Significance (K-S) 0.000 0.000 0.000 0.000 0.000 0.000
CV (%) 30.66 125.37 69.95 60.75 39.5 38.54

(Zhang et al,, 2012; Hu et al., 2015). Furthermore, thick soil
with superior physical and chemical properties can also prevent
heavy metal migration and groundwater pollution (Schiefer
et al.,, 2015).

By summing up all the scores, the minimum and maximum
scores for land units were 7 and 28, respectively. Based on the
score, all land units were divided into five soil resilience types.
Poor units scored between 7 and 14, indicating that in the face
of soil heavy metal pollution, most of the inherent soil
characteristics cannot support cleaner agricultural product
production and a healthy groundwater environment.
Moderate units scored between 15 and 21, indicating
medium soil resilience, and some factors were restrictive.
Based on the performance of each indicator, the moderate
type was divided into two subtypes. MI-type units had at
least one strong restrictive indicator (score = 1), while M2-
type units did not. High units scored between 22 and 28,
indicating better soil resilience to soil pollution, since these
can assure the sustainability and safety of agricultural
production and can maintain a healthy groundwater
environment. Similarly, according to the performance of
each indicator, the high type was divided into two subtypes.
The H1 type only had one strong restrictive indicator. Others
were of the H2 type, and the performance of each indicator was

generally excellent.
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Medium (2) Poor (1) Unit
1-1.5 <1 %
15-20 <15 %
5.5-6.5 <5.5; >8 in H,O
10-15 <10 cmol/kg
30-60 <30 cm
3.40-4.15 <3.40 %
0.42-1.16 <0.42 %
3 Results

3.1 Analysis of heavy metal content

The results of the Kolmogorov-Smirnov (K-S) test showed
that the soil heavy metal content data from 1,139 sampling sites
in the study area showed a skewed distribution (Table 3).
Therefore, the median was used to describe the average level
of each heavy metal. Moreover, from the perspective of the
standard deviation (SD), the SDs of Cd and Hg were small,
indicating that the representation of the mean value was also
good. The median values of As, Cd, Cu, Hg, Pb, and Zn were
8.48, 0.19, 27.60, 0.12, 36.09, and 69.00 mg kg™, respectively.
The median value of Pb exceeded the background value,
whereas the median values of Cd and Hg were equivalent to
the background values, but the mean values exceeded the
background values. The order of the coefficients of variation
(CVs) of the six heavy metal elements was Cd > Cu > Hg > Pb >
Zn > As. The mean Cd content was higher than the background
value, with a CV greater than 100%, showing a strong
variability, with some sampling sites having a very high Cd
content. This indicated that the Cd content was affected by
external factors, resulting in uneven cumulative distribution,
with anthropogenic input possibly being the primary source
(Wang and Lu, 2011).

3.2 Analysis of the evaluation results of
heavy metal pollution

The potential ecological risk factors (E;-values) and potential
ecological risk indexes (RI-values) of the soil heavy metals at the
1,139 sample sites were calculated using the Hakanson method.

As shown in Table 4, the mean E;-values of the six heavy
metals were in the following order: Hg > Cd > As > Pb > Cu >
Zn. Hg had the highest mean value, 47.68, indicating a
moderate risk level. In total, 58 sampling sites were at
considerable risk, 4 sites were at high risk, and 1 site was
at very high risk. The mean values of the remaining five
elements were all less than 40, which denotes a low-risk
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TABLE 4 Evaluation results of potential ecological risk factors (E;-values) for heavy metals in soil.

Element Range Mean

Low
As 2.27-32.83 8.38 1,139
cd 4.42-1,133.68 3541 910
Cu 2.24-92.08 455 1,137
Hg 6-446.67 4293 545
Pb 425-87.50 7.75 1,138
Zn 0.44-39.48 0.98 1,139

The proportion of sample sites with different risk levels (number of samples)

Moderate Considerable High Very high
0 0 0 0
192 25 8 4
1 1 0 0
531 58 4 1
0 1 0 0
0 0 0 0

TABLE 5 Evaluation results of the potential ecological risk index (RI-values) for heavy metals in soil.

