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Abstract

To clarify the pollution characteristics and source composition of heavy metals in the
paddy soils of the Yellow River irrigation district of Ningxia, a total of 515 surface soil
samples were collected, and the concentrations of As, Hg, Pb, Cd, and Cr were measured.
Regional-scale pollution assessment and source apportionment were conducted using the
geo-accumulation indeXx, spatial interpolation analysis, and the Positive matrix factorization
(PMF) model. Based on the regional pollution assessment and spatial distribution patterns,
a representative area with relatively elevated Cd accumulation and more pronounced
anthropogenic influence was selected for local-scale isotope investigation. Eight paddy
soil samples and potential end-member samples were collected, and, combined with
literature-based end-member data, Pb and Cd isotopes were analyzed using the MixSIAR
Bayesian (version 3.1.12) mixing model to further constrain the sources of Pb and Cd in
village soils. The results showed that some sampling points in the study area exceeded
the soil background values, but none of the points surpassed the screening values for
agricultural soil pollution risk, indicating that the overall risk of paddy soils in the study
area remained low. Geo-accumulation index results indicated that As, Pb, and Cr were
predominantly classified as unpolluted, whereas Hg and Cd showed more pronounced
accumulation, with most sampling points reaching unpolluted to moderately polluted or
higher. PMF results revealed that heavy metals in the study area primarily originated from
natural sources, agricultural activities, coal combustion-related sources, and industrial—-
traffic mixed sources. Cd was mainly influenced by agricultural sources, Hg was primarily
affected by coal combustion and related industrial activities, and Pb exhibited a mixture
of multiple sources. Local isotope analysis in the representative area further indicated
that industrial and agricultural sources were the main contributors to soil Cd, accounting
for 34.3% and 33.1%, respectively. Pb was primarily derived from agricultural activities
(38.1%), while coal emissions, industrial sources, natural sources, and traffic contributed
19.2%, 18.3%, 16.9%, and 7.5%, respectively, indicating a complex mixture of agricultural,
industrial, coal-combustion, natural, and traffic-related inputs. The combined application
of PMF and Pb/Cd isotopes allowed for constraints on heavy metal sources at both regional
and local scales, providing a scientific basis for pollution control and agricultural safety
management in paddy soils of the Yellow River irrigation district.
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1. Introduction

Heavy metals, due to their high toxicity, low biodegradability, and persistent transfer
within the food chain, have become a significant focus in soil pollution research. According
to the National Soil Pollution Status Survey Bulletin in 2014 [1], 19.4% of China’s agri-
cultural soils have been affected by heavy metal pollution to varying degrees, with Cd
contamination being particularly severe [2,3]. Heavy metals can degrade soil quality and
enter the food chain through crop uptake, thereby threatening agricultural-product safety
and human health [2,4]. For example, Cd can not only be absorbed by crops, but also affect
plant growth, photosynthesis, and other physiological processes. Recent studies suggest
that emerging contaminants, such as microplastics, may modify Cd bioavailability, uptake,
and toxicity in ‘soil-plant’ systems, indicating the complexity of Cd risk in agricultural
environments [5]. Due to the complexity of heavy metal sources and associated ecological
risks, assessing contamination levels and accurately identifying their sources is a key step
toward effective pollution control. Therefore, understanding the concentrations, pollution
characteristics, spatial distribution patterns, and source composition of heavy metals in
agricultural soils is an essential prerequisite for implementing soil pollution prevention and
agricultural safety management. Paddy fields are a key component of China’s agricultural
production and food-security system [6]. Compared with upland soils, the distribution and
sources of heavy metals in paddy soils may be influenced by a greater number of input
pathways as well as environmental factors [7-9]. Therefore, systematically investigating
the distribution and sources of heavy metals in paddy soils is of great significance for
identifying regional pollution characteristics and heavy metal sources, as well as ensuring
the safety of agricultural products.

The study area is located in the arid—semiarid zone of northwestern China. The local
soils have complex heavy metal sources due to alluvial deposits from the front of the
Helan Mountains, Yellow River alluvium, eolian loess, as well as industrial activities, coal
combustion, and traffic within the region. There have been previous studies that analyzed
heavy metal concentrations, spatial distribution, and pollution risks in cultivated or local
farmland soils of Ningxia [2,10-12]. However, source apportionment studies specifically
focusing on heavy metals in paddy soils of Ningxia remain limited, particularly those
combining receptor models with Cd and Pb isotope evidence to distinguish among natural
and anthropogenic sources.

