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Abstract: This study collected 1135 topsoil samples of cultivated land in Laiyang County, eastern
China, to analyze the distribution, pollution and health risks of heavy metals (As, Cd, Cu, Cr, Hg,
Ni, Pb and Zn). The results show that: (1) the levels of eight heavy metals at some sites were higher
than the risk screening values in China, and there was heavy metal pollution. (2) An improved
geoaccumulation index was used to evaluate soil pollution. The average value of I, before and
check for after improvement was 0.32 (I,,,;, no pollution to medium pollution) and —0.04 (I, no pollution),
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respectively. (3) Hg and Cd were identified as the main contributors to ecological risk in this
study, with a cumulative ecological risk contribution percentage > 65%. The results of the potential
ecological risk index (PERI) show that 9.3% of the sampling sites were considered to have moderate
ecological risk. (4) As, Pb, Ni and Cu made a contribution of >95% in terms of non-carcinogenic risk
to adults and children through different exposure routes, and different soil intake routes posed no
non-carcinogenic risk to adults; there was a sampling site with HQcpjigren > 1, which was consistent
with the non-carcinogenic risk site, indicating that children in this location and surrounding areas are
more likely to face dual health risks. Therefore, it is necessary to promote the risk management of
heavy metals in the study area in order to safely use soil resources.

Keywords: cultivated soil; heavy metal; spatial analysis; ecological risk assessment; health risk assessment

1. Introduction

As the main component of cultivated land, the quality of soil can directly affect crop
growth, food safety, and even biological health [1-5]. According to the National Survey
Bulletin on Soil Pollution (2014) [6], 19.4% of the cultivated land in China exceeded the
designated standards for heavy metals, among which cadmium (Cd), nickel (Ni), copper
(Cu), arsenic (As), mercury (Hg), and lead (Pb) were identified as the main pollutants. The
Global Assessment of Soil Pollution: Report (2021) [7] pointed out that the growing demand
for agricultural products and industrial systems, as well as the growing global population,
has led to the serious pollution of cultivated soil. The accumulation of heavy metals in
cultivated soil leads to declines in soil fertility and soil function, which affect the yield and
quality of crops [3]. Moreover, these heavy metals can enter the human body via the food
chain, thereby posing a considerable threat to human health [8]. Consequently, the Joint
Environmental Protection Agency has listed the eight heavy metals Pb, Cd, chromium (Cr),
Hg, As, Cu, zinc (Zn), and Ni as priority targets for pollutant control [9,10].
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Cultivated soil is one of the prominent sinks of heavy metals. A combination of
high geological background, secondary enrichment during pedogenesis, and human ac-
tivities can contribute varying degrees of heavy metal pollution, which often exceed the
respective standards for cultivated soil [11,12]. Heavy metals are characterized by high
toxicity, non-biodegradability, and bioaccumulation in cultivated soils [13-17], and can
enter the human body directly via skin contact, inhalation, or ingestion, thereby posing
a potential risk to health [18,19], examples of which include Minamata disease caused by
Hg pollution [20,21] and Itai-itai disease attributable to the long-term consumption of Cd-
contaminated rice [22,23]. Consequently;, it is necessary to study the enrichment, spatial
distribution, and sources of heavy metals in soil, particularly from the perspective of pollu-
tion and health risk assessments. In this regard, the most effective strategy for dealing with
the pollution of cultivated land is to conduct comprehensive soil environmental quality and
pollution assessments, examine the potential ecological and health risks of heavy metals,
and take proactive measures to avoid the high labor and capital costs of future pollution
treatment and landscape restoration [24,25]. Among the analytical approaches currently
adopted to determine the correlations and sources of heavy metals in soil, principal compo-
nent analysis (PCA), cluster analysis, and the positive matrix factorization (PMF) model
are routinely applied, whereas the ecological risk index and health risk assessments are
mainly used to evaluate the ecological impact of heavy metals and determine the risk of
exposure to soil-borne heavy metals [26-31]. Moreover, some scholars [13,25] are of the
opinion that in order to effectively and objectively evaluate the pollution status and risks
posed by soil-borne heavy metals in a specific area, it is necessary to concurrently evaluate
the spatial distribution and pollution characteristics of these metals, as well as conducting
risk assessments.

The area selected for investigation in the present study is located in Laiyang County
in the east of China, which from a geomorphological perspective is a self-contained small
watershed system, with cultivated land distributed on either side of the main river. The
watershed area is small and the water system is simple, and as such, is less affected by
external interference factors. By studying such small watersheds, it is possible to more
accurately identify local heavy metal distribution, pollution, and sources, and conduct
health risk characteristic assessments. Focusing on this hilly agricultural area of Laiyang
County, we set out with the following research objectives: (1) to analyze the content and dis-
tribution characteristics of heavy metals in cultivated soil, based on heavy metal reference
values, correlations, and surface geochemical characteristics; (2) to analyze the pollution
characteristics of heavy metals in cultivated land using an improved geoaccumulation
index method; and (3) to assess the potential ecological risks of heavy metals in cultivated
soil and the health risks associated with human exposure. The results of this study will con-
tribute to furthering our understanding of the spatial distribution and risk characteristics
of soil-borne heavy metals in cultivated land lying within small watersheds, as well as the
accurate classification management and safe utilization of soils in typical small watersheds
with high geological backgrounds.

