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In recent years, the harmful effects of heavy metal pollution in soil and rice on
public health have garnered widespread attention. However, most studies focus
only on the evaluation of heavy metal pollution in either soil or rice, often
overlooking the fact of the combined effects of heavy metal pollution. We
conducted an integrated assessment of the heavy metal pollution levels in
both soil and rice. This study examined eight common heavy metals (Cd, Ni,
As, Cu, Hg, Pb, Cr, and Zn) within the soil-rice system of Wanzhou District,
Chongqging City. We employed Positive Matrix Factorization and Monte Carlo
simulation to identify the sources of soil pollution and assess associated health
risks. The findings revealed an average Impact Index of Comprehensive Quality
(IICQ) value of 3.60 for the soil-rice system, indicating a pollution level exceeding
“slight pollution”. The primary contributors to soil heavy metal contamination
were identified as metal smelting and processing, pesticide and fertilizer use,
manure application, geological background and rock weathering, agricultural
activities, and coal combustion. Among the assessed metals, As, Cr, Cd, and Ni
posed the greatest health risks and should be prioritized for monitoring and
control. Given the heightened health risks associated with prolonged
consumption of rice contaminated by heavy metals, addressing pollution in
the agricultural soil-rice system is an urgent necessity.

heavy metals, 1ICQ index, PMF model, Monte Carlo simulation, health risks

1 Introduction

Soil, as a critical component of ecosystems, is highly vulnerable to degradation from human
activities (Han et al., 2020). Rapid urbanization and industrialization have significantly increased
the release of heavy metals into the environment, making soil heavy metal accumulation a
pressing global issue (Du et al,, 2019; Fei et al., 2023). A 2014 survey by China’s Ministry of
Environmental Protection and Ministry of Land and Resources reported exceedance rates of
16.1% for soil and 19.4% for arable land, with 82.4% of pollution attributed to metals and
metalloids. Among these, the exceedance rates for cadmium (Cd), nickel (Ni), arsenic (As),
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copper (Cu), mercury (Hg), lead (Pb), chromium (Cr), and zinc (Zn)
were 7.00%, 4.80%, 2.70%, 2.10%, 1.60%, 1.50%, 1.10%, and 0.900%,
respectively (Yang Q. et al,, 2018). Heavy metal pollution reduces crop
yields and quality, posing significant threats to public health and food
security, particularly in China, where 7.00% of the world’s arable land
sustains 22.0% of the global population. Severe heavy metal
contamination in China’s agricultural soil would critically endanger
national food security (Qin et al, 2021). Traditional methods for
assessing soil quality, such as the single-factor pollution index,
Nemerow index, geo-accumulation index, and potential ecological
risk index (Chen R. et al., 2022; Zhao G. et al,, 2022; Shen et al.,
2023), often fail to account for the combined pollution of heavy metals
in soil and crops. Recently, the Impact Index of Comprehensive Quality
(IICQ) has been introduced as a more effective tool for evaluating
combined soil-crop system pollution (Wang et al, 2016; Gan et al,
2018). Additionally, advanced techniques, including Positive Matrix
Factorization (PMF) models, and Pearson correlation analysis, have
been increasingly used to identify pollution sources in with diverse
contamination origins, enabling the development of targeted soil
pollution control strategies areas (Hu X. et al, 2021; Han et al,
2022; Yang Z. et al., 2022; Xu et al.,, 2024).

As the world’s largest consumer and producer of rice, over 65.0%
of Chinese households consider rice their primary dietary staple
(Zhang et al, 2021). Researches have shown that long-term
consumption of rice contaminated with heavy metals can
significantly harm public health (Ren et al, 2021; Xu X. et al,
2022; Wang C.-C. et al,, 2023). However, due to variability in heavy
metal concentrations and individual differences, identifying the
most hazardous heavy metal elements remains challenging.
Monte Carlo simulation, a probabilistic risk analysis method, is
widely employed in heavy metal health risk assessments to pinpoint
the most threatening elements and facilitate targeted mitigation
measures (Liu et al., 2022; Liu et al,, 2023 Z.; Liang et al., 2023).
Previously, more studies focused on heavy metal pollution in
farmland soils or rice in Chongqing Municipality, as well as on
soil - vegetable heavy metal pollution in the region (Wang et al.,
2022b; Shi et al., 2024; Zhang et al., 2024). However, fewer studies
have paid attention to heavy metal pollution in the soil - rice system.
This study focuses on the heavy metal pollution in the soil-rice
system of Wanzhou District, Chongqing City. The IICQ index, PMF
model, and Monte Carlo simulation are integrated to assess the local
combined heavy metal pollution levels and associated health risks to
the local population, with the following objectives: (1) to analyze the
extent of heavy metal pollution in the soil-rice system; (2) to apply
the PMF model to identify and quantify sources of heavy metal
pollution; and (3) to evaluate health risks associated with rice
consumption for both adults and children. The findings aim to
enhance understanding of local heavy metal pollution sources,
support pollution reduction strategies, ensure food safety, and
protect public health.