In recent years, there has been a rapid increase in studies using multivariate statisti-
cal methods and receptor models for soil pollution source analysis. The positive matrix
factorization (PMF) model imposes non-negative constraints on both factor loadings and
scores, preventing negative decomposition results. This feature makes the results more
interpretable and gives them clear physical meaning, which has made PMF one of the
most widely used methods for source apportionment in soils and the atmosphere. Anaman
et al. [13] combined PCA, PMF, and GIS methods and found that heavy metals in grassland
and farmland soils surrounding a smelting plant in Hunan primarily originated from sur-
face runoff and atmospheric deposition, whereas heavy metals in forest soils were derived
solely from atmospheric deposition. Additionally, isotopic tracing techniques provide more
indicative evidence for identifying heavy metal sources [14]. The Pb isotopic composition is
closely related to ore types, parent rock material, coal combustion, industrial activities, and
traffic emissions, with different sources typically exhibiting distinct isotopic fingerprints;
thus, Pb isotopes are commonly used to distinguish between natural and anthropogenic
sources in soils [14-16]. In recent years, Cd isotopes have also been increasingly applied in
the source apportionment of farmland soil pollution, allowing identification of potential
sources such as parent material, phosphate fertilizers, organic amendments, industrial emis-
sions, and wastewater irrigation [17,18]. Compared with concentration data alone, isotopic
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compositions provide independent source-tracing information, helping to compensate for
the limitations of multivariate statistical models in source identification. Recent studies
have also combined Cd and Pb isotopes with receptor models to improve the reliability of
source apportionment. For example, Xia et al. [18] applied Cd and Pb isotope analyses to
facility agricultural soils around typical urban and industrial areas, effectively distinguish-
ing the effects of agricultural inputs, industrial emissions, and urban activities on different
soil types. Wang et al. [19] combined PMF with Pb isotopes to apportion heavy metal
sources in soils from industrial parks and farmland, and found that industrial activities
contributed differently to the two soil types; MixSIAR was further used to more accurately
quantify the contribution of different Pb sources. In addition, Wang et al. [20] integrated
PME, Cd isotopes, and Pb isotopes to identify heavy metal sources in sewage-irrigated
agricultural soils in Wugqing District, Tianjin, showing that the metals mainly originated
from soil parent materials, industrial emissions, agricultural practices, and mixed sources
of sewage irrigation and transportation. The relative errors (REs) were also calculated to
verify the accuracy of the PMF model.

To address these gaps, this study developed a multi-scale framework integrating
regional PMF analysis with site-specific Cd and Pb isotope tracing to investigate five target
heavy metals—As, Hg, Pb, Cd, and Cr—in paddy soils of the Yellow River irrigation
district of Ningxia. These elements were listed as priority heavy metal pollutants in the
14th Five-Year Plan for Key Heavy Metal Pollution Prevention and Control in Ningxia Hui
Autonomous Region (2022) [21]. The study systematically analyzed the concentrations,
spatial distribution characteristics, and pollution accumulation. Subsequently, the PMF
model was applied to identify the major sources of heavy metals in the paddy soils and to
quantitatively estimate the contribution of each source type. In addition, soil samples from
a representative village (Yonggu Village, Yinchuan) were analyzed for Pb and Cd isotopes.
Using measured soil isotope data and potential source-endmember values obtained from
field sampling and published literature, Bayesian isotope mixing models were applied to
characterize the local sources of Cd and Pb. The isotope-based results were then integrated
with the PMF results to compare regional source patterns with site-specific source mixtures.
The study aims to reveal the pollution characteristics and source composition of heavy
metals in paddy soils of Ningxia, clarify the relative contributions of natural background
and anthropogenic inputs to metal accumulation, and provide a scientific basis for environ-
mental quality assessment, pollution control, and agricultural safety management in the
Yellow River irrigation district.

