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To clarify the characteristics of heavy metal (Hg, As, Cd, Cu, Zn, Pb, Ni, Cr)
contamination in farmland within mountainous basin areas and investigate the
influence mechanisms of soil nutrient factors (organic carbon SOC, pH, total
nitrogen TN, total phosphorus TP, total potassium TK) and the C:N:P ratio on
heavy metal pollution, This study selected a typical mountainous valley area
within the Huangshan section of the Xin'anjiang River basin. A total of 300
soil samples were collected. Kriging interpolation was employed to assess the
spatial distribution of heavy metal contamination. A positive definite factor
matrix model was used for source analysis of soil heavy metals. Combined
with redundancy analysis, correlation analysis, and structural equation modeling,
the study investigated the influence mechanisms and distribution drivers of soil
factors on soil heavy metal contamination. Results indicate: (1) Overall, heavy
metal contamination in farmland across the study area was predominantly mild
or below (>75%). Contamination was concentrated in the lower-elevation areas
east of Xidi Town and west of Lantian Town, with notably elevated Cr, Cu, Zn,
and Cd concentrations in these zones; (2) Atmospheric sources contributed
most to Hg (72.8%); As was primarily influenced by industrial sources (73.9%);
natural sources were the main contributors for Cr, Ni, and Cu, accounting for
52.5%, 51.7%, and 41.8%, respectively; soil Zn primarily originated from natural
and transportation sources (31.0% and 42.8%); Agricultural sources dominate
Cd contributions (83.9%); Pb is primarily influenced by natural sources and solid
waste sources (40.9% and 43.1%, respectively); (3) Redundancy analysis indicates
soil nutrient factors explain 21.5% of heavy metal pollution, with TN contributing
the most at 63.4%; Both linear regression and structural equation modeling
results indicate a significant negative correlation (p < 0.05) between the C:P
ratio and the comprehensive soil heavy metal pollution index. This may be due
to the fact that farmland in mountainous basin areas has a higher proportion
of P compared to the average C:N:P ratio of subtropical farmland, and P can
effectively bind with heavy metals (Cu, Cd, Pb, Ni, Zn) to form a stable state.
This study systematically evaluates the heavy metal pollution in the Huangshan
section of the Xin'an River from contamination assessment, source analysis, and
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impact mechanisms, offering a theoretical basis for preventing and controlling
heavy metal pollution and ensuring land safety in similar regions.

KEYWORDS

soil heavy metals, nemero pollution index, positive matrix factorization, nutrient
stoichiometric ratio, structural equation modeling

1 Introduction

The Xinan River is located in a key grain-growing area
of the middle and lower Yangtze River. With local agriculture,
mining, transport, tourism, and industry booming, the soil has
become heavily polluted with heavy metals like Hg, As, Cd, Cu,
Zn, Pb, Ni, and Cr. Studies show that these metals originating
from human production activities enter farmland and water via
atmospheric deposition, phosphate fertilizers, animal manure,
and soil runoff, harming crop yield and quality. They can also
move up the food chain to humans, endangering health and
complicating China’s agricultural and food safety (Hu et al., 2016;
Lu, 2016; Meers et al, 2010; Yang et al., 2016). In mountain
basins, the terrain may cause heavy metals to accumulate via water
flow, mud and stone transport, and natural deposition, rendering
these areas prone to heavy metal pollution (Chen et al., 2025).
Research has demonstrated that human activities related to mining
can contribute to elevated levels of heavy metals in low-lying
foothill areas and river irrigation regions, often exceeding those
observed in surrounding high-altitude areas (Pan et al, 2022).
Therefore, identifying the characteristics of heavy metal pollution
in mountainous basins is crucial in order to prevent and control
pollution in the region.