2 Materials and methods
2.1 Study area and sample collection

The study area, Wanzhou District in Chongqing City
(30°23'50"-31°0"18"N, 107°52'22"-108°53'52"E), lies in
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northeastern Chongqing and forms part of the Three Gorges
Reservoir region. Covering approximately 3,456.41 km’ it
comprises 14 sub-districts, 27 towns, and 11 townships, with a
population of about 1.55 million. The region experiences a
subtropical monsoon climate with distinct seasons, an average
of 15°C-24°C, and
precipitation of 1,000-1,200 mm, with the flood season occurring

annual temperature average annual
from May to September. As of 2022, agricultural land in the area
totaled 83,908 ha, of which paddy fields represented 30,622 ha
(36.5%), while dryland accounted for 53,286 ha (63.5%). The
primary soil types include purplish soil, paddy soil, and yellow
soil. The research focuses on the paddy fields of Wanzhou District.
Based on initial soil monitoring data, five representative
towns—Lihe, Longju, Longsha, Yanshan, and Luotian—were
selected for sampling. A total of 25 rice samples and their
corresponding rhizosphere soil samples were collected. Figure 1
Ilustrates the sampling site distribution. Rhizosphere soil samples
were collected in accordance with the “Soil Environmental
(HJ/T166-2004)” (The

Technical Specification for soil Environmental monitoring (HJ/T

Monitoring Technical Specifications
166, 2004), employing the plum-blossom grid method to uniformly
sample soil at depths of 5-20 cm over a 1-m” area. Each sample,
weighing 1 kg, was retained for analysis. Simultaneously, rice
samples from the same sites were collected. Following thorough
mixing, the quartering method was used to subsample, retaining
500 g per sample, with detailed records maintained.

2.2 Sample analysis and quality control

In the laboratory, the collected soil samples were air-dried,
ground, and sieved through a 100-mesh sieve. A mixed acid
solution (HCI-HNO;-HF-HCIO,) was added, and the samples
were digested at 150°C for 48 h (Cheng et al, 2022). Rice
samples were rinsed with purified water, dried, threshed, and
dehulled and then ground to 40-mesh size, and digested using
microwave-assisted methods to determine heavy metal
concentrations. Soil pH was measured using the potentiometric
method specified in NY/T 1377-2007 (Determination of pH in Soil
(Ministry of Agriculture of the People’s Republic of China, 2007).
The Hg content in soil was measured using the catalytic thermal
decomposition-cold atomic absorption spectrophotometry method
(HJ 923-2017) (Soil and sediment Determination of total mercury
Catalytic pyrolysis-cold atomic absorption spectrophotometry (H]
923, 2017). Heavy metals such as Pb, Cd, Cr, As, Cu, Zn, and Ni in
soil were determined using the aqua regia extraction-inductively
coupled plasma mass spectrometry (ICP-MS) method (HJ 803,
2016) (Soil and sediment-Determination of aqua regia extracts of
12 metal elements-Inductively coupled plasma mass spectrometry
(HJ 803, 2016). Mercury in rice was analyzed through the direct
mercury measurement method (Method II of GB 5009.17-2021)
(Determination of total mercury and organic mercury in foods
(Ministry of Agriculture of the People’s Republic of China, 2021),
while Pb, Cd, Cr, As, Cu, Zn, and Ni in rice were quantified using the
ICP-MS method (Method I of GB 5009.268-2016) (Determination
of multiple elements in food (National Health and Family Planning
Commission of the People’s Republic of China and the China Food
and Drug Administration, 2016).
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 sampling site

FIGURE 1

Distribution of sampling sites for soil and rice samples in Wanzhou District, Chongqing City.

For quality assurance (QA) and quality control (QC), personnel
conducting sampling and testing underwent uniform training, all
equipment was calibrated and verified, and all standard materials
used were within their valid periods. Quality control measures,
including laboratory blanks, parallel samples, and recovery tests,
were implemented during testing. All quality control results fell
within acceptable ranges.

2.3 11ICQ index

Based on the background values, screening values of the heavy
metals present in soil, and the permissible limits of heavy metal
content in agricultural products, the Impact Index of
Comprehensive Quality (IICQ) was proposed in 2016. This index
combines soil environmental quality with the quality of agricultural
products, reflecting the mutual influence of heavy metals in the soil
and agricultural products on the quality of the farmland soil
environment, and promotes the quantitative and comprehensive
assessment of heavy metals in the soil-crop systems. This index
considers the interaction between soil and crop contamination and
is calculated using the Soil Impact Index (IICQs) and the Crop
Impact Index (IICQap). The equations for these indices are as
follows (Wang et al., 2016; Gan et al., 2019; Liu J. et al., 2023).