2. Materials and Methods
2.1. Study Area

Laiyang County, located in the east of Shandong Province (Figure 1), is the main area
in China for the cultivation of Laiyang pears, a renowned high-quality agricultural product.
The geographical coordinates of the study area, which covers approximately 1091 km?,
are 120°31'-121°00" E, 36°48'-37°09' N. The main land-use type is arable land, which
accounts for 83% of the total. The study area lies within the north temperate monsoon zone.
There are four distinct seasons, a year-round southeasterly prevailing wind, and sufficient
sunlight. Annual averages for precipitation, temperature, relative humidity, sunshine
hours, wind speed, and frost-free periods are 800 mm, 11.2°C, 73%, 2996 h, 2.7 m/s, and
173 days, respectively. The study area is typical of the hilly landforms in eastern Shandong
Province, with the terrain sloping from north to south (Figure 1a). Mountains, hills, and
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plains account for 21.5%, 47.06%, and 31.43% of the total area, respectively. The area is
located along the northeastern margin of the Jiaolai Basin of the North China Plate, where
northeasterly trending fault structures have developed. Rock outcrops include Archean,
Proterozoic basement metamorphic rock series, Mesozoic Cretaceous, Cenozoic Paleogene,
Neogene, and magmatic rocks, which are mainly distributed in the northern part of the
study area. On the basis of the relationship between the rocks and the soil-forming parent
materials, the outcrops are mainly classified as Quaternary sediments, sandstones, volcanic
rocks, metamorphic rocks, granites, diorites, and basalt parent materials (Figure 1b). The
soil types in the study area mainly include brown, riparian fluvo-aquic, coarse bone, and
cinnamon soils. The study area is dominated by agriculture, and the non-metallic minerals
are mainly quarried for construction material [32-34].
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Figure 1. (a) Location and (b) geological map of the study area.

2.2. Sampling and Analysis

Topsoil samples were collected from 1135 sampling sites in cultivated land in the study
area at a sampling density of 1 point km 2 (Figure 1a). The topsoil samples were extracted
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to a depth of 20 cm, and at each sample site we collected of five sub-samples, which were
mixed to give a single composite sample, the fresh mass of which was at least 1500 g.

The soil samples were placed in a ventilated area to dry naturally. Then, they were
passed through a 10-mesh (pore size 2 mm) nylon sieve. For each sample, 100g was obtained
via an aliquot device for sample preparation, ground, and passed through a 200-mesh (pore
size 75 um) nylon sieve for analysis. The techniques applied for heavy metal analyses were
as follows. (1) Pb, Ni, Cr, Zn, and Cu were determined by X-ray fluorescence spectrometry
(Axiosmax; PANalytical B.V, Almelo, The Netherlands), for which 4.00 g aliquots of sampled
soils were initially introduced evenly into a low-pressure polyethylene plastic ring, which
was placed on a press, and subjected to powder pressing prior to analysis. (2) Cd was
determined by graphite furnace atomic absorption spectrometry (GF-AAS, PE600; Thermo
Elemental, Waltham, MA, USA). Aliquots (0.2500 g) of powdered sample were placed in
a polytetrafluoroethylene crucible, and digested by the addition of a mixed acid solution
(HF-HCIO4-HNO3). The samples were then shaken to obtain a constant volume for testing.
(3) As and Hg were determined by hydride generation-atomic fluorescence spectrometry
(AFS9750; Beijing Haiguang Instrument, Beijing, China). Soil samples (0.5000 g) were placed
in colorimetric tubes, and dissolved by the addition of aqua regia and incubation in a water
bath. Following incubation, the suspensions were made up to volume by the addition
of 10% hydrochloric acid and shaken well prior to determination. The pH of samples
was determined using a potentiometric method (PHS-3C; Shanghai Precision Scientific
Instrument Co., Ltd., Shanghai, China), the values of which are displayed to two decimal
points. The detection limits set for As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn were 0.2, 0.02, 2, 1,
0.0003, 2, 1, and 2 mg kg, respectively, which are all below the minimum requirements
of the Land Quality Geochemical Evaluation Specifications (DZ/T0295-2016). Prior to use, all
glassware used in analyses was soaked in 10% nitric acid solution for 24 h, all reagents
were of analytical grade, and the water used for analyses was ultrapure. For analytical
purposes, we determined values for 50 duplicate samples and four national standard soil
materials (GBW-07403) for quality control. The sample repeatability inspection pass rate
and the abnormal point repeated inspection pass rate were established to be 92.1-97.5%,
and 95.3-99.6%, respectively, and the values obtained for the standard samples were all
within the accepted error range.

2.3. Statistical Analysis

SPSS 19.0 (IBM Inc., Armonk, NY, USA) and Origin 2022 (Origin Lab Corporation.,
Northampton, MA, USA) were used for data processing and statistical analysis. The number
of decimal places of the reported values for raw data and various statistical parameters
were determined by comprehensively considering the national standard detection limit
and the reliable value of the actual detection limit in the laboratory. The suitability of the
sample data was assessed using the Kaiser-Meyer-Olkin (KMO) and Bartlett spherical
tests. Maps were produced using ArcGIS 10.2 (Esri, Redlands, CA, USA), and graphics
were generated using CorelDraw X8 (Corel, Ottawa, ON, Canada).

2.4. Evaluation Method
2.4.1. The Geoaccumulation Index Method and Its Improvement

The geoaccumulation index [35] is a quantitative index that is used to assess the
degree of heavy metal pollution in soils and sediments [36,37]. The index takes into account
the extant natural geological processes, and can directly reflect the level of heavy metal
pollution through changes in the measured values of heavy metal elements relative to the
environmental background value [14]. It is calculated using the following formula:

C.
Igeo = IOgZ KTZB‘, (1)
1

where I¢,, is the geoaccumulation index (abbreviated as I, herein); C; is the concentration
of heavy metal i in the surface soil of the study area (mg kg~ !); Bi is the geochemical
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background value of heavy metal i in the soil (mg kg~!); and K is the change conversion
coefficient (the general value of which is 1.5). A change in geoaccumulation index values
can reflect the pollution characteristics of soil. The corresponding grading standards are as
follows [14,35,37]: unpolluted (Ige, < 0), unpolluted to moderately polluted (0 < I < 1),
moderately polluted (1 < I, < 2), moderately to severely polluted (2 < I, < 3), severely
polluted (3 < Ig, < 4), severely to extremely polluted (4 < Ige, < 5), and extremely polluted
(Igeo > 5).