2. Materials and Methods
2.1. Study Area

The study area (37°30'-38°50" N, 105°00'-106°40’ E) is located in the paddy fields
along the Yellow River in Ningxia, within the arid to semi-arid region of northwest China,
and represents an important irrigated agricultural region and grain production base. It
borders Shaanxi Province to the east and the Inner Mongolia Autonomous Region to the
west and north, and encompasses Pingluo County in Shizuishan City, Yinchuan City, Litong
District and Qingtongxia City in Wuzhong City, and Zhongning County and Shapotou
District in Zhongwei City. The terrain of this region is generally flat, with well-developed
irrigation and drainage systems. Paddy fields are mainly distributed along the main stream
of the Yellow River. The region has a typical temperate continental climate, the average
annual temperature is 5-9 °C and the annual sunshine duration is approximately 2194-3082
h. Because evaporation greatly exceeds precipitation, its agricultural production is highly
dependent on water diverted from the Yellow River through irrigation canals [11]. The
dominant soils in the irrigated plains are alluvial and irrigation-silted soils, which are
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generally neutral to alkaline and may exhibit varying degrees of salinization. The main
crops grown in the region include rice and maize, and all soil samples collected in this
study were obtained from paddy fields. In addition, the region is characterized by intensive
agricultural and industrial activities. Therefore, it represents a typical area for investigating
the pollution characteristics and source apportionment of heavy metals in paddy soils of
the Yellow River irrigation district.

2.2. Sample Collection

In April 2024, we collected a total of 515 surface soil samples (0-20 cm) from paddy
fields in the Yellow River irrigation district of Ningxia. Sampling locations were determined
based on the distribution of major rivers and farmland, with sampling density designed
according to the varying pollution levels reported in previous studies [12] (Figure 1). Prior
to field collection, sampling points were systematically planned using ArcGIS 10.8 based
on remote sensing images of the study area. At each site, surface vegetation, stones,
and other debris were carefully removed. Five topsoil samples were collected within
an approximately 10 m x 10 m area around the central sampling point using a wooden
shovel, following the five-point sampling method to minimize potential impacts on heavy
metal measurements. The collected soils were then thoroughly mixed using the quartering
method, and at least 1 kg of each composite sample was placed into labeled polyethylene
"zip-lock’ bags. Sampling coordinates, soil classification, and surrounding conditions were
recorded on site.

105°0'0"E 106°0'0"E 107°0'0"E
(b) |}

>Z W$ E .Z

= e

3 ,. B
\ﬂ-s\: @

z A z

> e =

21 N B

= ® ®
7Ry @ o

Legend 3 S

z

| S

=

B

L)

Legend

z z

s } | Research area | =

S | Paddy Field S

) &

o Samples 0

: 20 40 80 120 160
the Yellow River mr—w km)|

Yonggu sampllng site 105°0'0"E 106°0'0"E 107°0'0"E

Figure 1. Location of the study area and distribution of sampling sites. (a) Location of Ningxia Hui
Autonomous Region in China; (b) Distribution of paddy soil sampling sites and location of Yonggu
Village in Ningxia; (c) Sampling locations in Yonggu Village.

Additionally, 8 paddy soil samples were collected in this study in Yonggu Village,
along with a set of potential source end-member samples, including 2 irrigation water
samples, 3 commonly applied local agricultural fertilizers, and 9 dust deposition samples
collected near factories and roads. Cd and Pb concentrations and isotopic compositions
were subsequently measured in both soil and end-member samples. Due to the low concen-
trations of Cd or Pb in certain end-member samples (such as the irrigation water), complete
isotopic data could not be obtained for all end-members. Therefore, isotopic compositions
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of similar source materials reported in the literature were used to supplement and constrain
the potential end-member range, enabling Cd and Pb isotopic source apportionment.

2.3. Analytical Methods

The analytical procedures included determination of total heavy metal concentra-
tions and measurement of Cd and Pb isotopic compositions. The specific procedures are
as follows.

2.3.1. Soil Physicochemical Properties and Heavy Metal Concentration

After naturally air-drying, soil samples were carefully cleared of stones, gravel, and
plant or animal debris. The soil was then ground in a mortar and passed through a
100-mesh sieve prior to digestion. Soil physicochemical properties were determined using
standard methods. Specifically, soil pH, organic matter (OM), and cation exchange capacity
(CEC) were determined according to NY/T 1121.2-2006 [22], NY /T 1121.6-2006 [23], and
H]J 889-2017 [24], respectively. Concentrations of heavy metals (As, Hg, Pb, Cd, Cr) were
measured using an Atomic Fluorescence Spectrometer 8510 (Tianjin, China) and ICP-PQ
(Tianjin, China), with method detection limits as specified in Table S1. The procedures
for sampling, collection, and analysis of heavy metals in farmland soils adhered to the
Technical Rules for Monitoring the Environmental Quality of Farmland Soils (NY /T 395-
2012) issued by the Ministry of Agriculture and Rural Affairs of China in 2012 [25], and
the Technical Specification for Soil Environmental Monitoring (HJ /T 166-2004) published
by the Ministry of Ecology and Environment in 2004 [26]. The national standard reference
material GBW(07401a (GSS-1a) was employed for calibration. A quality assurance system
was implemented throughout the analysis to ensure precision and accuracy, with relative
deviations maintained within 10%.