Relevant studies have shown that farmland soils in the middle
and lower reaches of the Yangtze River in various provinces have
different degrees of excess Cd, Cu and Zn content at different
scales (Xu et al, 2018). In farmland ecosystems, the levels of
CNP nutrients and their stoichiometric ratios are key indicators
of soil fertility and health (Wang et al., 2018). Many studies
have traced soil heavy metal pollution sources and assessed its
ecological impacts (Li S. L. et al., 2024; Li W. B. et al,, 2023). While
other studies have focused on heavy metal speciation and leaching
toxicity in surface soil (Liu et al., 2023). However, few studies have
explored how soil nutrient factors affect heavy metals in farmland
(He et al., 2023; Xiao et al.,, 2024). CNP nutrients share sources
with heavy metals. For example, applying animal manure adds
nutrients but also heavy metals (Huang et al., 2018). Moreover,
CNP nutrients can bind with heavy metals to form complexes,
altering their soil chemistry and transport. Organic carbon in soil
can form stable complexes with heavy metals like Cr, As, Cu,
Cd, Pb, Zn, and Fe, reducing their solubility and bioavailability
(Qin Q. Q. et al,, 2023). Nitrogen forms (ammonium and nitrate)
differently affect heavy metal adsorption. Ammonium may compete
with Cd and Pb cations for adsorption (Zhou et al., 2025), while
nitrate can promote Cu and Zn redox reactions (Xu et al., 2022).
Phosphorus can form insoluble phosphate precipitates with As
and Pb, lowering their soil solution concentrations and reducing
their toxicity and mobility (Liang et al., 2024). In addition, CNP
nutrient content and proportions may significantly affect plant
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growth and microbial activity, which plays an important role
in the absorption, accumulation, and tolerance of heavy metals
(such as Zn, Cu, and Cd) (Chen et al., 2023; Dovletyarova et al.,
2023; Wang et al, 2022). These studies show a complex link
between soil CNP nutrients and heavy metal pollution, but
most are small - scale or reviews. Few studies have examined
this relationship at the regional level (Dovletyarova et al., 2023;
Zhou et al., 2025).

Overall, studying regional farmland soil heavy metal pollution
and CNP nutrient - driven mechanisms can help reduce
pollution risks, limit heavy metal accumulation in crops, and
ensure food safety and human health. This study focuses on
the Xinan River’s Huangshan section. It assesses heavy metal
pollution and, from a soil nutrient perspective, uses Pearson
correlation and redundancy analyses for pollution classification
and structural equation modeling for mechanism exploration.
The goal is to clarify typical small - basin farmland pollution
in the middle and lower Yangtze River region and explore
how soil nutrients and stoichiometric ratios affect heavy
metal levels. This can aid similar regions in preventing and
controlling farmland soil heavy metal pollution and ensuring
land safety.

2 Materials and methods
2.1 Study area overview

This study selected the Xinanjiang River Basin section in
Huangshan City, Anhui Province, China (118°0'0"E-118°15'0"E,
29°45'0"N-29°52'30"N) as the study area. The region has a
subtropical monsoon climate with abundant rainfall and concurrent
heat and rain. The annual average rainfall is 1,395-1,702 mm,
and the annual average temperature is 15.50 °C-16.40 °C. The
terrain is predominantly hilly with an elevation of 105-867 m.
The main soil types are yellow soil, mountain yellow-brown soil,
and red soil.

The Xinanjiang River originates in Huangshan City, Anhui
Province, with a main stream length of 242 km and a watershed
area of 5,856 km” within Huangshan City. The average outflow
water volume accounts for more than 68% of the inflow water
volume of Qiandao Lake in Zhejiang Province. The Xin‘anjiang
River is an important water source for the production and
living needs of Huangshan City, Anhui Province, and Hangzhou
City, Zhejiang Province, and is also a critical ecological barrier
and strategic water source for the downstream regions of
the Yangtze River Delta. Therefore, this study selected the
Huangshan City section of the Xinanjiang River Basin as the
research area.
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FIGURE 1
Map of the extent of the study area and soil point placement.

2.2 Sample collection and processing

2.2.1 Sample collection

Soil samples were collected in farmland in Xidi Town, Lantian
Town, Haiyang Town, and Wanan Town in accordance with
the “Land Quality Geochemical Evaluation Specification” (GB/T
0295-2016). The sampling depth was 0-20 cm, with a sampling
density of 5 points/km?. Sampling points were appropriately
densified in valley areas. During sampling, areas with recent human
pollution or recent land accumulation were avoided. Using the
“plum blossom sampling method,” multiple points were sampled,
and plant roots and other debris were removed. Finally, the samples
were mixed into one sample, with each sample weighing no less
than 1,000 g. A combination of grid-based and random sampling
methods was used, with a total of 300 sampling points, including
49 paddy field points and 251 dryland points (Figure 1 for specific
sampling point distribution).

2.2.2 Sample analysis

After natural air-drying, the soil samples were preliminarily
processed, crushed manually with a wooden hammer, and
passed through 100-mesh and 200-mesh sieves. The samples
were then divided using the quartering method and transported
to the laboratory. The soil samples were analyzed by the
Yantai Coastal Zone Geological Survey Center of the China
Geological Survey, following the standards of the “Regional
Geochemical Sample Analysis Method” (DZ/T 0279.27-2016) and
the “Determination of Sulfur Content in Gold Ores by High-
Frequency Combustion Infrared Absorption Method” (SN/T
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4366-2015). The detection parameters included As, Cd, Cr,
Cu, Pb, Hg, Ni, Zn, pH, total nitrogen, total phosphorus, total
potassium, and soil organic carbon. Specific detection methods
are shown in Table 1.