Range Mean The proportion of sample sites with different risk levels (number of samples)
Low Moderate High Severe
27.01-1,361.07 100.00 1,076 54 7 2
A
W@‘E 0.61% 0.22%
0.18% o
Risk levels Risk levels
Low B Low
*  Moderate B Moderate
High A High
®  Severe d O-Zi > 10 15 20km Bl Scvere
FIGURE 2
Distribution of potential ecological risk index evaluation results. (A) shows the evaluation results of the sampling sites. (B) shows the evaluation
results of the cultivated land obtained by interpolation.

level. Although Cd was at a low-risk level, the mean value
exceeded 30; 192 sampling sites were still at moderate risk, 25
sites were at considerable risk, 8 sites were at high risk, and 4
sites were at very high risk. All sample sites had low-risk levels
for As and Zn. Most sites for Cu and Pb were at low risk, and
only a few were at moderate or considerable risk. The survey
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showed that 22 of the 37 sampling sites with Cd above a
considerable risk level were distributed near industrial and
mining enterprises, including those producing ceramics, glass,
metal, cement, and stone. This finding further confirmed the
Ccd
accumulation in the above analysis. Moreover, the three

important contribution of human activities to
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TABLE 6 Cross-validation parameters of different interpolation
methods.

Parameters Interpolation methods

IDW OK RBF
ME 0.00017 0.05417 ~0.00240
RMSE 55.0673 55.26211 55.63978

sampling sites where Cu and Pb were at moderate or
considerable risk also had industrial and mining enterprises
nearby.

As shown in Table 5, the RI-values of soil heavy metals
ranged from 27.01 to 1,361.07, with a mean value of 100,
indicating a generally low risk in the study area. In total,
94.47% of the sampling sites were at low risk, but 54 sites
were still at moderate risk, 7 sites were at high risk, and 2 sites
were at severe risk. At the sampling site with the highest RI-
value, Cd was at high risk, Pb was at considerable risk, and Hg
was at moderate risk. This site was located in Zhanzhu Town,
which has a developed quarrying industry (Figure 2A), and
large quarries were distributed nearby. At the sampling site with
the second highest RI-value, Cd was at high risk and Hg was at
moderate risk. This site was located in Dingshu Town, which
has a developed pottery industry, and was surrounded by
several purple clay pot workshops. Among the 7 high-risk
sampling sites, 4 sites were surrounded by pottery and metal
processing factories, and 3 sites were located in Dingshu Town,
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near the heavy-risk sample sites. Therefore, the waste gas,
wastewater, and wastes released by industrial and mining
enterprises in Yixing County made a significant contribution
to the heavy metal pollution in the surrounding soil. Cd and Hg
were the main potential risk factors (Figure 3).

The RI-values of the 1,139 sample sites were interpolated
using the IDW method. The cross-validation results showed that
the ME was 0.00017, close to 0, and the RMSE was 55.0673
(Table 6). Compared with other methods, the ME and RMSE of
IDW were less than those of OK and RBF, indicating that the
IDW method had the best interpolation ability and the highest
interpolation accuracy for the RI-values.

The interpolation result map was superimposed upon the
cultivated land map of Yixing County and reclassified according
to the classification standard of the potential ecological risk.
Figure 2B shows the distribution map of the potential ecological
risk level of heavy metals in the cultivated land areas of Yixing
County: 96.92% of the cultivated land was at low risk, but 2.84%
was still at moderate risk. Moreover, 0.22% of the cultivated land
was at high risk, mainly in Dingshu Town, with a small portion
near the residential area of Xushe Town, and another 0.02% of
the cultivated land was at severe risk, mainly in Zhangzhu Town.

3.3 Analysis of the soil resilience of
cultivated land

The overall distribution characteristics of cultivated soil

resilience in Yixing County were high in the north and low in
the south, and the region along the lake in the east was lower than
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FIGURE 4
Distribution of soil resilience evaluation results