The concentrations of Cd and Pb in irrigation water samples were determined by ICP-
MS. Cd concentrations were below the method detection limit, whereas Pb concentrations
ranged from 0.33 to 1.24 ng/mL. The detection limits for Cd and Pb were 0.02 ng/mL and
0.07 ng/mL, respectively. Existing analytical methods generally require at least 200 ng of
Cd and 500 ng of Pb after resin preconcentration for reliable isotope-ratio determination.
However, the trace concentrations of Cd and Pb in the irrigation water samples were
insufficient to meet these requirements for subsequent isotope analysis. Therefore, the
irrigation water samples were not included as isotope endmembers in the MixSIAR model.

2.3.2. Cd Isotope

Approximately 0.15 g of soil sample was placed into a 10 mL PTFE (Teflon) vessel. A
small amount of deionized water was added to moisten the sample, followed by 6 mL of
sub-boiling HNO3. The vessel was sealed and heated on a hot plate at 110 °C for 24 h. After
complete dissolution, the sample solution was evaporated to dryness and then re-dissolved
in 5 mL of 2 M HCl (sub-boiling, secondary preparation). Following centrifugation, 2 mL
of the supernatant was taken for determination of Cd concentration, while another 2 mL
was used for chemical separation and purification of Cd isotopes.

Cd purification was carried out using an AG-MP-1M resin column. The column (3 mL)
was first equilibrated with 20 mL of 2 M HCL. The 2 mL Cd-containing sample was then
loaded, followed by sequential washes with 10 mL of 2 M HCI, 30 mL of 0.3 M HCI, 20 mL
of 0.06 M HCl, and 5 mL of 0.012 M HCl to remove matrix components and elements such
as Pb, Sn, and Zn. Finally, 20 mL of 0.0012 M HCl was used to elute and collect the purified
Cd solution. The purified Cd solution, with a recovery of 95-98%, was dissolved in 3 mL of
1% HNOs for isotopic analysis.

Cd isotopes were measured using a multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS, Thermo Fisher, Waltham, MA, USA). The samples, standards,
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and purified samples were introduced into the plasma through a DSN-100 desolvation
system (Nu Instruments, Wrexham, UK). The sample concentration was 0.2 g/mL in 1%
HNOg;, with a flow rate of 100 uL/min, producing a signal intensity of approximately 52 V
per ppm. For each sample, two sets of data were collected, with each set consisting of
30 data points and an integration time of 10 s per point. A 20 s background measurement
was performed prior to each set of data acquisition. To ensure analytical accuracy, the
BCR-2 international basalt standard was used to monitor data quality during chemical
purification and mass spectrometry. The measured 5''*/10Cd value was 0.02 + 0.05%o
(2SD, N = 3), which was comparable to previously reported values for BCR-2, including
—0.030 % 0.063 %o reported by Tan et al. [27] and 0.018 £ 0.067 %o reported by Liu et al. [28],
indicating good analytical precision.

2.3.3. Pb Isotope

In total, 100 mg of soil sample was accurately weighed and placed into a PTFE (Teflon)
digestion vessel. To dissolve the sample, 2.5 mL HF, 0.5 mL HNOj3, and 0.15 mL HCIO4
were added, and the vessel was heated on a hot plate at 150 °C for one week. After complete
dissolution, the solution was evaporated to dryness. The residue was redissolved in 2 mL
of 6 M HCl at 120 °C for 6 h, then evaporated again. The sample was finally dissolved in
2 mL of 3 M HNO;3, centrifuged, and subjected to Pb separation and purification using a
1 mL Sr-specific resin column.

The resin column was pre-cleaned sequentially with 10 mL 6 M HCl, 10 mL deionized
water, and 10 mL 3 M HNOj3. The Pb-containing solution (2 mL, dissolved in 3 M HNO3)
was loaded onto the column, followed by 18 mL 3 M HNOj to wash the matrix, 5 mL water
to elute Sr, 4 mL 6 M HCl to further remove matrix components, and finally 5 mL 6 M HCl
to elute Pb.