2.3 Research methods and data processing

2.3.1 Single factor pollution index method

The single factor pollution index method determines the
degree of pollution by comparing the measured value with the
corresponding standard or background value (YangP.Z. et al,
2024). The calculation formula is shown in Equation 1.

1

where P; is the single factor pollution index of the i-th heavy metal
in the soil, C; is the measured concentration of the i-th heavy
metal in the soil, and S, is the evaluation standard value of the
i-th heavy metal. This study used the geochemical background
values of Anhui Provinces soil as the evaluation benchmark
(Yang Z. et al., 2024). The classification of the single factor pollution
index is shown in Table 2.

2.3.2 Nemero pollution index method

The Nemero pollution index method evaluates soil pollution
by calculating the arithmetic mean and maximum value of
multiple pollutant single factor pollution indices, providing a more
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TABLE 1 Sample testing items and methods and instruments used.

Detection item Detection method

10.3389/feart.2025.1645105

Main detection instrument Detection limit

Hg Vapor Generation-Cold Atomic XGY1011A Atomic Fluorescence 0.005 ug/g
Fluorescence Spectrometry Spectrometer
As Hydride Generation-Atomic AFS-9800 Atomic Fluorescence 0.2 ug/g
Fluorescence Spectrometry Spectrometer
Cd X . 0.021 pg/g
Inductively Coupled Plasma Mass ICAP-Q Inductively Coupled Plasma
b Spectrometry Mass Spectrometer 0.5 uglg
Cr 0.2 ug/g
C 0.5 pg/;
" Inductively Coupled Plasma Optical ICP-6300 Inductively Coupled Plasma He's
. Emission Spectrometry Optical Emission Spectrometer
Ni 0.2 ug/g
Zn 0.03 pg/g
pH Ton-Selective Electrode Method HACH HQ40d pH Meter -
Soil Organic Carbon (SOC) Dichromate Capacity Method HCS-KR220-1 Carbon and Sulfur 0.1%
Analyzer
Total Nitrogen (TN) Kjeldahl Distillation-Capacity Method FOSS 8400 Kjeldahl Nitrogen Analyzer 0.002%
Total Phosphorus (TP) Inductively Coupled Plasma Optical ICP-6300 Inductively Coupled Plasma 3.0 ug/g
Emission Spectrometry Optical Emission Spectrometer
Total Potassium (TK) Inductively Coupled Plasma Mass ICAP-Q Inductively Coupled Plasma 5.0 ug/g
Spectrometry Mass Spectrometer

TABLE 2 Classification of the degree of contamination of soils by a single factor.

Pollution level No pollution Mildly polluted

Moderately polluted

Heavily polluted Extremely polluted

TABLE 3 Nemero pollution index method evaluation grading.

Py P\<0.7 0.7<Py <1

Mildly polluted

Pollution level Safe Warning

Moderately polluted Heavily polluted

comprehensive pollution assessment (Zhang et al., 2024). The
calculation formula is shown in Equation 2.

where Py is the Nemero pollution index, (C;/S;) ., is the maximum

max
value of the heavy metal pollution index, and (C/S;) . is the average
value of the heavy metal pollution index. The classification of the

Nemero pollution index is shown in Table 3.
2.3.3 Positive matrix factorization (PMF)

Positive Matrix Factorization (PMF) is a multivariate factor
analysis model that decomposes sample data matrices into factor
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contribution matrices and factor spectrum matrices to identify
pollution sources and quantitatively calculate their contributions
(Ma etal., 2023). The calculation process is shown in Equations 3-6:

P
X;=K=Y GyuxF;+E; 3)
k=1
n o m Ei‘
Q= ZZ(#) )
i=1j=1 \ Yij
2
Uy = \/(RSDxxij) +MDI? (5)
U, =2 xMDL 6
i = g X (6)
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where X;; is the concentration of the j-th element in the i-th sample
of the observation data matrix X, Gy is the contribution of the k-
th source to the i-th sample in the source contribution matrix G,
Fy;
factor load matrix E E; is the residual of the j-th element in the

is the influence of the k-th source on the j-th element in the

i-th sample of the residual matrix E, Q is the objective function
defined by the PMF model, Uj; is the uncertainty of the j-th element
in the i-th sample, RSD is the relative standard deviation, and MDL
is the detection limit. When the measured value of the heavy metal is
greater than the MDL, Equation 5 is used; when the measured value
is less than the MDL, Equation 6 is used.

2.3.4 Data processing

The content and coefficient of variation of heavy metal elements
were calculated using Excel 2019. Pearson correlation analysis
was performed using OriginPro 2021 software for calculation
and plotting. The spatial distribution map of heavy metals was
drawn using ArcGIS 10.7 software through Kriging interpolation
spatial analysis. The Fisher test-based structural equation model was
constructed using R 4.4.1, redundancy analysis was performed using
Canoco 5 software, and positive matrix factorization was calculated
using EPA PMF5.0 software.