(1) Relative impact equivalent (RIE) in the soil:

RIE = [i(Pssi)ﬁ] / N= [il (Coon/ CS")%]/ N

where P is the single pollution index of element i; N is the number

(1)

of elements; C,o;y and Cg are the content and screening value of
element i, respectively; n is the oxidation number of element i (Pb, 2;
Hg, 2; As, 5; Cr, 3; Cd, 2; Cu, 2; Ni, 2; Zn, 2).

(2) The degree of deviation between detected and background
value (DDDB) in soil:
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DDDE - [Z(Psw)ﬁ] /N - [Z (cmﬂ/ch,»)%] /N @

where Pg,; is the ratio of the heavy metal measured value to its
background value in soil for element i, and Cy; is the background
value of element i.

(3) The degree of deviation of the soil environmental quality
standard from the background value (DDSB):

N
DDSB = [Z (C.i/Cy) ] / N (3)
i=1
where the symbols correspond to those in  the

aforementioned equations.

(4) The quality index of agricultural products (QIAP):
N 1 N 1
QIAP = [Z(P@f) ﬁ] /N - [Z(Cm /Ci) ﬁ] /N @
i=1 i=1

where P; is the ratio of the heavy metal measured value to its

threshold limit value of crops for element i, C,,; is the measured

api
content of element i in crops, and Cig; is the threshold limit value of

element i in crops.

(5) Impact index of Comprehensive Quality (IICQ):

IICQ, = X - (1 + RIE) +Y - (DDDB/DDSB) (5)
IICQuy = Z- (1+QIAP/k) + QIAP [k - DDSB (6)
1ICQ = IICQ, + IICQ,, )

where IICQ, and TICQ,, represent the impact indices for soil and
agricultural products, respectively. Variables X, Y, and Z correspond
to the concentrations exceeding soil threshold values, soil
product
standards, respectively. The parameter k, typically set to 5, serves

background values, and permissible agricultural

as a background correction factor. Based on IICQ,, IICQ,p,, and
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IICQ values, heavy metal pollution risk is classified into five grades:
clean (IICQ<l); slight pollution (1<IICQ<2); light pollution
(2<IICQ<3); moderate (3<IICQ<5),
pollution (IICQ>5).

pollution and heavy

2.4 PMF model

The PMF model applies a statistical approach to process the
factor profile and source contribution matrix. The standard
deviation of receptor concentrations is incorporated during data
input to estimate uncertainty, enhancing the reliability of the results.
The calculations for these processes are as follows (Deng et al., 2020;
Zhao H. et al., 2022; Jia et al.,, 2023; Ding et al., 2024):

»
X = Zgikfkj +ejj (8)
k=1
where X;; represents the sample concentration matrix X, which was
the concentration of the j-th species in the i-th sample, P is the
number of pollution sources, g is the contribution of the k-th
pollution source to the i-th sample, fi; is the concentration of the
j-th species in the k-th pollution source, and e;; represents
the residual.

The PMF model aimed to minimize the Q-value iteratively to
achieve optimal source contribution and concentration matrices.
P 2
Xij = kzlgikf kj

MM B B

where u;; is the degree of uncertainty for the j-th species given the
i-th sample. The calculation for the uncertainty was as follows.

5
2« MDL, (Cyy < MDL)

V(EF x Ca)? + (0.5 x MDLY, (Coos > MDL)

where C; is the chemical species content, MDL is the method
detection limit, and EF indicates the error fraction, which was
generally between 0.05 and 0.3 and was taken as 0.2 in this study.

2.5 Health risk assessment

The health risk assessment method proposed by the
United States Environmental Protection Agency (US EPA) was
employed to evaluate the health risks posed by heavy metals.
Recognizing that carcinogenic and non-carcinogenic effects differ
in risk characterization, these were separately quantified as
carcinogenic and non-carcinogenic risks. The hazard quotient
(HQ) and cancer risk index (CR) were utilized to assess the
potential non-carcinogenic and carcinogenic risks from heavy
metals in crops, respectively. Since multiple heavy metals may
exhibit synergistic effects, the total hazard quotient (THQ) and
total carcinogenic risk (TCR) were calculated as the sum of the HQs
and CRs for individual metals. The relevant equations are provided
in references (Hu et al., 2020; Lii et al., 2022):
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HQ = [ (Cyi x IR x EF x ED) [ (BW x AT)] + RfD  (11)
CR = [ (Cyi x IR x EF x ED) [ (BW x AT)] x SF (12)
THQ =) HQ, (13)

TCR= CR, (14)

where C,y; is the heavy metal content in crops (mg - kg™'), IR is the
ingestion rate of crops (kg -day™), EF is the exposure frequency
(day - year™), ED is the exposure duration (year), BW is the body
weight (kg), AT is the average exposure time for carcinogenic (non-
carcinogenic) effects (day), RfD is the corresponding reference
toxicity threshold dose (mg-kg™'-day™'), and SF represents
slope factors (kg - day - mg™).