Pb isotopic ratios were measured using a Triton thermal ionization mass spectrometer
(TIMS, Thermo Electron, MA, USA). Silica gel was used as the emitter and rhenium as the
filament. Instrument performance was monitored using the Pb standard NBS981 (**Pb /2%4Pb
= 16.9384 + 0.0008, 207Pb /24Pb = 15.4936 + 0.0010, 28Pb /204Pb = 36.7116 + 0.0014, 2SE),
which was consistent with the results reported by Galer et al. and Zhao et al., indicating good
measurement precision [29,30]. The separation process was checked using the international
basalt standard BCR-2 (*%Pb/2%Pb = 18.7472 + 0.0016, 2’Pb/?*Pb = 15.6244 + 0.0016,
208pp /204Ph = 38.7269 4 0.0056, 2SE), which were consistent within analytical uncertainty with
the values reported by the Lamont-Doherty Earth Observatory radiogenic isotope group [31].
The agreement confirmed the accuracy and reliability of the isotopic measurements in the
present study. During analysis, NBS981 standard solution was measured after every five
samples for calibration.

2.4. Statistical Analysis and Source Apportionment

In this study, the geo-accumulation index (Igeo) wWas used to assess the accumu-
lation and pollution levels of heavy metals in paddy soils relative to their regional
background values.

PMF was applied to identify potential sources of heavy metals and quantify their
relative contributions. In the PMF model, the observed concentration matrix is decomposed
into a source contribution matrix and a source profile matrix while accounting for the
uncertainty associated with each observation. Detailed equations, uncertainty calculations,
and model settings are provided in the Supplementary Materials.

2.5. MixSIAR Bayesian Isotope Mixing Model

In this study, the MixSIAR model (version 3.1.12) was applied to quantify the pro-
portional contributions of potential sources to Cd and Pb in soils based on their isotopic
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compositions. This Bayesian mixing framework incorporates source end-member vari-
ability, residual error, and isotopic uncertainty, and estimates source contributions using a
Markov chain Monte Carlo method. The methodological details of this model have been
described by Stock et al. [32].

2.6. Data Processing and Spatial Analysis

This paper used ArcMap 10.8.1 for spatial analysis. Microsoft Excel and Origin
2021 were used for data analysis (such as calculating the geo-accumulation index) and
graph drawing. EPA PMF 5.0 and R software (version 4.5.2) were used for heavy metal
source analysis.

3. Results and Discussion

3.1. Soil Properties, Heavy Metal Concentrations, Spatial Distributions, and Pollution
Assessments in the Study Area

The soil pH ranged from 6.45 to 8.95, with a mean value of 8.14, indicating that the
paddy soils in the study area were predominantly neutral to alkaline. Soil organic matter
(SOM) contents ranged from 2.31 to 40.40 g/kg, with a mean value of 14.43 g/kg, whereas
cation exchange capacity (CEC) ranged from 3.11 to 17.10 cmol/kg, with a mean value of
11.34 cmol/kg. The mean concentrations of As, Hg, Pb, Cd, and Cr in the paddy soils were
10.33, 0.042, 24.08, 0.265, and 63.00 mg/kg, respectively. Compared with the background
values of Ningxia soils (Table 1), As, Hg, Pb, Cd and Cr exceeded the background values
by 26.41%, 91.07%, 79.42%, 99.03% and 60.78%, respectively, indicating relatively high
degrees of heavy metal enrichment in the study area. Among the five heavy metals, Cd
and Hg showed the most pronounced accumulation characteristics. However, none of the
sampling sites exceeded the agricultural soil pollution risk screening values, suggesting
that the overall heavy metal contamination in the paddy soils remained at a relatively low
risk level.

The coefficient of variance (CV) is an indicator reflecting the spatial dispersion of
heavy metal concentrations [33]. In general, higher CV values indicate greater data dis-
persion and larger spatial differences in heavy metal concentrations, which correspond
to a stronger influence of human activities [4,33,34]. Therefore, CV is commonly used
to assess the extent of anthropogenic impact [33]. The CV values of pH, SOM, and CEC
were 4.05%, 42.13%, and 18.43%, respectively. According to the CV classification, pH and
CEC exhibited low spatial variability, whereas SOM showed moderate spatial variability,
suggesting considerable spatial differences in organic matter accumulation across the study
area. The CV values of heavy metals in paddy soils of Ningxia decrease in the order:
Hg > Cd > As > Cr > Pb. Except for Pb, all other elements exhibit moderate variability, and
Pb is close to moderate variability as well (Table 1). Hg has the highest CV, indicating
that heavy metal concentrations in the study area display significant spatial heterogeneity,
influenced to some extent by both regional background and human activities.