3 Results

3.1 Characteristics of heavy metal content
in farmland soils of the Xin'anjiang River
Basin

The soil pH values in the Xin'anjiang River Basin ranged from
4.04 to 8.16, with an average value of 5.87, indicating overall acidic
soil. Overall, the average content of Hg, Cr, and Ni in the soil
of the Xinanjiang River Basin was lower than the background
values, while the average content of As, Cu, Zn, Cd, and Pb
was 1.16, 1.30, 1.43, 2.66, and 1.38 times the background values,
respectively. Comparing the variation extent of soil heavy metal
content, Cr and Zn showed slight variation, As, Ni, Cu, and Pb
showed moderate variation, and Hg and Cd showed high variation.
Different farming environments can lead to significant differences
in soil environments. Therefore, farmland was divided into paddy
and dryland types for comparison (Table 4). The soils in both paddy
and dryland areas of the Xin'anjiang River Basin were acidic, but the
pH value of paddy soils was higher than that of dryland soils, overall
weakly acidic. The average content of Hg, Cd, and Pb in paddy soils
was 1.24, 1.24, and 1.16 times that of dryland soils, respectively.
As and Zn in paddy soils reached 88.30% and 91.98% of those in
dryland soils, respectively. The content of Cr and Ni in the two
types of farmland areas showed little difference. By comparing the
variation extent of soil heavy metal content in different farmland
types, it was found that, except for Zn in paddy fields reaching
moderate variation and Pb reaching high variation, the variation
extent of soil heavy metal content in the two types of farmland
was consistent with the characteristics of the overall situation.
The C:N:P ratio of farmland soil in the study area was 14.3:1.4:1,
and it was subject to a certain degree of human interference. The
coeflicient of variation for organic carbon, total nitrogen, and total
phosphorus content in the soil reached moderate levels in both
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paddy fields and dry fields. There were no significant differences in
the content of organic carbon, total nitrogen, and total phosphorus
between the two types of cropland soils. However, on average, the TP
content in upland fields was 1.25 times that of paddy fields, while
SOC and TN were 88.42% and 84.80% of those in paddy fields,
respectively.

3.2 Evaluation of heavy metal pollution in
farmland soils of the Xin'anjiang River Basin

The single factor pollution index can quickly identify the
pollution level of various heavy metals in the soil and warn of
potential heavy metal pollution risks (Figure 2). Overall, except for
the difference in Cd pollution levels between paddy (heavy) and
dryland (moderate), the pollution levels of other heavy metals were
the same in both types of farmland: As, Cu, Zn, and Pb were mildly
polluted, while Hg, Cr, and Ni did not reach pollution levels. Overall,
the heavy metal pollution levels in paddy soils were Cd > Cu > Zn >
Pb > As > Ni > Cr > Hg, and in dryland soils, they were Cd > Zn >
Cu>Pb>As>Ni>Cr>Hg.

The Nemero composite pollution index can comprehensively
evaluate the pollution status of various heavy metals, providing
a more overall judgment of soil heavy metal pollution based on
the weights of different heavy metals (Figure 2). The heavy metal
pollution levels in paddy and dryland soils in the Xinanjiang River
Basin were mostly at the warning and mild pollution levels. The
Nemero composite pollution index of heavy metals in paddy soils
ranged from 0.57 to 6.65, with a median and mean of 1.34 and 1.78,
respectively. The Nemero composite pollution index of heavy metals
in dryland soils ranged from 0.43 to 10.57, with a median and mean
of 1.17 and 1.54, respectively.

Based on Kriging interpolation, the spatial distribution
of heavy metals and nutrient factors in the study area was
evaluated (Figure 3). Hg is primarily concentrated in the foothills of
the western part of Lantian Town, as well as in the basin areas of the
southern parts of Haiyang Town and Wanan Town. As is distributed
relatively uniformly in the eastern part of Xidi Town, as well as in
Lantian Town, Haiyang Town, and Wanan Town. Cr is primarily
concentrated in the eastern part of Xidi Town and the western
part of Lantian Town, with limited distribution in other areas. Ni
is distributed relatively uniformly throughout the study area. Cu is
primarily concentrated in the mountainous valleys at the junction of
the eastern part of Xidi Town and the western part of Lantian Town,
similar to Zn and Cd, which are also concentrated in these areas.
Pb is primarily distributed in the western part of Lantian Town
and the southern basin areas of Haiyang Town and Wanan Town.
Soil organic carbon in the study area is primarily distributed in
the mountainous valleys at the western boundary between Lantian
Town and Xidi Town, as well as in the northern foothill regions
of Wanan Town. Soil total nitrogen concentrations are higher in
the mountainous valleys at the western boundary between Lantian
Town and Xidi Town. Regions with higher soil total phosphorus
concentrations are primarily the foothill areas west of Lantian Town
and the basin regions east of Wanan Town. The spatial distribution of
the Nemero index showed that heavy metal composite pollution was
more severe in the eastern part of Xidi Town and the western part
of Lantian Town, while pollution levels were lower in other areas.
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TABLE 4 Characteristics of heavy metal content in soils of Xin'anjiang River Basin.