An HQ or THQ value below 1.0 was considered safe, while
values exceeding 1.0 indicated potential adverse health effects. For
carcinogenic risks, a CR or TCR above 1.0 x 10™* was deemed
unacceptable, values below 1.0 x 107° indicated no significant
hazard, and those between 1.0 x 10° and 1.0 x 10™* were
considered acceptable. To address uncertainties stemming from
single-point deterministic parameters, which could lead to over-
or underestimation of risks, a Monte Carlo simulation with
10,000 iterations was conducted. The probability distributions
and values of the detailed in

input parameters are

Supplementary Table S1.

2.6 Statistical analysis

The spatial distribution maps were created using ArcGIS 10.2,
while the data statistical description, correlation analysis, and
principal component analysis were completed using Excel
2016 and IBM SPSS 27. Figures were generated using RStudio
and Origin 2024. Source apportionment of heavy metals and
performed using EPA PMF
5.0 software, and Monte Carlo simulations were conducted with
Crystal Ball software.

uncertainty  analyses were

3 Results and discussion
3.1 Heavy metal statistics in soil and rice

Statistical descriptions of heavy metal content in soil and rice
samples from the study area are summarized in Table 1. Soil
pH ranged from 4.70 to 7.60, with samples distributed across
four pH categories: pH < 5.5 (28%), 5.5 < pH < 6.5 (56%), 6.5 <
pH < 7.5 (12%), and pH > 7.5 (4%). The average concentrations of
Pb, Hg, As, Cr, Cd, Cu, Ni, and Zn in soil were 20 + 3.61, 0.05 + 0.06,
6.18 £ 1.66, 60 + 9.58, 0.27 + 0.09, 16 + 6.48, 26 + 4.97, and 90 +
35 mg/kg, respectively. Except for Pb and Cr, all eight heavy metals
exceeded the background values for Chongging City. The
exceedance rates were as follows: Zn (60%) > As (44%) > Cd
(36%) > Hg (12%) > Ni (8%) > Cu (4%). Based on the Soil
Environmental Quality Risk Control Standard for Agricultural
Land (Soil environmental quality Risk control standard for soil
contamination of agricultural land (Ministry of Ecology and
Environment of the People’s Republic of China and State
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TABLE 1 Statistical distribution description of the heavy metals in soil and rice (n soil = n rice = 25, units in mg-kg™).

pH Pb Hg As Cr Cd Cu Ni Zn
Soil Min 4.70 13 0.02 294 27 0.12 8.90 11 20
Max 7.60 27 0.31 10 71 0.51 42 33 203
Mean 5.99 20 0.05 6.18 60 0.27 16 26 90
SD 0.66 3.61 0.06 1.66 9.58 0.09 6.48 4.97 35
CV(%) 11 18 104 27 16 33 40 19 38
Background value 28 0.07 6.62 74 0.28 25 32 82
Rice Min 0.01 0.00 0.00 0.00 0.00 0.34 0.00 1.06
Max 0.11 0.06 0.79 2.82 031 351 1.89 27
Mean 0.06 0.01 0.22 1.56 0.07 2.06 0.96 16
SD 0.02 0.01 0.16 0.70 0.08 0.78 0.41 5.85
CV(%) 34 108 74 45 116 38 43 36
Maximum allowable limit 0.20 0.02 0.35 1.00 0.20 10 0.40 50