By delineating the paddy field boundaries using the sampling points and applying
interpolation methods, spatial distribution maps of heavy metals were generated (Figure 2).
From the spatial distribution maps, it can be observed that As and Cr exhibit similar
spatial patterns, with higher concentrations in the central part of the study area and
lower concentrations in the southern and northern regions. Hg displays pronounced
spatial heterogeneity and patchy distribution, with low-value areas mainly located along
the periphery of the study area and some regions within the Yellow River irrigation zone,
whereas relatively high-value areas are concentrated in the central to central-eastern regions
of the Yinchuan Plain, forming several local hotspots characterized by point- or patch-like
clustering. Combined with the high proportion of Hg concentrations exceeding the Ningxia
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soil background value, these results indicate a certain degree of regional accumulation of Hg
in the study area, which may be associated with anthropogenic factors such as atmospheric
deposition, coal combustion, or industrial emissions [4]. High Pb values are primarily
distributed in the central and northeastern parts of the study area, showing local enrichment.
High-value zones of Cd not only occur in the central paddy field region but also form
distinct hotspots in the southwestern Yellow River irrigation area and some local regions in
the central-eastern part of the study area, exhibiting notable patchy or areal enrichment
patterns. Soil pH also exhibited a distinct spatial pattern (Figure 2f). Relatively high pH
values were mainly distributed in the northern part of the study area, whereas lower values
occurred in parts of the central and southern Yellow River irrigation districts. Several heavy
metals, particularly As, Hg, and Cr, tended to exhibit relatively lower concentrations in
areas with higher soil pH. This spatial correspondence was consistent with the significant
negative correlations between pH and these metals (Figure S1), suggesting that soil pH

may be one of the factors associated with their regional distribution.
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Figure 2. Spatial distribution of heavy metal concentrations and soil physicochemical properties in
paddy soils. (a) As; (b) Hg; (c) Pb; (d) Cd; (e) Cr; (f) pH.

Table 1. Characteristics of heavy metal content in surface soil of the study area.

Kl Min Max Mean SD a (o Soil Background Value Ratio?  Ratio©
ement CV 2 (%) s
(mg/kg) (mg/kg) (mg/kg) (mg/kg) in Ningxia (mg/kg) (%) (%)
As 1.77 20.30 10.33 2.30 2222 11.90 26.41 0.00
Hg 0.0026 0.0955 0.0419 0.0158 37.80 0.0210 91.07 0.00
Pb 12.10 44.10 24.08 3.90 16.19 20.90 79.42 0.00
Cd 0.100 0.610 0.265 0.077 29.03 0.112 99.03 0.00
Cr 24.00 89.60 63.00 12.77 20.27 60.00 60.78 0.00
pH 6.45 8.95 8.14 0.33 0.04 —d — —
SOM (g/kg) 2.31 404 14.43 6.08 0.42 — — —
CEC (cmol/kg) 3.1 17.1 11.34 2.09 0.18 — — —

Note: 2 CV, coefficient of variation. Spatial variability can be categorized as low (CV < 20%), moderate
(20% < CV <50%), and high (50% < CV < 100%) [33]; b The ratio of metal concentration exceeding the Soil
background value in Ningxia [10]; € The ratio of metal concentration exceeding the Risk Screening Values set by
Soil environmental quality risk control standard for soil contamination of agricultural land (GB 15618-2018 [35,36];
4/ indicates that relevant data are not monitored.

Assessment of heavy metal accumulation in paddy soils of the study area using the
geo-accumulation index revealed that As, Pb, and Cr generally exhibited low Ige, values,
with the vast majority of sampling points classified as unpolluted (Figure 3). Specifically,
the proportion of unpolluted points for As, Pb, and Cr was 99.42%, 98.25%, and 100%,
respectively, indicating that these elements have not yet formed noticeable contamination.
In contrast, Hg and Cd displayed more pronounced accumulation characteristics. Only
17.86% of Hg sampling points were classified as unpolluted, 72.43% as unpolluted to mod-
erately polluted, and 9.71% as moderately polluted. For Cd, the proportion of unpolluted
points was only 8.54%, with 73.20% and 18.25% of points classified as unpolluted to mod-
erately polluted and moderately polluted, respectively. These results indicated that Hg
and Cd were the main elements with higher accumulation in paddy soils of the study area.
Combined with the spatial distribution patterns, the local hotspots of Hg and the patchy
or areal enrichment of Cd further suggested that both elements were likely influenced to
varying degrees by anthropogenic activities.
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Figure 3. Boxplots of heavy metal concentrations and geo-accumulation index in paddy fields of

L]
As
Ningxia. (a) Concentrations of As, Pb, and Cr are shown on the left y-axis, whereas Hg and Cd are

shown on the right y-axis; (b) Geo-accumulation index values of As, Hg, Pb, Cd, and Cr. The dashed
lines indicate the Ige, classification thresholds.