However, the uncertainty in the selection of evaluation parameters and the size of
samples used in the traditional evaluation of the cumulative index results in certain differ-
ences in the evaluation of soil accumulation, and the large span of the degree of pollution
classification standards also contributes to inaccuracies in the evaluation results [29,38]. To
overcome these problems, in the present study, we adopted an enhanced version of the
geoaccumulation index method [38]. Calculations performed using the Nemerrow index
method [15,39] are based on the sub-index results of a single factor, taking the maximum
sub-index and the mean value of the sub-index, which can not only reflect the influence of
a single factor but also deals with the comprehensive situation of multiple factors. Using
this method, the average values of heavy metal concentrations in soil at sampling sites in
the study area and the square mean of the maximum value of heavy metal concentrations
were used to replace the single heavy metal concentration in formula (1). Accordingly, this
approach not only comprehensively takes into consideration the pollution of heavy metals
at each sampling point, but also highlights the severity of pollution. It can thus effectively
evaluate the degree of specific heavy metal pollution in the watershed [38]. The formulae
used to derive values for the improved geoaccumulation index are as follows:

1 n Cn

Payel = n Zi:l K <B (2)
C
Praxi = K T:XB (3)
Iml = IOgZ \/(ngel + Pf%zaxl) /2’ (4)

where P, is the average value of the heavy metal concentration variation index of n
sampling points in the study area; C; is the heavy metal concentration of the nth sampling
site (mg kg~!); and B is the environmental background value of a specific heavy metal,
which in this study is the geochemical background value of topsoil in Shandong Province
(mg kg™ !). Py is the variation index of heavy metal concentrations at the sampling
point with the highest concentration; C,y is the maximum concentration of heavy metals
(mg kg~ 1); and I,7 is the improved geoaccumulation index. The value of the coefficient K
remains 1.5, and we used the grading standard of the in situ cumulative index method.

2.4.2. Potential Ecological Risk Index

The potential ecological risk index (PERI) was first proposed by the Swedish scholar
Hakanson [40] and combines toxicological, environmental, chemical, and ecological effects
to express the potential ecological risks of heavy metals via intuitive and interpretable
quantitative values [30,41-43]. It is calculated using the following formulae:

e

R ®
n

PERI =) " E, (6)

where C; is the topsoil content of heavy metal element i (mg kg™!); C,' is the geochemical
background value of heavy metal element i in the topsoil of Shandong Province (mg kg~ !);
E,! is the potential ecological hazard index of heavy metal element i; and T, is the toxicity
response coefficient of soil heavy metal i, which refers to the heavy metal toxicity level
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sequence proposed by Hakanson [40]: Hg (=40) > Cd (=30) > As (=10) > Pb = Cu = Ni(=5)
> Cr (=2) > Zn (=1). PERI serves as a comprehensive ecological risk index for a specific
environment, which is the sum of all risk factors for each heavy metal in the cultivated
soil environment. The single element potential ecological hazard index (E,') is divided into
the following five grades from low to high [31,44]: E,’ < 40 represent a slight ecological
hazard; 40 < E, < 80, a moderate ecological hazard; 80 < E,i < 160, a considerable ecological
hazard; 160 < E, <320, a strong ecological hazard; and E,/ > 320, a significantly strong
ecological hazard. PERI is divided into the following four grades from low to high [31]:
PERI < 150 represents a slight ecological risk; 150 < PERI < 300, a moderate ecological
risk; 300 < PERI <600, a strong ecological risk; and PERI > 600, a significantly strong
ecological risk.

2.4.3. Health Risk Assessment

The health risk associated with heavy metals is dependent on two factors, one of which
is the level of environmental pollution, including the concentration, form, and toxic effects
of heavy metals [26,45], and the second is human exposure behavior, including the behavior
and characteristics of humans exposed to environmental heavy metals [18,27,46]. Heavy
metals in soils can enter the human body through hand-oral ingestion, skin contact, and in-
halation via attachment to dust particles, thereby posing a potential risk to health [14,47-50].
In this study, we applied three exposure methods to calculate the daily average exposure
to topsoil in the study area. The evaluation models included non-carcinogenic risk and
carcinogenic risk models, the values for which were obtained using the following formulae:

IngR x EF x ED x CF

ADD;ye = C X B % AT / )
InhR x EF x ED x CF
APDinh = CX " pEE  BW x AT ®)
SA x AF x ABF x EF x ED x CF
ADDypp = C X BW % AT , 9
n n ADD(ingestion, inhalation, dermal),
HI=) 3 HQ=) ", RfD; % (10)

TCR = 221 CR; = eril ADD;(ingestion, inhalation, dermal) x SEF;, (11)

where C is the topsoil heavy metal content (mg kg~!); ADD is the average daily exposure
(mg kg~ 1); RfD is the non-carcinogenic reference dose of the exposure route; HQ is the
non-carcinogenic index of heavy metal i; and HI is the total non-carcinogenic hazard index
of heavy metal at the sampling point. If HI <1, the health risk is small or negligible, whereas
when HI > 1, there is a non-carcinogenic risk. SF; is the carcinogenic risk coefficient of
heavy metal i; CR is the carcinogenic risk of heavy metal i; and TCR is the total carcinogenic
risk of heavy metals As and Cd. A TCR value < 1 x 10~° is indicative of no risk, TCR
values from 107° to 10~# indicate an acceptable risk, and a TCR value > 1 x 10~ denotes a
high risk [14,26,47-51]. The parameters of the three exposure models are shown in Table 1,
and the risk slope coefficient and reference dose of each heavy metal health risk assessment
are shown in Table 2.
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Table 1. Parameters for exposure models.
Factors Description Unit Values Source
Adult Child
C The topsoil heavy metal content mg kgfl This study
IngR Ingestion rate mgd! 100 200 [9,26]
InhR Inhalation m3 d-! 75 15 [9,26]
rate
EF Exposure frequency da™! 350 350 [49,51]
ED Exposure duration a 24 6 [9,26]
CF Conversion factor kg mg_l 1x 1076 1x107° [14,26]
SA Exposed skin area cm? 5700 2800 [9,26]
AF Skin adherence factor mg em 241 0.07 0.2 [9,26]
ABS Dermal absorption factor unitless 0.01 0.01 [14]
PEF Particle emission factor m3 kg~! 1.36 x 1072 1.36 x 107° [9,26]
BW Average body weight kg 62.5 16 [26,49]
AT Average time  non-carcinogens d ED x 365 [47,48]
carcinogens 70 x 365
Table 2. Reference doses (RfDs) for non-carcinogenic metals and slope factors (SFs) for carcinogenic
metals (mg kg™ 1).
RfD SF
Source Source
Ingestion Dermal Inhalation Ingestion Dermal Inhalation
As 3.00 x 107% 123 x 107* 3.00 x 1074 [26,50] 1.50 1.50 430 x 1073 [46]
cd 1.00 x 107%  1.00 x 1075 1.00 x 1074 [14] 6.10 6.10 1.80 x 1073 [46]
Cu 4.00 x 1072 1.20 x 1072 4.02 x 1072 [14] - - -
Cr 3.00 x 1073 6.00 x 1075 2.86 x 107 [26,50] - - 42.00 [46]
Hg 3.00 x 107* 210 x 107> 3.00 x 104 [14,26] - - -
Ni 2.00 x 1072 540 x 1073 2.06 x 1072 [26] - - 8.40 x 107! [46]
Pb 350 x 1073 525 x107* 325x 1072 [14] - - -
Zn 3.00 x 10-1  6.00 x 1072 3.00 x 107! [26] - - -