that in the middle and the west (Figure 4). In total, 8.88% of the
cultivated land had high soil resilience, mainly the H2 type
distributed in low-lying polder areas in the west. The
predominant soil type was paddy soil, which was formed from
lacustrine sediments. The paddy soil had a deep soil layer, heavy
viscosity, poor permeability, more than 30% clay content, good
water and fertilizer retention, a high organic matter content, high
cation exchange capacity, neutral and alkaline pH, and no strong
restrictive indicators. Therefore, it could effectively filter, buffer,
and undergo biochemical transformation to deal with soil heavy
metal pollution. The cultivated land with high resilience and
strong restrictive indicators (mainly SOC and CaO) only
accounted for 0.03% of the total area, which was concentrated
in the low-lying polder areas in the east. In total, 85.12% of the
cultivated land had moderate soil resilience and was widely
distributed in Yixing County. The northern plain area was
mainly distributed with paddy soil developed from fluvial and
lacustrine alluvial sediments, with a deep soil layer and staggered
silt layer and clay layer. It belonged to the region with high scores
in the moderate resilience area, which was primarily made up of
M2-type units. Most of the units scored only 2 for SOC and pH.
The low mountain and hilly areas in the south were mainly
distributed with yellow-brown soil and red soil developed from
acidic parent material, and the soil was generally acidic. In this
area, CaO, SOC, pH, clay content, and CEC were generally strong
restrictive indicators, and M1-type units were widely distributed.
The beach areas along Taihu Lake and Gehu Lake were mainly
distributed with paddy soils developed from lacustrine alluvium
and fluvo-aquic soils developed from river-lake facies alluvium.
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In this area, the strong restrictive indicator was the clay content.
In total, 6.01% of the cultivated land had low soil resilience and
performed poorly on all indicators. Heavy metals imported into
the soil in such areas often have high bioavailability and potential
mobility. Low resilience units were concentrated in the beach
area along Taihu Lake, with strong restrictive indicators of the
clay content, CEC, and TFe,03, while they were scattered in the
southern hilly area, with strong restrictive indicators of the pH,
clay content, SOC, CEC, CaO, and TFe,Os.

Through the above analysis, the restrictive indicators of soil
resilience in the various geomorphic regions of Yixing County
were found to vary due to the diversity of the topography,
hydrology, and soil parent materials. By summarizing the low
and medium graded areas of each indicator, we found that the
strong restrictive indicators were mainly the clay content and
CEC, which were too low in 9.00 and 7.03% of the cultivated land,
respectively, and the medium restrictive indicators were mainly
CaO, SOC, and pH, which were low in 87.86, 82.96, and 66.38%
of the cultivated land, respectively (Figure 5).

3.4 Analysis of safe utilization of heavy
metals in cultivated soil

The safe utilization classification of cultivated land in Yixing
County was carried out by combining the potential ecological
risk of soil heavy metals with soil resilience. The classification
results showed that there were 16 types of safe utilization of
cultivated land in Yixing County, as shown in Figure 6. In the
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FIGURE 5
Limiting indicators for soil resilience in categories 1 and 2.

classification code, the potential ecological risk grade code was at
the front and the soil resilience level code was at the back.

The area of the L-H type was 4,592.45 hm?, accounting for
8.54% of the total cultivated land. This type had a low potential
ecological risk of heavy metals, high soil resilience, and high
coincidence with the high resilience area. The L-H2 type
accounted for 4,574.76 hm?, while the L-HI type accounted
for 17.69 hm®. This type was mainly distributed in low-lying
polder areas and could maintain clean production of cultivated
land and a good groundwater environment for a long time. New
pollution should be avoided by strictly controlling new polluting
industrial and mining enterprises, strengthening irrigation water
quality monitoring, and strictly controlling excessive fertilization
and pesticide abuse. The degradation of key soil physical and
chemical properties could be prevented by promoting the
combination of planting and maintenance, returning straw to
the field, increasing the application of organic fertilizer, and using
less tillage or no tillage. Qualified cultivated land could be
considered for inclusion in the permanent prime farmland to
strictly control the occupation of non-agricultural construction.
For the L-H1 type, it is necessary to focus on the improvement of
strong restrictive indicators.

The area of the L-M type was 44,572.22 hm?, accounting for
82.87% of the total cultivated land. This type was widespread in
Yixing County and was highly coincident with the moderate
resilience area. The L-M2 type accounted for 38,572.15 hm?
while the L-M1 type accounted for 6,000.07 hm®. This type
had a low potential ecological risk of heavy metals, moderate
soil resilience, and some limiting key physical and chemical
properties. As discussed earlier, the limiting factors in
different geomorphic areas were different, so targeted soil
improvement is needed to improve soil resilience, especially
for the L-MI1 type.