Administration for Market Regulation, 2018), 12 of Cd samples
exceeded the risk screening values, suggesting notable Cd
enrichment in the study area. This enrichment may be attributed
to both high natural background levels of Cd and the widespread use
of pesticides and fertilizers in agricultural activities (Xiao et al., 2022;
Alam et al., 2023). The average concentrations of Pb, Hg, As, Cr, Cd,
Cu, Ni, and Zn in rice were 0.06 + 0.02, 0.01 + 0.01, 0.22 + 0.16,
1.56 +0.70,0.07 £ 0.08, 2.06 + 0.78,0.96 £ 0.41, and 16 + 5.85 mg/kg,
respectively. According to national standards, Pb, Cu, and Zn were
within acceptable limits, whereas Cd, As, Cr, Ni, and Hg showed
exceedance rates of 92%, 80%, 12%, 12%, and 8%, respectively
(Tolerance limit of zinc in foods (Ministry of Health of the
People’s Republic of China, 1991; Tolerance limit of copper in
foods (Ministry of Health of the People’s Republic of China,
1994). The coefficients of variation, indicative of human activity
impacts, were particularly high for soil Hg (104%) and rice Hg
(108%), As (74%), and Cd (116%), highlighting significant spatial
heterogeneity in heavy metal distribution. This heterogeneity may
stem from elevated background levels and extensive pesticide and
fertilizer use in the region (Kan et al., 2021; Delplace et al., 2022;
Faisal et al., 2022; Yang J. et al,, 2022). Spatial distribution maps of
heavy metals in soil and rice samples are shown in Supplementary
Figures S1, S2. Notably, Hg exhibited consistent spatial patterns in
soil and rice, with hotspots concentrated in the northwest of
Wanzhou District, Chongging City, suggesting a correlation
between Hg levels in soil and rice.

3.2 1ICQ index evaluation

The IICQ index evaluates the mutual impact of heavy metals in
soil and crops on farmland environmental quality, quantifying
heavy metal pollution within the soil-crop system. In the soil-rice
system, the average IICQ value is 3.60, with all samples exceeding
slight pollution levels. Specifically, slight, light, moderate, and heavy
pollution account for 8.00%, 44.00%, 28.00%, and 20.00% of
samples, respectively. The average IICQs value for soil heavy
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metals is 1.14, indicating the absence of heavy pollution among
the samples. Clean and slightly polluted soils represent 56.00% and
28.00% of the samples, respectively, suggesting that most soils are
not severely contaminated by heavy metals. Regional studies reveal
varying pollution patterns. slight
predominates in the Shizuishan Industrial Area of Ningxia
(Wang Y. et al,, 2023), while the industrial towns of the Yangtze
River Delta show higher proportions of moderate and heavy

For instance, pollution

pollution (Yu et al., 2024). These findings underscore that heavy
metal pollution in soil is significantly influenced by anthropogenic
emissions and persists over long durations (Jarup, 2003; Hu Y. et al.,
2021). For rice, the average IICQap value is 2.46, with no instances of
heavy pollution. Light and moderate pollution dominate, accounting
for 68.00% and 20.00%, respectively, reflecting a notable degree of
contamination. However, a study in Zhuhai indicates that although
soil exhibits some pollution, the majority of rice remains free from
heavy metal contamination (Liu et al., 2020). Regional differences
may stem from the high natural background levels of Cd, Cr, Ni, and
Zn in Southwest China (Xia et al., 2022; Jiang et al., 2023; Liu J. et al,,
2023). Additionally, specific sampling points reveal significant
exceedances of Hg levels, and rice shows a strong tendency to
accumulate metals such as Cd, Cr, Hg, Ni, Cu, Zn, and As (Li
et al., 2014; Hao et al., 2022; Zulkafflee et al., 2022; Tian et al., 2023;
Wang J. et al, 2023; Yang et al, 2023). Rice contributes
approximately 68.33% to the overall IICQ of the soil-rice system,
making it the primary source of heavy metal exposure. However, soil
still plays a substantial role, accounting for 31.67% (Supplementary
Table S2). Spatial analysis reveals that IICQ and IICQs values are
higher in the northwest and southwest of the study area (Figure 2),
while IICQap values for rice are elevated across the region, with the
southeast showing the most significant levels. It is worth noting that
there is a weak spatial correlation between IICQs and IICQap, which
may be related to factors such as the limited sample size, as well as
the growth habits and metal enrichment characteristics of rice,
leading to different spatial distributions of IICQs and
IICQap. Adjusting crop varieties could mitigate heavy metal

accumulation and reduce the health risks associated with

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1558308

Tong et al.

10.3389/fenvs.2025.1558308

1cos

-
-
-
-
=
=
=
-
-

FIGURE 2

Spatial Distribution of the IICQ Index in the soil-rice System of Wanzhou District, Chongqing City.

FIGURE 3
Identification of heavy metal sources in soil; (@) Source contributions for the five factors; (b) Variance contributions for the five factors.

(b)

] Factor 4
- Factor 5

consuming contaminated rice (Ali et al., 2020; Xiang et al., 2022;
Wang C.-C. et al,, 2023). These findings provide a valuable basis for
identifying heavy metal sources in soil and assessing associated
health risks.