Numeric type

Maximum values 1.55 26.4 94.1 51.2 99.3 226 291 163 31.73 3.44 2.63 8.16
Minimum value 0.023 2.33 10.7 4.65 11.5 338 0.049 17.7 1.00 0.29 0.20 4.04
Average value 0.24 10.46 52.12 225 29.97 95.53 0.37 34.52 12,51 1.20 0.88 5.87
Standard deviation 0.22 4.45 12.46 7.10 9.47 26.59 0.35 13.19 5.56 0.51 0.42 0.94
Coefficient of variation 0.91 0.43 0.24 0.32 0.32 0.28 0.94 0.38 0.44 0.43 0.48 0.16
Average value (Paddy) 0.29 9.42 50.64 22.50 31.85 89.04 0.45 3891 13.86 1.37 0.73 6.29
Coefficient of variation (Paddy) 0.91 0.45 0.27 0.37 0.43 0.36 0.85 0.52 0.43 0.40 0.53 0.14
Average value (Dry field) 0.23 10.67 5241 22.51 29.60 96.80 0.36 33.66 12.25 1.16 0.91 5.79
Coefficient of variation (Dry field) 0.90 0.42 0.23 0.30 0.28 0.26 0.96 0.33 0.44 0.43 0.47 0.16
Background value 0.39 9.0 67 28 23 67 0.14 25 - -- -- -
The unit for heavy metal content is pg/g, and the unit for nutrient content is g/kg.
B 12
| |Paddy field
[ Dry field 10
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Cu Classification of contamination levels 0 + Safe
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FIGURE 2
Single factor pollution index (A) and nemero pollution index (B) under different farmland types.

This study performed PMF source apportionment of the eight
heavy metals in the soil. The model parameters showed that when
the number of sources was set to 6, the correlation coefficient
% of the heavy metals, except for Cu (0.822), was above 0.9,
indicating good model performance (Table 5). The results of the
PMEF source apportionment (Figure 4) showed that soil heavy metal
pollution was mainly influenced by traffic sources, natural sources,
atmospheric sources, industrial sources, agricultural sources, and
solid waste sources. Atmospheric sources contributed the most to
Hg, accounting for 72.8% of the total contribution. As was mainly
influenced by industrial sources, with a contribution rate of 73.9%.
Natural sources were the main contributors to Cr, Ni, and Cu,
accounting for 52.5%, 51.7%, and 41.8%, respectively. Zn was mainly
derived from natural and traffic sources, accounting for 31.0%
and 42.8%, respectively. Cd was primarily affected by agricultural
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activities, with agricultural sources contributing 83.9%. Pb was
mainly influenced by natural and solid waste sources, accounting for
40.9% and 43.1%, respectively.

3.3 Correlation analysis of heavy metal
content in farmland soils and soil factors

Soil C, N, and P content and their stoichiometric ratios
are core indicators for assessing soil function, health, and
nutrient cycling efficiency. In this study, the soil C, N, and P
characteristics (Figures 5, 6) showed no significant differences in
nutrient profiles between dryland and paddy soils. Overall, soil
N and P levels showed little variation, with their primary ranges
(25th-75th percentiles) being 0.85-1.41 g/kg and 0.58-1.06 g/kg,
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FIGURE 3
Spatial distribution of heavy metal content, nutrient content, and Nemero index in the study area under Kriging interpolation.

TABLE 5 PMF source resolution parameters.

Species Intercept Intercept SE Slope SE
Hg 0.999 0.706 0.425 0.996 0.001 4931
As 0.999 0.081 0.018 0.991 0.002 0.120
Pb 0.999 0391 0.067 0.988 0.002 0.411
Zn 0.959 ~1.184 1.189 1.010 0.012 5273
cd 0.999 ~0.002 0.001 1.005 0.001 0.006
Cu 0.822 9.129 0.562 0.666 0.018 2.876
Cr 0.903 -0.229 1.015 0.999 0.019 4.046
Ni 0.954 1.825 0.270 0.910 0.012 1.372
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respectively. In contrast, soil C content displayed a clear gradient,
ranging mainly from 8.80 to 15.20 g/kg. The soil nutrient
stoichiometric ratios were primarily characterized by a C:P gradient
(10.66-19.64), while C:N and N:P ratios were more narrowly
distributed.