The area of the L-L type was 2,966.93 hm®, accounting for
5.52% of the total cultivated land, with a high coincidence with
the low resilience area. This type had a low potential ecological
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risk of heavy metals and low soil resilience. Most of the key soil
physical and chemical properties were severely limited. Once
imported, exogenous heavy metals will have high bioavailability
and potential mobility. Comprehensive soil improvement is
needed to improve soil resilience.

The area of the M-H type was 169.54 hm?, accounting for
0.32% of the total cultivated land. This type was mainly
distributed in the beach area of Taihu Lake east of
Dingshu Town, the low-lying polder area west of Xushe
Town, and the hilly area southwest of Taihua Town. The
potential ecological risk of heavy metals in this type was
moderate. The main ecological risk factor in the low-lying
polder area was Hg, with Cd in other areas. The only subtype
was M-H2, with a high soil resilience and no strong restrictive
indicator. In the medium and long term, it could maintain the
clean production of cultivated land and pose little threat to
the groundwater environment. It is necessary to identify the
specific sources of Cd and Hg, control further pollution input,
and prevent the degradation of key soil physical and chemical
properties.

The area of the M-M type was 1,140.92 hm’, accounting for
2.12% of the total cultivated land. This type was mainly
distributed in the beach area of Taihu Lake east of Dingshu
Town and the low-lying polder area west of Xushe Town, with a
small amount scattered in other areas, mainly rice- and wheat-
growing areas. The M-M2 type accounted for 949.17 hm?, while
the M-M1 type accounted for 191.76 hm®. The M-M type had
moderate potential ecological risk of heavy metals and moderate
soil resilience, with Cd as the main risk factor. Pollution source
control and targeted soil improvement are needed, particularly
for the M-M1 type. On this basis, alternative planting measures
for rice and wheat varieties with low Cd accumulation could be
implemented to reduce the transfer of Cd from soil to crops,
especially the edible part.

The area of the M-L type was 217.47 hm? accounting for
0.40% of the total cultivated land. This type was scattered in the
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beach area of Taihu Lake and the southern hilly area, mainly the
rice-growing area. The potential ecological risk of heavy metals in
this type was moderate, with Cd as the main risk factor. Due to
the low soil resilience, Cd has a high bioavailability and potential
mobility. Based on pollution source control and comprehensive
improvement of soil properties, rice varieties with low
accumulation of Cd could be planted instead. Meanwhile, rice
leaf regulation (spraying beneficial elements such as Si and Se to
improve rice stress resistance) could inhibit the transfer of Cd
from rice roots to edible parts. For the acidic soil in the southern
hilly area, lime could be used for regulation.
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The area of the H-H type was 7.40 hm?, accounting for 0.01%
of the total cultivated land. This type was mainly distributed in
the low-lying polder area east of Xushe Town, mainly the rice-
growing area, while a small amount occurred in the southern
hilly area, where mainly wheat and rape are grown. The potential
ecological risk of heavy metals in this type was high, with Cd as
the main risk factor. However, the soil resilience was also high,
and the only subtype was the H-H2 type, without strong
restrictive indicators. Heavy metals accumulated due to the
immobilization effect, and their bioavailability and potential
mobility were limited. Pollution source control and necessary
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agronomic control measures are needed to control the import of
heavy metals and the transfer to agricultural products. It is also
necessary to prevent the degradation of key soil physical and
chemical properties. Considering the small area, high-cost
phytoremediation technology could be implemented to reduce
the concentration of heavy metals in a short time. Furthermore,
agricultural product samples should be collected regularly to
monitor the concentration of heavy metals in these products.

The area of the H-M type was 63.07 hm?, accounting for
0.12% of the cultivated land. This type was mainly distributed in
the beach area of Taihu Lake east of Dingshu Town and the
western low-lying polder area, where mainly rice and wheat are
grown. The H-M2 type accounted for 59.48 hm?, while the H-M1
type accounted for 3.59 hm®. This type had a high potential
ecological risk of heavy metals, with Cd as the main risk factor,
some restrictive key soil properties, and a high risk of the food
chain and groundwater pollution. Pollution source control and
targeted soil improvement are needed, particularly for the H-M1
type. On this basis, regulation and remediation technologies
could be comprehensively applied. While implementing
agronomic regulation measures such as low accumulation
variety substitution, flooding irrigation, and lime regulation,
remediation measures such as soil conditioners, passivators,
and organic fertilizers could be implemented to ensure the
agricultural product quality meets the standard.