3.3 Heavy metal sources in soil-rice systems

3.3.1 Identifying heavy metal sources in soil

Through principal component analysis (PCA),
selection was optimized to achieve a cumulative variance
exceeding 86.19%. The analysis considered 4-8 factors,
balancing the need to avoid an overly complex or overly
simplistic model. Ultimately, 4, 5, 6, and 7 factors were tested.
Using the PMF model to analyze soil heavy metal sources, the
best fit occurred with five factors, as indicated by a strong
determination coefficient (R> > 0.7) between observed and
(Figure 3a;

factor

predicted values for eight heavy metals

Frontiers in Environmental Science

Supplementary Figure $3). This confirms the PMF model’s
high accuracy and reliability for source identification.

Factor 1 was predominantly influenced by Cr (67.38%) and Ni
(30.18%). The study shows that the average levels of Cr and Ni in the
soil are lower than the background values in Chongqing. The
correlation analysis reveals a high correlation between Cr and Ni
(Supplementary Table S3). This is consistent with the fact that,
during soil formation, the concentrations of Cr and Ni do not
change significantly and are closely related to the soil parent material
(Li F. et al., 2022; Li et al., 2023 J.; Wang et al., 2025). Therefore,
Factor 1 is considered a natural source associated with the soil
parent material.

Factor 2 was characterized by significant contributions from Cu
(30.00%) and Zn (38.96%). The accumulation of these metals is
largely attributed to livestock manure, particularly pig manure (Li N.
et al,, 2022). In the study area, manure application is a common
agricultural practice, potentially explaining the elevated levels of
copper and zinc in the soil. Additionally, widespread use of Cu- and
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Zn-containing pesticides and fertilizers to enhance rice yields
further exacerbates the risk of soil contamination (Guan et al,
2018). Therefore, Factor 2 is associated with the use of pesticides,
fertilizers, and livestock manure.

Factor 3 was dominated by Cd, with a contribution rate of
47.42%. Approximately 36% of soil samples exceeded Chongqing’s
background values for Cd, which itself is higher than the national
This attributed to
condensation processes during weathering and soil formation in

soil background values. enrichment is
carbonate rock regions of southwestern China, leading to significant
Cd accumulation in the soil (Chen Z. et al., 2022; Xia et al., 2022;
Zhang Q. et al.,, 2022). Consequently, Factor 3 is considered a natural
source tied to rock weathering.

Factor 4 exhibited a complex composition of heavy metals,
including Pb (37.52%), Cd (38.66%), As (58.09%), Cr (30.18%),
Cu (36.35%), Zn (35.99%), and Ni (35.44%). Research indicates
that soil contamination by Cu, Zn, Cd, As, and Cr is closely linked
to the application of livestock manure, organic fertilizers,
pesticides, and chemical fertilizers in agriculture (Guo et al,
2022; Jiao et al., 2022; Wang S. et al., 2022; YangJ. et al., 2022; Ma
etal,2023; Xuetal, 2023).In 2019, Chongging consumed 9.11 x
10° tons of chemical fertilizers, and although usage has declined,
excessive fertilization remains an issue (Liang et al., 2024).
Additionally, livestock manure continues to be widely used in
some regions (Chen et al., 2019). From 2003 to 2012, pesticide
consumption in the Three Gorges Reservoir area increased
annually, peaking at 7.20 kg/hm? by 2011 (Zhang et al., 2016).
Pb contamination is largely attributed to traffic emissions,
including fuel combustion, engine wear, braking, and tire wear
(Long et al., 2021; Peng et al, 2022). The use of agricultural
machinery further heightens the risk of Pb pollution. The
by  hills,
average

region’s complex topography—characterized

land,
speeds—promotes atmospheric stability, reducing pollutant

mountains,  sloping and low wind
dispersion and intensifying Pb accumulation in the soil. Soil
Ni primarily originates from fossil fuel combustion and vehicle
exhaust (El-Naggar et al., 2021). Thus, Factor 4 is linked to
agricultural activities, including the use of chemical fertilizers,
pesticides, and transportation-related emissions.

Factor 5 accounted for 63.05% of the total contribution to Hg
pollution. The coefficient of variation for Hg in soil samples was
103.92%, highlighting an uneven distribution that points to
human activities as the primary source of Hg contamination
(Baltas

combustion contributes approximately 40% of the external Hg

et al., 2020). Previous studies indicate that coal
input to agricultural soils and more than 70% of atmospheric Hg
deposition (Peng et al., 2019). Elemental mercury (Hg’), gaseous
oxidized mercury (Hg*"), and particulate-bound mercury (HgP)
released during coal combustion accumulate in nearby or distant
soils via dry and wet deposition processes (Lv, 2019). Despite a
decline in total coal consumption in Chongqing in recent years,
coal remains the dominant energy source, accounting for 57.68%
of total energy use (Yang S. et al., 2018). Hg emitted during coal
combustion ultimately settles in soils through atmospheric
deposition, linking Factor 5 to coal combustion.