3. Results and Discussion
3.1. Heavy Metal Contents

The descriptive statistics (Table 3) indicate that the pH of the topsoils in the study area
generally followed a normal distribution, with recorded values of between 4.66 and 7.82.
The average value of pH was 6.23, and the standard deviation was 0.63. There were few
data deviating from the mean. The contents of heavy metals w(As), w(Cd), w(Cu), w(Cr),
w(Hg), w(Ni), w(Pb), and w(Zn) ranged from 1.9 to 66.6, 0.026 to 1.836, 8.4 to 251.7,11.4
to 611.1, 0.006 to 0.79, 3.4 to 222.1, 6.3 to 327.2, and 263.4 to 345.3 mg kg, respectively.
Compared with the geochemical background values of topsoils in Shandong Province [52],
the average values of Cu, Cr, Hg, Ni, Pb, and Zn in the soil were significantly higher, and the
proportions of sites at which levels exceeded the corresponding background values were
66.6%, 76.6%, 42.2%, 57.6%, 54.8% and 52.9%, respectively. Compared with the average
values of the topsoil in China [11], the average values of Cu, Cr, and Ni in the soil were
higher, and the proportion of sites at which levels exceeded the average values were 65.5%,
79.2%, and 57.8%, respectively. This indicated that the study area had a background of high
contents of Cu, Cr, and Ni. Compared with the median values of the world topsoil [11], the
average contents of As, Cu, and Cr were relatively high, and compared with the Agricultural
Land Soil Pollution Risk Control Standards (GB 15618-2018), the number of sampling sites
at which topsoil levels of As, Cd, Cu, Cr, Hg, Ni, Pb, and Zn exceeded the respective risk
screening values were 5, 6, 24,44, 1, 1, 3, and 1. In addition, it can be seen from Figure 2
that when the pH value was between 6.0 and 7.5, the contents of As, Cu, Cr, Pb, and Ni
were the highest. Statistical analyses revealed the heavy metals As, Cd, Hg, and Pb to be
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strongly positively skewed, thereby indicating that there were a few samples with large
values, which contributed to an extension of the right-hand side of the curve.

Table 3. Heavy metal concentrations in surface soils (N = 1135) (mg kg~ 1).

pH As Cd Cu Cr Hg Ni Pb Zn
Minimum 4.66 1.9 0.026 8.4 11.4 0.006 3.4 6.3 234
Maximum 7.82 66.6 1.836 251.7 611.1 0.79 2221 3272 3453
Mean 6.23 8.01 0.118 33.33 89.26 0.037 33.63 2537  69.46
Median 6.2 7.3 0.103 26.8 73.1 0.029 28.9 24.2 64.8
SE. 0.02 0.13 0.003 0.65 1.8 0.001 0.63 0.43 0.76
S.D. 0.63 4.24 0.1 21.9 60.66 0.04 2111 1436 2575
CV (%) 10.1 52.9 82.3 65.7 68 98.5 62.8 56.6 37.1
Skewness 0.11 42 9.11 3.15 3.59 10.31 3.32 12.14 2.71
Kurtosis -07 4171 129.3 15.94 17.01 180.06 1489 2122 18.04
Shandong topsoil 7.32 8.6 0.132 22.6 62 0.031 27.1 23.6 63.3
China topsoil ? — 11.2 0.097 23 61 0.065 27 26 74
World topsoil @) — 6 0.35 30 70 0.06 50 35 90
pH<65 — 30 0.3 50 150 0.5 70 90 200
SEQRCS®  65<pH<7.5 — 25 0.3 100 200 0.6 100 120 250
pH>75 — 20 0.6 100 250 1 190 170 300

©/mg kg

w/mg kg’

(M Background values of soil geochemistry in Shandong Province, East China [52]. ? China National Environ-
mental Monitoring Centre (1990) and Wei F S (1991), N = 4095 [11]. (® Median values of soil element content in
different countries, F. Bowen (1979) [11]. ® Soil environmental quality risk control standard for soil contamination
of agricultural land, China. (GB15618-2018) (MEEC, 2018).

0.2

Figure 2. Relationships between soil heavy metal contents and pH. Note: The red line represents the
risk screening value corresponding to different pH values.

The coefficient of variation (CV) is a normalized measure of the degree of dispersion of
a probability distribution, and generally, the greater the degree of dispersion, the greater the
CV value. On the basis of the grading of the CV described previously [53-55], the CV of pH
in this study was 10.1%, which indicated a low degree of variation, and the data dispersion
was not large. With respect to the assessed heavy metals, we obtained CV values of 52.9%,
65.7%, 68%, 62.8%, 56.6%, and 37.1% for As, Cu, Cr, Ni, Pb, and Zn, respectively, indicating
medium to high variation, whereas the CV values of 82.3% and 98.5% obtained for Cd and
Hg, respectively, indicated high to extremely high variation. In general, the eight heavy
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metals were characterized by moderate and high variation, indicating that their data were
discrete and that there were certain differences with respect to spatial distribution.