A linear regression model (Figure6) linking the heavy
metal composite pollution index to soil factors helps clarify the
relationship between soil nutrients and heavy metal pollution. In
this study, the Py index showed significant positive correlations with
soil pH, SOC, TN, and TP, and a significant negative correlation with
C:P (p < 0.001).
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The correlation between heavy metal content and important

soil factors in the farmland soils of the Xinanjiang River Basin is
shown in the Figure 7. As, Cr, Ni, Cu, Zn and Cd showed significant
correlations with each other (p < 0.05). In the correlation analysis
of heavy metals in soil, Pb showed no significant correlation with
Cr but exhibited significant positive correlations with other heavy
metals. Hg only had significant negative correlations with Cr and
Ni in soil and significant positive correlations with Cu and Pb (p <
0.05). Regarding the correlation between soil nutrient factors and
heavy metals, soil SOC, TN, and TP showed significant positive
correlations with heavy metals except for Hg and As (p < 0.05). From
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a stoichiometric perspective, only C:N showed significant negative
correlations with Cr and Ni, while C:P and N:P showed significant
negative correlations with As (p < 0.05).

As shown in Figure 8 redundancy analysis can clarify the overall
explanatory ability of soil factors on heavy metals. In this study,
TN, N:P, TK, C:N and pH contributed 61.4%, 15.7%, 8.3%, 6.2%,
and 4.0% of the variation in soil heavy metal content, respectively
(p < 0.05). After dimensionality reduction, the comprehensive
explanatory degree of soil factors reached 21.54%. The heavy metals
in the soil are mainly distributed across two quadrants. Based on
their projection distance and direction relative to the interpretive
axes and environmental factors, they can be preliminarily divided
into five groups:Hg lies close to the second interpretive axis; in the
first quadrant, Pb has a positive correlation with TP and SOC, Zn,
Cu, and Cd are close to the first interpretive axis; Cr and Ni are in
the fourth quadrant, influenced by the first axis of interpretation and
pH; As has a small interpretive degree.

By constructing a structural equation model between soil factors
and different heavy metals (Figure 9), the potential relationships
between soil factors and heavy metals can be identified, and the
influence coefficients of each factor on soil heavy metals can be
clarified. The soil Cu content was significantly directly linked to
pH, TN, and C:P, with path coefficients of 0.10, 0.64, and —0.28,
respectively. C:P was significantly influenced by pH, SOC, and TP,
with path coeflicients of —0.10, 0.90, and —0.84, respectively (p <
0.05). Cd had a similar model to Cu, with influence coefficients
of 0.23, 0.56, and —0.28 for pH, TN, and C:P, respectively. Pb was
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directly affected by SOC and TK (path coefficients of 0.54 and
0.13, respectively, p < 0.05) and driven by C:P, C:N, and N:P (path
coefficients of —0.74, 0.27, and 0.62, respectively, p < 0.05). TN
directly affected Ni content (path coeflicient of 0.66) and indirectly
suppressed it via N:P (path coefficient of —0.22). Zn content was
directly influenced by TN, TP, and TK (path coefficients of 0.20,
0.45, and 0.22, respectively) and had no significant direct path
relationship with C:N:P. The structural equation model of soil
nutrient factors with the Py index, similar to Cu and Cd, was
directly path - affected by pH, TN, and C:P (0.20, -0.41, and 0.52,
respectively).

4 Discussion

4.1 Characteristics of heavy metal pollution
and source apportionment

The results of the single-factor pollution index and Nemero
pollution index in this study (Figures 2, 3) indicate that Cd is the
primary heavy metal contaminant in the farmland soils of the study
area, with generally low levels of heavy metal composite pollution.
Only a small portion (<25%) of the region experiences moderate
to severe contamination. The spatial distribution patterns (Figure 3)
show that different heavy metals have distinct spatial distribution
characteristics, yet they also exhibit similar distribution patterns.
This is because soil heavy metal pollution levels are influenced by
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multiple sources, leading to regional variations (Yuan et al., 2021).
Positive matrix factorization (PMF) analysis for the eight heavy
metals in this study (Figure 4) shows that Hg is predominantly
sourced from atmospheric origins, aligning with previous studies
(Hu et al., 2018). As is often present as a by-product or raw material
in chemical industry processes, such as mining and manufacturing
of glass and paints (Ma et al, 2019), matching the industrial
structure of the study area. Cr and Ni, with similar configurations,
are widely present in soil formation processes and parent materials
due to natural sources (Yi et al., 2024). This is consistent with
the low coeflicient of variation and uniform distribution observed
in this study, and the significant positive correlation between Cr
and Ni (Table 4; Figures 3-7). Cu and Zn also exhibit significant
positive correlations and similar source contributions (Figures 3-7),
likely due to inputs from vehicle tire wear, galvanized component
corrosion, and automobile exhaust emissions, making traffic sources
a significant contributor to Cu and Zn contamination (Fan et al.,
2022). Previous studies have shown that the application of chemical
fertilizers and pesticides leads to Cd accumulation in agricultural
soils (Du et al, 2025), and the addition of straw and organic
fertilizers, while enhancing soil nutrients, also increases the risk
of heavy metal pollution (LiJ. Q. et al., 2024). This is consistent
with the significant positive correlations observed in this study
between Cd and TN, TP, TK, and SOC (p < 0.05) (Figure 7).
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Regarding Pb source identification, leaching from solid waste
is likely the main source. Previous studies have indicated that
urban construction materials, municipal solid waste, and waste
electrical and electronic products are important sources of soil Pb
(Miao et al., 2022; Yeganeh et al., 2025).