The primary sources of heavy metals in the research area’s soils
include natural sources from soil parent material (16.5%), pesticides
and fertilizers (12.86%), natural sources from rock weathering

Frontiers in Environmental Science

10.3389/fenvs.2025.1558308

(23.19%), agricultural activities (34.03%), and coal combustion
(13.41%) (Figure 3b; Supplementary Figure S4). The PMF model
effectively quantified the contribution of these sources while
enhancing the precision of identifying heavy metal origins in the
despite uncertainties  (Anaman

rice-soil ~ system, inherent

et al., 2022).

3.3.2 ldentifying heavy metal sources in soil
and rice

Correlation analysis of the soil-rice system (Figure 4;
Supplementary Table S3) revealed several key patterns. Soil
pH exhibited a significant positive correlation with Cu and Zn
concentrations in the soil, while Pb showed a significant positive
correlation with Cd, As, Cr, Ni, and Hg. As in the soil correlated
positively with Cr and Ni, and Cu showed a strong association
with Zn. Cr and Ni were also significantly correlated, reflecting
the homogeneity of pollution sources, such as the associations of
Cr with Ni, and Cu with Zn, Pb, Cd, and As (Liao et al., 2019; Xu
L. et al., 2022; Yang X. et al.,, 2022; Zhang H. et al., 2022; Li Q.
et al., 2023). In rice, soil pH correlated positively with Cu
absorption and negatively with Hg uptake, confirming the
influence of pH on the bioavailability of these metals, as
reported in prior studies (Liu et al., 2015; Wang et al., 2022¢).
Additionally, As in rice correlated significantly with Pb and As in
the soil, consistent with previous findings (Mu et al., 2019). This
indicates that soil pH indirectly affects the bioavailability of
heavy metals, thus influencing rice uptake of these elements.
The mechanism by which Pb in the soil affects As in rice is not
clear. It may be related to soil pH, redox conditions, organic
matter content, and the competitive or synergistic interactions
among various metals. Nevertheless, further experimental
research is needed to verify this. Under flooded conditions,
As(V) in the soil is more likely to be reduced to As(III),
which has higher bioavailability and is more readily absorbed
by rice roots.

3.4 Assessing rice heavy metal health risks
using Monte Carlo

3.4.1 Non-carcinogenic health risk
uncertainty analysis

For non-carcinogenic risks, the average HQ values ranked as
follows: As > Zn > Cd > Pb > Hg > Cr > Cu > Ni for both children
and adults (Figures 5a-h). The average HQ values for As were
1.021 in adults and 0.761 in children, with 37.49% and 22.61% of
rice samples exceeding the safety threshold of 1.0, respectively
(Figure 5¢). HQ values for other heavy metals generally fell below
1.0, except for occasional exceedances for Cd and Cr. The average
total hazard quotient (THQ) was 1.222 (90% CI: 0.407-2.772) for
adults and 0.902 (90% CI: 0.304-2.079) for children, highlighting
potential health risks (Supplementary Table S4). The exceedance
rates were 49.82% for adults and 30.12% for children (Figure 5i).
Non-carcinogenic risks in adults were 1.35 times higher than in
children, exceeding the guideline threshold of 1.0. This highlights
the potential health risks associated with rice consumption,
particularly for adults. A study in Fujian’s Minxi region
reported THQ values of 4.150 for adults and 2.434 for
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Correlation matrix of eight heavy metals of soil and crop in the soil-rice systems in Wanzhou District, Chongging City. S represents soil, and C
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children, both indicating significant non-carcinogenic risks (L1
et al., 2022). Conversely, research in Iran and Thailand found no
such risks (Djahed et al.,, 2018; Kukusamude et al., 2021), possibly
due to variations in sample size and regional heavy metal
pollution. As was the primary contributor to non-carcinogenic
risk, accounting for 83.55% and 84.37% of THQ for adults and
children, respectively. These findings align with previous studies
emphasizing the significant hazard posed by As (Baruah et al,
2021; L et al., 2021).