3.2. Correlation and Spatial Distribution of Heavy Metals

The results obtained from the statistical analysis of the 1135 samples revealed a sam-
pling moderation value of 0.539 for the Kaiser-Meyer-Olkin (KMO) measure of sampling
accuracy, indicating a partial correlation between variables [56]. Concurrently, we obtained
a significant Bartlett spherical test value of 3376.389 (p < 0.001), indicating that the result
of the PCA of variable sample data could reflect the relationships among chemical ele-
ments [57-59]. Based on the data validity test, the principal component analysis of eight
heavy metals was carried out. According to previous research [60], it was proposed that the
closer the load variable line, the stronger the correlation in the PCA component diagram.
Therefore, in Figure 3, heavy metal elements in the study area are divided into two groups,
namely, Ni and Cr comprising one group and Zn, Pb, Cr, Hg, As, and Cu clustered in the
other. In addition, the correlation plot (Figure 4) in the study area was shown to be nearly
consistent with the principal component plot (Figure 3). However, the cluster analysis
diagram in Figure 4 shows some more detailed information. In addition to the strong
correlation between Cr and Ni, there was also a certain correlation between Cu and Zn,
while the correlation of the other four elements was much weaker. This could reflect the
spatial distribution characteristics of the medium and high variation in element content in

the study area.
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Figure 3. Principal component analysis plot of eight heavy metals in the study area.
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pH is often regarded as the most important variable of soil [61,62], which reflects
the acid-base environment of heavy metal elements and can contribute to determining
the distribution of soil chemical elements [63]. On the basis of our analysis of the spatial
distribution of pH in the study area, we established that soils to the north of the study area
are acidic to weakly acidic (Figure 5), whereas those in the central area (in the vicinity of
the building stone quarrying area) and southern (Laiyang County and its south) area tend
to be neutral. To a large extent, the distribution characteristic of pH reflects the influence
of the soil-forming parent material and human activities, whereas the spatial distribution
characteristics of heavy metals in the study area (Figure 5) were found to reflect the
distribution of soil pH. The study area is characterized by high natural background levels
of Cu, Cr, and Ni. As shown in Figure 3, Cu and Cr and Ni show quite distinct patterns
of spatial distribution, with some authors proposing that the strong correlation between
Cr and Ni is associated with the parent material or processes of soil formation [12,64]. In
contrast, the distributions of Hg, Cd, Pb, Cu, and Zn are generally considered to be more
reflective of human activities [14,47-50,53-55]. Whereas we detected no obvious anomaly
(any significant high value) in the distribution of Cu near urban areas, the distributions of
Hg, Cd, and Pb have clearly been influenced to varying extents by the human activities
in urban areas and the quarrying of building stone. This view is consistent with the
conclusion of Khan N et al. [65] on heavy metals in soils along the Swat River Basin, Khyber
Pakhtunkhwa, Pakistan. Specifically, in the granite-rich region to the north of the study
area, we obtained notably low values for As and Pb, whereas Cd, Cr, Hg, and Ni showed
mixed distribution patterns of low and medium-high abundance. In the region underlain
by metamorphic rock, Cr, Cu, Ni, and Zn are characterized by a belt of middle to high
values distributed in a northeasterly direction, whereas in soils formed above basic volcanic
rocks in the east, there is a zone characterized by high Cr and Ni values oriented in a
north—south direction. In the sandstone area in the east, we recorded mainly medium to
high values for Cd, Cu, Pb, and Zn, whereas high values were obtained for As, Hg, Cu,
and Pb in soil collected from the north-northeast continuous high-value points, which
tends to be indicative of the geological structure of the study area. In the area underlain by
Quaternary rocks, Cd, Hg, Pb, and pH showed high value distributions in Laiyang County
and the area to the south.
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Figure 5. Spatial distributions of pH and eight heavy metals in soils of the study area.

3.3. Levels of Heavy Metal Contamination

Taking the geochemical background values of surface soil in Shandong Province as
reference values, we statistically analyzed the land accumulation indices of heavy metals
in cultivated soil within the study area (Table 4). The Igeo of As, Cd, Cu, Cr, Hg, Ni, Pb,
and Zn ranged from —2.76 to 2.37, —2.96 to 3.21, —2.01 to0 2.89, —3.03 to 2.72, —2.91 to 4.09,
—3.58 to 2.45, —2.49 to 3.21, and —2.02 to 1.86, respectively. The assessment results show
that the pollution sites (Igey > 0) in the study area were primarily unpolluted to moderately
polluted and moderately to severely polluted. Among them, Cd, Hg, and Pb each severely
pollute one site. It can be seen from Table 4 that the average of I, was ordered as: Cu
(=0.23) > Cr (—0.25) > Ni (—0.45) > Zn (—0.53) > Pb (—0.57) > Hg (—0.60) > As (—0.83) >
Cd (—0.96). The order of the number of sites exceeding the background values was: Cu
(359) > Cr (255) > Hg (189) > Ni (177) > Zn (142) > As (99) > Cd (84) > Pb (58). This finding
thus indicated that cultivated soil in the study area was polluted to varying degrees by
the eight heavy metals, among which, more than 10% of the monitored sites were found
to be characterized by Cu, Cr, Hg, Ni, and Zn pollution. By comparing values obtained
for the geoaccumulation index before and after performance improvement (Table 4 and
Figure 6), we obtained average pre- (I,;) and post- (I;;) improvement values of 0.32 and
—0.04, respectively, equating to unpolluted to moderately polluted and unpolluted sites,
respectively. The corresponding Ige, > 0 sites prior to and after improvement were 677
and 421, respectively. Using the improved evaluation procedure, we found that there had
been a significant reduction in the number of sites initially classified as polluted based on
I, indices, and those sites initially placed in the severely polluted were downgraded to
moderately to severely polluted. As shown in Figure 7, polluted soils as determined based
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on I, indices were adjudged to be widely distributed, and most sites surveyed in the study
area were placed in the unpolluted to moderately polluted category. The sites characterized
by moderate to severe pollution, both before and after index improvement, were found to
be primarily concentrated around the Laiyang urban area, the sites of sandstone quarrying,
and the southern region of the study area, which broadly correspond to the distribution
of the sandstone parent material. From a comparison of Table 4 and Figure 7, it can be
seen that the distribution of improved I,,; data and pollution were more centralized and
reasonable, and are likely to provide a more accurate reflection of the levels of heavy metal
pollution in soils of the study area. This tends to be consistent with the findings of previous
studies that have demonstrated that the scientific and reasonable assessment of heavy metal
pollution requires not only an assessment of a combination of multiple indicators [13,22]
but also certain algorithm corrections [38].