Overall, the concentrations of heavy metals in the paddy soils of the study area had
not exceeded the screening values for agricultural soil pollution risk, indicating a generally
low current safety risk for agricultural land. However, the geo-accumulation index results
showed that Hg and Cd already exhibited unpolluted to moderately polluted and should
be considered key elements for pollution prevention and control. This is also consistent
with previous studies reporting that Cd and Hg are the major heavy metal pollutants with
relatively high toxicity levels in cultivated soils of Ningxia [2,11,12].

3.2. Source Apportionment of Heavy Metals in Paddy Soils in Ningxia

The PMF model was employed to assess the origins of heavy metals in paddy soil
in Ningxia. The detailed model settings and parameter configurations were provided
in the Supplementary Materials. The results showed that As, Pb and Cr were highly
associated with Factor 1 (Natural source), contributing 65.3%, 27.20%, and 28.20%, re-
spectively (Figure 4). Previous studies have shown that As and Cr are mainly associated
with natural processes such as parent material weathering [37]. Meanwhile, in this study,
the geo-accumulation index values of As, Pb, and Cr were generally low, with the vast
majority of sampling sites classified as unpolluted. The mean As concentration and most
sampling points were also below the soil background value of Ningxia, indicating that
As was mainly controlled by natural background conditions. Considering that the study
area is located in the Yellow River irrigation district of northern Ningxia, the soils may be
jointly influenced by alluvial deposits from the front of the Helan Mountains, Yellow River
alluvium, and regional parent materials. Therefore, Factor 1 can be interpreted as a natural
source dominated by parent material weathering and background inputs.

Cd was mainly associated with Factor 2 (agricultural source), which contributed 52.15%
to Cd, indicating that agricultural activities were the main source of Cd accumulation. The
mean Cd concentration and geo-accumulation index results in the study area both showed
that Cd had exhibited relatively obvious accumulation. Previous studies have suggested
that Cd is commonly related to agricultural activities, such as the application of phosphate
fertilizers, pesticides, organic amendments, and irrigation inputs [38,39]. Field investigation
showed that farmland management in the study area relied heavily on phosphate fertilizers,
such as diammonium phosphate with relatively high Cd content and large application
amounts in Yinchuan [2]. Spatially, high Cd values were mainly distributed in the central
paddy fields and showed patchy or areal enrichment patterns, which were consistent with
the diffusion characteristics of agricultural non-point source inputs. Therefore, long-term
agricultural production, especially the application of chemical and organic fertilizers, may
be the main driving factor for Cd accumulation in the study area.
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Figure 4. Source apportionment of soil heavy metal by PMF.

Hg was mainly associated with Factor 3 (coal combustion source), which contributed
as much as 81.02% to Hg accumulation, much higher than the contributions of other
sources. Hg is generally considered to be strongly influenced by anthropogenic activities,
and processes such as coal combustion, industrial emissions, mining activities, and waste
incineration can release Hg into the atmosphere, which is subsequently deposited into
agricultural soils through atmospheric deposition [40,41]. In this study, the mean Hg
concentration was significantly higher than the regional background value, and the geo-
accumulation index also indicated a certain degree of Hg accumulation. Spatially, Hg did
not show a continuous distribution controlled by natural background, but formed local
hotspots in some urban areas and regions with relatively intensive industrial activities,
suggesting that it was more likely affected by coal combustion and related industrial
emissions. The study area is characterized by intensive agricultural and industrial activities,
and energy use and industrial production may be important sources of Hg input. Therefore,
Factor 3 can be interpreted as a coal combustion-related anthropogenic source.

Factor 4 (industrial-transportation source) was mainly associated with Pb and Cr,
contributing 37.10% and 48.80% to these two elements, respectively. Pb is one of the typical
indicators of traffic emissions, and vehicle exhaust, tire wear, brake wear, and road dust may
all contribute Pb to surface soils. Meanwhile, some industrial activities may also release
Pb and Cr [2,42-44]. In addition, traffic-related sources such as tire wear and lubricant
leakage may also lead to Cd enrichment [45], suggesting that the accumulation of these
elements was related to traffic activities. Local industries, such as electroplating, pigment
production, and dye manufacturing, may also contribute to Pb and Cr pollution, resulting
in slight Cr enrichment in soils [46]. Therefore, Factor 4 can be preliminarily identified as a
mixed industrial-traffic source.