The area of the H-L type was 44.76 hm? accounting for
0.08% of the total cultivated land. This type was concentrated in
the beach area of Taihu Lake east of Dingshu Town, where
mainly rice and wheat are grown. The high potential ecological
risk of heavy metals and the limitation of key soil properties made
this type unsuitable for the production of most edible agricultural
products. It is necessary to adjust the planting structure, delimit
the prohibited production areas of specific agricultural products,
and consider alternative planting of non-edible cash crops and
ornamental agroforestry crops.

The area of the S-H type was 6.59 hm?, accounting for 0.01%
of the total cultivated land. This type was concentrated in the
sample area with very high potential ecological risk factors in
Zhangzhu Town. The only subtype was the S-H2 type. This type
had severe potential ecological risk and high soil resilience. Cd
accumulated significantly in the soil due to its limited
bioavailability and potential mobility. However, considering
the
adjustment should be implemented.

severe potential ecological risk, planting structure

The area of the S-M type was 5.27 hm?, accounting for 0.01%
of the total cultivated land. This type was concentrated in the
sample area with high potential ecological pollution risk factors
in Zhangzhu Town. The only subtype was the S-M2 type. The
potential ecological risk of heavy metals in this type was severe,
with Cd as the main risk factor. Some key soil physical and
chemical properties were limited. This type could not ensure the
clean production of agricultural products and a good
groundwater environment. The cost of soil improvement and
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pollution control is high. Measures such as fallowing or returning
farmland to forest and grassland could be taken.

The area of the S-L type was 0.97 hm?, accounting for 0.002%
of the total cultivated land. This type was concentrated in the
sample area with very high potential ecological risk factors in
Dingshu Town. The potential ecological risk of heavy metals in
this type was severe, and the soil resilience was worse than that of
the S-M type. Therefore, the measures of returning farmland to
forest and grassland could be taken directly.

4 Discussion

Scientific and reasonable safe utilization classification and
management of land is an important way to realize the safe
utilization of land resources in high-risk areas of soil heavy
metals, such as acidic soil rice-planting areas, agricultural
areas around typical industrial and mining enterprises, sewage
irrigation areas, suburbs of large and medium-sized cities, highly
intensive vegetable bases, and areas with a high background of
geological elements. In light of this, we studied the method of safe
utilization classification of land. As discussed earlier,
classification based only on the content of heavy metals in soil
easily results in “false positives” or “mistaken judgments,” leading
to bias in classification and management (Yu et al, 2020).
Therefore, researchers incorporated the crop safety status into
the classification basis for improvement and obtained a more
reasonable classification scheme for the safe utilization of
cultivated land (Yu et al,, 2020; Li et al,, 2021; Yang Q. et al,,
2021; Yang Y. et al, 2021). We recognize that crop safety is
closely related to the bioavailability of heavy metals in soil, and
bioavailability is closely related to the soil resilience formed by
soil buffering, filtering, and biochemical transformation
functions. In addition, the collection of crop safety data is not
as extensive as that of soil survey data (Yu et al., 2020; Li et al,,
20215 Yang Q. et al, 2021). It is common practice to build a
model through limited crop grain data to predict the crop safety
situation of the whole region (Gu et al., 2019; Wen et al., 2020; Yu
etal, 2020; Wang Y. et al,, 2021), but there may be limitations in
the accuracy of prediction. Therefore, it may be a simple and
quick method to directly select the key soil physical and chemical
properties closely related to soil buffering, filtering, and
soil

resilience and then combine soil resilience with the degree of

biochemical transformation functions to evaluate
soil heavy metal pollution for the safe utilization classification of
land. Although this study only focuses on cultivated land, this
method can also be used for other agricultural land or land
without crops. Moreover, it can also be used as a reference for the
identification of cultivated land reserve resources and the
determination of the direction of soil improvement and
restoration. We also acknowledge that the Cclassification
method of this study may be more effective for regional
macro decision-making and can form a regional comparable
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basic classification. On this basis, further research is required to
develop a more detailed classification and management system
that takes into account different heavy metals, pollution sources,
and crops.