Table 4. Results obtained for evaluations using a heavy metal geoaccumulation index.

As Cd Cu Cr Hg Ni Pb Zn Iy L
Minimum —2.76 —2.96 —2.01 —3.03 —-291 —3.58 —2.49 —-2.02 —-1.03 -1.31
Maximum 2.37 3.21 2.89 2.72 4.09 2.45 3.21 1.86 4.09 3.60
Mean —0.83 —0.96 —0.23 —0.25 —0.60 —0.45 —0.57 —0.53 0.32 —0.04
Unpolluted I <0 1036 1051 776 880 946 958 1077 993 458 714
0<Igeo <1 92 71 285 178 148 124 45 136 474 314
D 1< Igep <2 6 9 65 69 33 51 10 6 171 98
?grele 2 <Igeo <3 1 3 9 8 7 2 2 0 29 8
ftPo' 3 < Ige <4 0 1 0 0 0 0 1 0 2 1
UHOM 4 < L <5 0 0 0 0 1 0 0 0 1 0
Loeo > 5 0 0 0 0 0 0 0 0 0 0
Proportion of polluted 8.7 7.4 31.6 24 16.7 15.6 5.1 125 596 371
sites/ %
6
Extremely polluted
From ssverely to
extremely polluted
4l ) @
o Severely polluted
[ ] o L ] :
e o L] . o . ¢ From moderately to
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21— .
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i H d s
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Figure 6. A boxplot of geoaccumulation index (Igeo) distribution in the study area.
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3.4. Risk Assessment of Heavy Metals
3.4.1. Potential Ecological Risk Assessment

Taking the geochemical background values of surface soil in Shandong Province as
reference values, we statistically analyzed the potential ecological risk index of heavy
metal elements in cultivated soil in the study area (Table 3), on the basis of which, we
determined the proportional ecological risk of heavy metal elements in the study area
(Figure 8). According to the calculation results (Table 5), the average E; values of the
assessed metals could be arranged in the following descending order: Hg (47.2) > Cd
(26.8) > As (9.3) > Cu (7.4) > Ni (6.2) > Pb (5.4) > Cr (29) > Zn (1.1). In general, Cr
and Zn presented only a slight ecological hazard, whereas As, Cd, Cu, Hg, Ni, and Pb
showed different degrees of ecological hazard, exceeding standard values at 3, 122, 1,
487, 1, and 3 sites, respectively, with corresponding rates of 0.3%, 10.7%, 0.1%, 42.9%,
0.1%, and 0.3%, respectively. The spectrum of potential ecological risks shown in Figure 8
indicates that the level of ecological risk of the assessed heavy metals could be ordered
as follows: Hg > Cd > As > Cu > Ni > Pb > Cr > Zn. This is consistent with that reflected
by the average E, values. This indicates that Hg and Cd were the key factors presenting
an ecological risk in the study area. Table 5 shows that the percentage contribution rates
of Hg and Cd to the potential ecological risk were 6.9-92.7% and 3.4-83.2%, respectively,
with corresponding mean and median values of 42.1% and 25.5% and 40.9% and 24.3%,
respectively. Moreover, the cumulative ecological risk contributed by Hg and Cd was
estimated to be >65%, thereby indicating that Hg and Cd are the main heavy metals posing
an ecological risk in the soil of the study area. The CV values obtained for Hg and Cd
ecological risk were 29.3% and 38.9%, respectively, indicating a moderate variation and that
the distribution of data was relatively consistent. Comparatively, the CV values obtained
for Cu, Cr, and Nij, the three elements with high background levels, were greater than
50%, thereby indicating a medium-strong variance, which also implies differences in the
ecological risks attributable to differences in geological background levels. PERI analysis
revealed that soil at 1029 sampling points in the study area posed a slight ecological
risk, whereas that at 106 sites, accounting for 9.3% of the total, posed a moderate to
strong ecological risk. Patterns of the spatial distribution of PERI (Figure 9) revealed a
concentration in the urban area and to the east and the north of Laiyang. This pattern
corresponds to the spatial distribution and pollution levels of heavy metals, indicating that
the content, pollution, and associated risk of heavy metals in the study area are interrelated
variables, and also highlights the objectivity of the comprehensive evaluation indicators.
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3.4.2. Health Risk Assessment