3.4.2 Carcinogenic health risk uncertainty analysis

For carcinogenic risks, the average CR values followed the
sequence Ni > Cr > Cd > As > Pb for both adults and children
(Figures 6a-f). Except for Pb, the CR values of these heavy metals
exceeded the unacceptable threshold of 1.0 x 107*. Specifically, As
contributed 57.61% for adults and 42.47% for children; Cr, 93.84%
for adults and 88.59% for children; Cd, 58.17% for adults and
45.83% for children; and Ni, 94.49% for adults and 89.46% for
children. Pb values, however, remained within acceptable limits
(Figure 6a). The average TCR was 1.09 x 107* (90% CI: 5.18 x 10™*
to 1.86 x 107°) for adults and 8.06 x 107 (90% CI: 3.81 x 107 to
1.40 x 107?) for children, with nearly all TCR values surpassing the
1.0 x 10™* threshold (Supplementary Table S4). Similar patterns
were observed in studies from India and China (Baruah et al., 2021;
Zhao et al., 2024), underscoring the significant carcinogenic risks
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posed by heavy metals. As, Cr, Cd, and Ni emerged as the most
hazardous elements, consistent with findings from a health risk
assessment of rice in Hunan, China (Zeng et al., 2015). Adults
faced higher overall risks, likely due to greater rice consumption
and prolonged exposure (Li et al., 2018; Tang et al., 2019; Singh
et al, 2023). Nonetheless, children may face heightened
vulnerability because of lower body weight and reduced
tolerance to toxic metals (Cai et al, 2019; Wan et al, 2022;
Wang and Cheng, 2023).

3.4.3 Monte Carlo sensitivity analysis

Sensitivity analysis identified the concentration (C) of heavy
metals in rice as the most influential factor in health risk
assessment for both adults and children (Supplementary
Tables S5, S6). Exposure frequency significantly impacted HQ,
contributing 19.8% of its variance in adults and 19.6% in
children. The oral reference dose (RfD) showed a strong
negative correlation with non-carcinogenic risk, whereas body
weight exhibited weaker correlations—positive for adults and
negative for children. For carcinogenic risks, the cancer slope
factor contributed 57.7% and 57.8% of CR variance in adults and
children, respectively, with exposure frequency accounting for
20.0% in adults and 20.9% in children. Body weight correlations
with carcinogenic risks followed the same pattern as with non-
carcinogenic risks but remained weak. Among the heavy metals,
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Probability distribution of the health risk index of non-carcinogenic heavy metals in crops. Hazard quotient (HQ) for (a) Pb, (b) Hg, (c) As, (d) Cr, (e)
Cd, (f) Cu, (g) Ni, (h) Zn, and index for (i) total hazard quotient (THQ). (The red and blue dashed lines indicate the mean values, whereas black indicates the

guideline value for non-carcinogenic risk [1.0]).

As contributed most to total non-carcinogenic risk, at 87.77% for
adults and 87.44% for children. In contrast, Ni, Cr, and Cd
collectively outweighed As in TCR, with Ni contributing
33.71% for adults and 35.47% for children, Cr at 35.07% for
adults and 36.05% for children, and Cd at 36.11% for adults and
36.66% for children (Figure 7). As, Ni, Cr, and Cd were
significant contributors to the total health risk associated with
heavy metal exposure. Health risk assessments for heavy metals
using Monte Carlo considerable
uncertainties. Regional, ethnic, and age-related differences
often result in variations in model parameters, such as
exposure frequency and body weight, leading to discrepancies
in actual health risk levels (Jalali and Karimi Mojahed, 2020;
Huang et al., 2021; Orosun, 2021). Sensitivity analysis, when
integrated with Monte Carlo simulation, can identify critical
exposure parameters and effectively evaluate health risks in
diverse population groups. Notably, rice intake emerged as the
most sensitive parameter in both non-carcinogenic and

simulations  involve

carcinogenic risk assessments, aligning with prior studies on
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rice heavy metal pollution in the Minxi region and vegetable
heavy metal contamination in Chongqing (Lii et al., 2022; Shi
et al., 2024).

4 Conclusion

This study comprehensively assessed heavy metal pollution in
the soil-rice system of Wanzhou District, Chongging City. The study
shows that in the soil - rice system of Wanzhou District, Chongqing,
the average IICQ value is 3.60, with 92% of samples showing
moderate or severe pollution. This indicates that the system is
predominantly characterized by moderate pollution. Heavy
metals in the soil were influenced by multiple sources, including
natural sources from soil parent material, the use of pesticides,
fertilizers, and manure, natural sources from rock weathering,
agricultural activities related to fertilizers and pesticides, and coal
combustion. For non - carcinogenic risks, the average total hazard
quotient (THQ) is 1.222 for adults and 0.902 for children. This
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indicates that adults face 1.35 times the non - carcinogenic risk
compared to children. Therefore, rice consumption may pose higher
health risks to adults than to children. For carcinogenic risks, the
average total carcinogenic risk (TCR) is 1.09 x 107 for adults and
8.06 x 10~ for children. Both values exceed the threshold of 1.0 x
107, highlighting the high carcinogenic potential of heavy metals.
As, Ni, Cr, and Cd are identified as posing significant health risks to
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both adults and children. Long-term consumption of rice grown in
the region may present considerable health risks. To mitigate
exposure, transitioning to alternative crop varieties is
recommended. These findings provide critical insights into the
agricultural environment’s quality and serve as a valuable
reference for improving heavy metal pollution management,

remediation, and control strategies.
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