Compared to the mean C:N:P ratio of 38:3.2:1 in subtropical
farmland soils (Song et al., 2020), the study area exhibits higher
P content and lower SOC content (C:N:P = 14.3:1.4:1). This may
be related to the study area’s location in an intermontane basin
(Figure 1). Phosphorus, cycling predominantly as a sedimentary
cycle, is primarily present in rocks and minerals as phosphate.
The relatively enclosed topography of the intermontane basin
favors soil accumulation, and phosphorus in the soil undergoes
redistribution through processes such as leaching and precipitation.
Some areas may experience phosphorus enrichment due to
precipitation effects (Li J. S. et al., 2023).

4.2 Coupling relationship between heavy
metal pollution and soil factors

The coordination and driving relationship between soil nutrient
factors and heavy metal content: On the one hand, heavy metal
emission sources can contribute compounds containing C, N,
and P to the soil. On the other hand, heavy metals in the soil
are influenced by nutrient factors, altering their speciation and
mobility (Tian et al., 2025). In this study, soil SOC, TN, and TP
showed significant positive correlations with Ni, Cu, Zn, Cd, and
Pb (p < 0.05) (Figure 7), and similar results were indicated by
the structural equation model. The reasons may be as follows:
from the perspective of pollution sources, traffic activities (such
as automobile exhaust emissions and tire wear) release nitrogen
oxides into the soil, increasing the nitrogen content contributed
by traffic sources (Li Y. R. et al., 2025). This is consistent with the
significant correlations between Cu, Ni, Zn, and Pb and TN in this
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study (Figures 7-9). Regarding solid waste sources, studies have
shown that urban sewage sludge compost can increase soil organic
carbon, total nitrogen, and total phosphorus, but also poses a risk
of Pb pollution (Xu et al., 2016), which may explain the positive
path relationships between TOC and TK and Pb in this study.
In agricultural activities, wastewater irrigation and the application
of straw or livestock manure as alternatives to chemical nitrogen
fertilizers can introduce Cd into the soil while also adding extra
C, N, and P (Drabesch et al.,, 2024). Notably, straw, as a high C:N
compound, can increase the C:N and C:P ratios in the soil upon
application (Wang et al., 2023). Additionally, the use of phosphate
fertilizers containing Cd impurities is considered an important cause
of Cd contamination in farmland (Kubier et al., 2019). These results
suggest that there are complex interactions between heavy metals
and nutrients in soil.