Soil resilience essentially reflects the ecological function and
sustainable performance of soil and should be an important
condition for the sustainable intensification (SI) of agricultural
production (Schiefer et al., 2015). The goal of SI is to increase
agricultural production under sustainable conditions to meet the
needs created by population growth. It is a possible solution to
meet the growing food needs of future generations without
damaging the environment (Garnett et al, 2013; Struik and
Kuyper, 2017). The realization of SI should take into account
both the productive and ecological functions of cultivated land.
For high-risk areas of soil pollution, such as highly intensive
vegetable bases, in addition to considering soil resilience,
sustainability also needs to consider the degree of soil
pollution. Therefore, the final classification results of this
study can also be used as a judgment basis for SI in high-risk
areas of soil pollution.

At present, China’s soil pollution control work is still
relatively difficult and the treatment cost is relatively high
(Liu et al,, 20215 Qin et al., 2021). For cultivated land with a
high clean production capacity, priority protection, long-term
monitoring, and soil improvement should be taken as the
management principles. This type of cultivated land can be
included in the functional areas of grain production and the
production protection areas of important agricultural
products. The concentrated and contiguous cultivated land
can be preferentially classified into permanent prime
farmland, which should be strictly protected, and priority
should be given to the construction of high-standard
farmland. It is necessary to strictly control the emergence
of new pollution sources around and actively implement
measures to protect and improve soil resilience, such as the
return of straw to the field, increasing the application of
organic fertilizer, less tillage or no-tillage, grain and bean
rotation, reduction of pesticides and fertilizers, and the
reduction and recycling of agricultural film (Elahi et al,
2021b). For cultivated land with a low clean production
capacity, strengthening early warning, safe utilization, and
improvement and restoration should be the management
principles. It is necessary to reduce the intervention of
known pollution sources and implement the corresponding
economic and feasible measures. In light of the different
pollution risks and soil resilience, and with consideration
for the main crop varieties and planting habits in the
region, priority should be given to implementing low-cost
agronomic control measures for safe utilization to prevent or
reduce the entry of heavy metals into crops, especially the
edible parts. Lime regulation, optimized fertilization, variety
adjustment, water regulation, leaf regulation, and deep tillage
are some of the feasible agronomic control methods. It is
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necessary to regularly carry out agricultural product quality
monitoring, investigation, and evaluation, allowing for the
timely optimization and adjustment of agronomic control
measures. In addition, bioremediation-type measures that
do not affect agricultural production and do not reduce the
productive function of the soil can be selected. Physical and
chemical treatment and remediation measures, such as the
application of passivators and soil conditioners, can be used as
supplementary measures. In addition, it is also necessary to
strengthen the technical guidance and training for farmers
and farmers’ cooperatives. When the condition of cultivated
land makes it difficult to ensure that the quality of edible
agricultural products is up to standard, specific agricultural
production areas should be designated, with strict prohibition
of the planting of edible agricultural products. If necessary,
measures such as planting structure adjustment, fallow land,
and restoring farmland to forest and grassland can be
implemented.

5 Conclusion

We chose the agricultural areas around typical industrial
and mining enterprises located in the economic belt of the
Yangtze River Delta as the study area and cultivated soil as the
research object. The results showed that the accumulation of
heavy metals in the study area was significantly affected by
human activities. The waste gas, wastewater, and waste
discharged from the production and operation activities of
had a
and Hg pollution of the

industrial and mining enterprises

the Cd
surrounding soil. The potential ecological risk of heavy

significant
contribution to

metals in the cultivated soil around the industrial and
high. The of
cultivated land in the study area was generally not high.

mining enterprises was soil resilience
The strong restrictive indicators were mainly the clay
content and CEC, and the medium restrictive indicators
were mainly CaO, SOC, and pH. The differences in natural
conditions such as the topography, hydrogeology, and soil-
forming parent material in different regions led to differences
in the restrictive factors. The safe utilization classification of
regional cultivated land was carried out with respect to the soil
potential ecological risk and soil resilience, and different
management strategies were suggested. It is hoped that this
study can provide new ideas for the safe utilization
classification and management of land resources in high-

risk areas of soil pollution, as well as provide a reference for SI.
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