In order to assess the risk posed by heavy metal pollution in cultivated soils, it is
necessary to gain an estimate of the level of exposure. Consequently, to estimate the risk of
human exposure to contaminated soil via inhalation, ingestion, and skin contact, we used
the total combined concentration of heavy metals to calculate the hazard quotient (HQ). The
results of our non-carcinogenic health risk assessment revealed that the non-carcinogenic
health risk index of the same element for the three different routes of exposure could be
ordered as follows: HQjue > HQgeymar > HQjyy. Furthermore, we found that for each of
the assessed heavy metals, the average HQ value for adults and children was <1 (Table 6).
The non-carcinogenic risks posed by the eight heavy metals to adults and children could
be ordered as As > Pb > Ni > Cu > Cd > Zn > Hg > Cr and As > Pb > Ni > Cu > Zn >
Hg > Cd > Cx, respectively. In general, we found that at none of the sampling sites in the
study area was there a non-carcinogenic risk posed to human health by soil-borne heavy
metals. The non-carcinogenic health risk index of adults (HI,4,;s) was between 1.08 x 1072
and 2.07x 107!, both of which are <1, indicating that there was no non-carcinogenic health
risk to adults. Comparatively, the non-carcinogenic health risk index assessed for children
(HIpitaren) Was between 1.31x10~! and 3.01, among which 10 samples contained a single
heavy metal with an HQ value > 1 (As in 9 samples and Pb in 1 sample), and 17 samples
with an HI value > 1, accounting for 1.5% of the total. These findings accordingly indicated
that the levels of soil heavy metals in the areas where these samples were collected posed a
potential non-carcinogenic health risk to children. Furthermore, we found that the contents
of As, Pb, Cr, Ni, and Cu in these sites exceed the corresponding risk screening values
(GB15618-2018). We also estimated that the percentage contribution of As, Pb, Ni, and
Cu to HI in adults and children was >95% (Table 6), and these four heavy metals were the
main factors influencing the non-carcinogenic risk. It can be seen from Figure 10 that the
sampling sites with HI > 1 are mainly distributed in the cultivated land at the downstream
of the sandstone mining region in the east and the southeast of Laiyang County. This pattern
could be explained by the high background levels associated with an area of volcanic rock in
the east. Moreover, children are potentially more readily exposed to contaminated soil than
are adults, owing to their particular diet and behavioral habits [66,67], which contribute
to higher HI values. The increased non-cancer risk found in soil in the eastern part of the
study area can be ascribed primarily to the contents of As, Pb, and Cr in natural sources.
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We found that the HQ and HI values obtained in the present study are significantly higher
than those previously reported for this area by Zhuo et al. (2020) [14], Liu et al. (2021) [68],
and Hua et al. (2022) [69], which we suspect could be attributed to our grid-intensive soil
sampling across the entire region, rather than assessments based on sporadic soil sampling.

Legend
Rioad E Sandstone
& mining

River Hlciiran>1

&34, | Reservoir HO.

County =
Diorite Ij , . 4
mining TCReuse>1X10

Figure 10. Spatial distribution of HI, HQ, and total cancer risk (T'CR) in the study area.

Given that As and Cd have high toxicity coefficients, they are often used to calculate
carcinogenic risk [26,70]. The distributions of Cr and Ni tend to be closely correlated
and have high background levels in the study area. Consequently, in the present study,
we focused on the carcinogenic risks posed by As, Cd, Cr, and Ni. The results of our
carcinogenic health risk assessment (presented in Table 7) show that the carcinogenic
health risk indices (CR) for different routes of As and Cd exposure could be ordered as
CRing > CRermar > CRjpp. Furthermore, we established that the carcinogenic risk of the
assessed heavy metals to adults and children from high to low was As > Cr > Cd > Ni. It
can be seen from Table 7 that the average total cancer risk (I'CR) for adults and children
was 8.08 x 1070 and 1.44 x 1075, respectively, both of which exceed 1 x 10~°, which is
considered an acceptable level [9,47], and in the case of children, one of the TCR values
was greater than 1 x 10—4, which is considered an extremely high risk level, [9,26,47].
These findings accordingly tend to indicate that both local adults and children are exposed
to a potential risk of cancer. Notably, we found that the sampling site indicating a high
carcinogenic risk to children coincides with that identified as posing a non-carcinogenic risk
(Figure 8), thereby indicating that children living in the vicinity of this site are potentially
exposed to double health risks. However, some scholars [26,27,46,70] have proposed that
values of carcinogenic risk between 10~ and 10~* are acceptable, and thus if this standard
were to be implemented, the carcinogenic risk in the study area would accordingly be
deemed acceptable. However, it should be emphasized that the highest value of 1.44 x
10~° we obtained for carcinogenic risk to children exceeded 1 x 104, indicating that the
local carcinogenic risk in the study area should not be ignored. Although there are many
cases of human exposure to heavy metals, which may pose certain health risks, it should
be noted that in our assessment, we considered only the intake of these elements via direct
contact with soil. In general, humans are mainly exposed to heavy metals via less direct
exposure routes, such as the consumption of contaminated food products (e.g., vegetables
and meat) and water [14,26,46,51]. Consequently, in order to successfully identify common
exposure pathways of potential concern, it is recommended to apply a multipath risk
assessment analysis for the relevant environmental media [26,27,46].
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Table 6. HQ and HI assessments of health risks posed to adults and children by soil in the study area.