The complexity of soil environments can lead to contradictory
results in linear relationships, making it necessary to clarify the
impact paths of different factors on heavy metals. In this study,
SOC showed a significant positive path relationship only with Pb
(p < 0.05). Previous studies have indicated that increased SOC can
significantly reduce the bioavailability of Pb but may also lead to
its accumulation in soil (Cui et al., 2024). Phosphorus is not only
an essential soil nutrient but also an environmental factor closely
related to soil minerals (Luo et al.,, 2023). In this study, TP was found
to directly and positively drive Zn content in the soil, aligning with
previous research showing that TP can promote Zn immobilization
by increasing the content of amorphous iron oxide-bound Zn in
soil (Lu et al, 2015). The soil TK exhibited significant positive
path relationships with Ni, Zn, and Pb (Figure 9), consistent with
the correlation results (Figure 7). Beyond the direct contributions
of pollution sources (Yin et al.,, 2024), TK, as a fertility factor,
can positively drive the content of these heavy metals when its
content increases (Gong et al., 2024), which is consistent with the
results of this study showing that TK has the same directional path
relationships as TN and SOC. For Cd and Cu, high TN content in
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the soil can reduce their effectiveness and mobility by promoting
plant growth and the secretion of organic acids from plant roots that
can bind with Cd (Zheng et al., 2020). Additionally, Cu can promote
total nitrogen fixation in the soil (Elrys et al, 2024). However,
in the structural equation model (Figure 9), C, N, and P did not
show fully significant direct relationships with heavy metals. This
may be due to the complexity of nutrient factors driving changes
in the availability of soil heavy metals. Further exploration of the
relationship between nutrient factors and soil heavy metal content
from a stoichiometric perspective is needed. From the perspective
of stoichiometry, the results indicate that C:P has a negative path
relationship with Cd and Cu. On one hand, high carbon content can
promote soil organic matter formation. While organic matter can
adsorb and immobilize Cd and Cu, dissolved organic matter can also
form Cu complexes, increasing Cu outflow in runoff (Neaman et al.,
2024; Xie et al., 2024). On the other hand, low phosphorus content
can reduce the chances of Cd and Cu forming soluble compounds
with phosphorus, thereby lowering their bioavailability and limiting
their accumulation in the soil (Elrys et al., 2024; Xie et al.,, 2024).
For Pb, the path mechanism of C:P may be that increased P
can effectively transform the exchangeable forms of heavy metals
into residual forms, significantly reducing the concentration of
exchangeable heavy metals. This effect is more pronounced for
Pb-contaminated soils than for Cd-contaminated soils (Qiu et al.,
2024), which is consistent with the results of this study showing
that C:P has a higher path coeflicient for Pb than for Cd. In this
study, soil N:P negatively drove the accumulation of Ni, but TN
showed a positive direct path relationship. This may be due to
high TP content, as increased phosphorus can immobilize heavy
metals in the form of P-mineral complexes, reducing their reactivity
and mobility (Boostani et al., 2025).

In terms of soil characteristics, soil pH is a crucial factor
influencing the speciation of heavy metals in soil. In this study, an
increase in pH led to increased contents of Cu, Cd, etc. (Figures 6-9).
This is likely because the reduction in hydrogen ion concentration
in the soil decreased the competitive adsorption of Cd and Cu
on soil colloids. Additionally, Cd more readily forms insoluble
hydroxide precipitates with hydroxide ions in the soil. This process
lowers the mobility and bioavailability of Cd and Cu, promoting
their precipitation (Liu et al., 2025; Sereni et al., 2021). In terms
of farming systems, the results of this study indicate that Cd
contamination is more severe in paddy fields than in dry fields. These
results are consistent with previous studies indicating that the high
clay content and anaerobic conditions of paddy soil promote Cd
adsorption (Long et al., 2024).

The structural equation model results for Py and soil nutrient
factors (Figure 9) show a model path similar to that of Cd. The
main reason is that soil heavy metal composite pollution is primarily
influenced by Cd (Figure 2). In this study, attempts were made to
construct structural equation models for Hg and As with soil nutrient
factors, but the fitting results showed R? < 0.3. This may be because
the primary sources of Hg and As are atmospheric deposition and
mineral extraction, respectively, and their direct associations with SOC
and TN are weak. Additionally, the methylation of Hg and the redox
state transformations of As in the soil are dominated by microbial
activities, which may mask their direct relationships with SOC and TN
(Li B. W. et al,, 2025; Qin A. et al., 2023). In redundancy analysis and
PMF model results, Cr and Ni showed similar results, but the structural
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equation model constructed based on Cr had alow explanatory power
(R* <0.3) (Figures 4-8). This may be due to its low content in the soil.
Therefore, further research on the coupling relationship between soil
heavy metals and nutrient factors can be conducted from perspectives
such as the different forms and activities of heavy metal elements, plant
roots, and nutrient element cycle-related functional microorganisms.

5 Conclusion and outlook

This study assessed the extent of heavy metal contamination
in farmland soils in typical intermontane basins of the Xinanjiang
River Basin (Huangshan section). The results indicated that
cadmium (Cd) contamination was the primary heavy metal
contamination in the region, with average levels reaching moderate
or higher. However, composite heavy metal contamination in
farmland soils was generally at light contamination levels or below
(>75%), with contaminated areas primarily concentrated in the
eastern part of Xidi Town and the western part of Lantian Town.
Correlation and redundancy analysis results suggest that TN and
C:P may be the primary factors influencing heavy metal pollution in
this region. The driving mechanisms may include: the introduction
of heavy metals through human nutrient input activities (organic
materials, chemical fertilizers), and the accumulation of P, which
readily adsorbs heavy metals, in the mountainous basin region.
However, soil heavy metal content is influenced by multiple
factors, and soil heavy metal pollution assessment requires further
refinement. To more accurately describe and predict the patterns
of heavy metal content changes in soil, subsequent studies should
comprehensively consider factors such as heavy metal valence
states, soil type, soil texture, microorganisms, and climate for more
integrated and in-depth research.
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