HQ-non-canc. As Cd Cu Cr Hg Ni Pb Zn HI Proportion of HQ
Maximum 1.34 x 1071 1.41 x 1072 1.14 x 1072 6.78 x 1074 6.61 x 1073 2.04 x 1072 1.89 x 107! 221 x 1073 2.07 x 1071 1.20%
Minimum 3.81 x 1072 1.96 x 107 3.81 x 107* 126 x 107° 5.19 x 107° 312 x 107* 3.65 x 1072 1.50 x 107* 108 x 1072 4o, e
Adults L SE 1.61 x 1072 9.06 x 1074 1.51 x 1073 9.90 x 1078 3.06 x 107* 3.09 x 1073 1.47 x 1072 444 x 1074 3.71 x 1072 2,44, (39:56% 5
T 47489 x107%  +6564 x 1077 +8.106 x 1077 45930 x 1078 +2.661 x 1077 +1.709 x 107® +7.322x107® +1454x 1077 +1.181 x 107>  407% / = e
SD. 8.50 x 1073 745 x 107 9.92 x 1074 6.73 x 1075 3.02 x 1074 1.94 x 1073 8.31 x 1073 1.65 x 10~* 1.34 x 1072 posisy g o
Amount 0 0 0 0 0 0 0 0 0 -l zn
>1)
Maximum 2.84 252 x 1072 8.60 x 1072 3.14 x 1073 4.61 x 1072 153 x 107! 1.17 1.64 x 1072 3.01 10170 0:69%
Minimum 8.11 x 1072 3.50 x 1074 2.87 x 1073 5.86 x 1075 3.62 x 1074 2.35 x 1073 2.30 x 1072 1.11 x 1073 1.31 x 107! 188% o
Children /= op 342 x 1071 1.62 x 1073 1.14 x 1072 459 x 1074 2.13 x 1073 2.32 x 1072 9.11 x 1072 3.30 x 1073 3.30 x 1073 0.45% = Cu
41595 x 1074 41172 x 1070 +6.590 x 1070 +2749 x 1077 +1.850 x 107®  +1.286 x 107°  +4.511 x 107°  +1.075x 107°  +3.736 x 10°*  0.10% :,‘['g
S.D. 1.81 x 1071 133 x 1073 7.48 x 1073 312 x 1074 2.10 x 1073 1.46 x 1072 512 x 1072 122 x 1073 1.99 x 10! U:g N
Amount 9 0 0 0 0 0 1 0 17 Zn
>1)
Table 7. The carcinogenic health risk index (CR) of ingestion, dermal contact, and inhalation of soils for adults and children in the study area.
As cd CR
CR-canc. TCR
RfDing RfDdermul RfDinh RfDing RfDdermal RfDinh As Cd Cr (RfDinh) Ni (RfDinh)
Maximum 5.48 x 1075 2.19 x 107 2.10 x 1071 6.14 x 107 245 x 1077 243 x 10713 5.70 x 10~° 6.39 x 107 5.50 x 107° 3.99 x 1078 591 x 107°
Minimum 1.56 x 10~° 6.24 x 1078 6.00 x 10713 8.53 x 1078 341 x107° 337 x 10715 1.63 x 107 8.87 x 1078 1.03 x 107 6.12 x 10710 1.82 x 107
Adults M +SE 6.59 x 107 2.63 x 1077 2,53 x 10712 3.95 x 1077 1.57 x 10~8 1.56 x 10714 6.86 x 107° 410 x 1077 8.03 x 1077 6.05 x 10~ 8.08 x 107
ean o +3.075 x 10?7 +1.225 x 10710 +1.181 x 1071 +2.855 x 10710 +1.137 x 101 +1.128 x 10717 +3.198 x 107° +2.969 x 10710 +4.802 x 10710 +3.348 x 10712 +3313 x107°
S.D. 349 x 10°° 1.39 x 1077 1.34 x 10712 3.24 x 1077 1.29 x 10~8 1.28 x 10714 3.63 x 107 3.37 x 1077 545 x 1077 3.80 x 10?7 3.76 x 107°
Amount
(>10,4) 0 0 0 0 0 0 0 0 0 0 0
Maximum 1.03 x 107* 2.87 x 1076 9.41 x 10712 6.14 x 107© 245 x 1077 243 x 10713 1.06 x 1074 1.23 x 1073 6.16 x 107¢ 7.46 x 1078 1.08 x 1074
Minimum 293 x 107 820 x 1078 2,68 x 10713 8.53 x 1078 341 x 107° 337 x 10715 3.01 x 10°¢ 1.71 x 1077 1.15 x 107 1.14 x 107° 3.30 x 10°°
Children M +SE 1.24 x 107° 346 x 1077 1.13 x 1012 395 x 1077 1.57 x 10~8 1.56 x 10714 1.27 x 1073 7.92 x 1077 8.99 x 1077 1.13 x 1078 1.44 x 1073
ean o +5.753 x 1077 +1.612 x 10710 +5.278 x 10716 +2.855 x 10710 +1.137 x 10711 +1.128 x 10717 +5912 x 107° +5.736 x 10710 +5.383 x 10710 +6.247 x 10712 +6.088 x 107
S.D. 6.53 x 107¢ 1.83 x 1077 599 x 1013 3.24 x 1077 1.29 x 10~8 1.28 x 10714 6.71 x 107¢ 6.51 x 1077 6.11 x 1077 7.09 x 107° 6.91 x 10°°
Amount 1 0 0 0 0 0 0 0 0 0 1

(>107%)
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4. Conclusions

In this study, a new combination of multiple statistical methods and the improved
geoaccumulation index method was used to investigate the heavy metal pollution in
topsoil in Laiyang County. Specifically, the ecological risk and health risk of heavy metals
in topsoil were quantitatively evaluated and spatially analyzed. The results show the
following: (1) The proportion of sites with Cu, Cr, and Ni levels exceeding the background
value was more than 55%. Combined with their distribution and rock characteristics, it was
considered that the study area is a typical geological high background area of the above
three elements. The content of heavy metals (As, Cd, Cu, Cr, Hg, Ni, Pb, and Zn) in some
sampling sites exceeded the risk screening value (GB15618-2018), indicating that those
heavy metals were polluting. (2) The eight heavy metals in the study area had pollution
points of different degrees, among which, the proportion of Cu, Cr, Hg, and Zn pollution
points was more than 10%, being mainly unpolluted to moderately polluted and moderately
polluted to severely polluted. The improved I, was used to generate statistics on the
pollution. It was found that the average value of I,; was 0.32 (unpolluted to moderately
polluted), and the average value of I,;; was -0.04 (unpolluted). (3) Mercury and cadmium
were identified as the main contributors to the ecological risk in the study area, with the
cumulative ecological risk contribution percentage of >65%. The results of PERI showed
that 9.3% of the sampling sites were considered to have moderate ecological risk. (4) The
study found that As, Pb, Ni and Cu contributed more than 95% to the non-carcinogenic
risk. The sampling sites with HI pje, > 1 were mainly distributed in the east of the study
area; however, different routes of soil intake posed no non-carcinogenic risk to adults.
Simultaneously, the risk of cancer in adults and children was acceptable. However, the
location identified as posing high carcinogenic risk to children was consistent with the
non-carcinogenic risk location identified by this study, which indicated that children in this
location and the surrounding areas were more likely to face dual health risks.

It is worth noting that the assessment of I,,;; found that the distribution of contaminated
soil is relatively centralized and reasonable, which can accurately reflect the pollution
degree of the study area. This new exploration may help to objectively evaluate the spatial
distribution of heavy metal pollution and support the risk management of heavy metals.
In addition, the analysis of a typical agricultural county will also provide some reference
for other cultivated soil investigations.
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