Overall, Hg and Cd in paddy soils of the study area are primarily driven by anthro-
pogenic activities, with Hg mainly associated with coal combustion and related industrial
emissions, and Cd mainly linked to agricultural activities. As, Cr, and Pb are mainly con-
trolled by natural background sources, although Pb and Cr also exhibit mixed contributions
from anthropogenic inputs on top of the natural background. These results are consistent
with previous studies and suggest that Hg and Cd should be prioritized for pollution
control and source management in the region.
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3.3. Cd Isotope Characteristics and Source Apportionment in Yonggu

Based on the above analysis, Cd was identified as a primary heavy metal pollutant
derived from local agricultural activities. Considering the spatial distribution patterns of
heavy metals in paddy soils of the study area (Figure 2), a representative polluted paddy
field in Yonggu Village, Xingqing District, Yinchuan, was selected for further investigation.
The §'14/110Cd ratio ranged from 0.16 %o to 0.63 %0, with a mean value of 0.41%o. The average
Cd concentration in soils was 0.31 £ 0.13 mg/kg, which was approximately 2.6 times the
local soil background value in Yinchuan (0.12 mg/kg) [47], indicating Cd enrichment
relative to the local background in farmland soils of the study area.

As shown in Figure 5a, §'1*/110Cd values differed markedly among potential sources.
Uncontaminated soil samples were concentrated in higher 1/Cd ranges (corresponding
to lower Cd concentrations), with 5''*/110Cd values generally ranging from —0.5%o to
0.2%o. Agricultural end-members, including phosphate fertilizers, compound fertilizers,
and organic amendments, exhibited §!'4/110Cd values ranging from —0.6%. to 0.5%o. In-
dustrial and traffic-related sources, including smelting dust, slag, road dust, vehicle ex-
haust particles, and coal-related atmospheric deposition, showed wider 5'4/10Cd ranges
and were mainly distributed in low 1/Cd regions, reflecting high-concentration Cd from
industrial activities.
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Figure 5. Relationship between 1/Cd and 5'1%/119Cd of possible sources and agricultural soils. (data
presented in Table S3) (a) and calculation of Cd sources using the MixSIAR Bayesian (version 3.1.12)
isotope mixing model (b).

The relationship between §!''4/11°Cd and 1/Cd in paddy soils showed that most
samples fell between natural and anthropogenic end-members, suggesting that Cd was
predominantly controlled by mixed sources rather than a single dominant source. The
§114/110Cq composition of farmland soils (0.16%0—0.63 %0) was closer to agricultural end-
members (fertilizers), overlapping with their range, indicating that agricultural inputs had
been an important factor influencing soil Cd isotopic composition. This was consistent with
the recognition of Cd as an indicator of agricultural activity [2]. Given that the Yinchuan
Plain irrigation district was a major “granary” with long-term and extensive fertilizer
application, these practices likely further enhanced Cd accumulation in the plow layer.

Meanwhile, some samples exhibited 5'*/119Cd values approaching industrial and
traffic-related end-members. High-temperature processes such as smelting and coal com-
bustion can induce Cd isotope fractionation and release Cd-bearing particles, which may
subsequently enter soils through atmospheric deposition [48-50]. Additionally, Traffic-
related particles may also contribute Cd to nearby surface soils [18]. These observa-
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tions suggest that industrial and traffic-related inputs may have contributed to local
Cd accumulation.

A Bayesian isotopic mixing model was then applied to quantitatively estimate contri-
butions of different sources to soil Cd. The results showed that agricultural and industrial
activities were the major contributors, accounting for 33.1% and 34.3%, respectively, fol-
lowed by traffic (19.1%) and natural sources (13.5%) (Figure 5b), reflecting measurable Cd
pollution consistent with high Cd concentrations in soils. The 95% credible intervals of the
source contributions are provided in Table S5. This was also consistent with the PMF results,
which indicated a stronger influence of agricultural activities in the area (Figure 52). The
high contribution from agricultural sources was closely associated with long-term fertilizer
use and irrigated farming practices. Since 2019, Yinchuan has implemented a relocation
program for heavily polluting enterprises within urban built-up areas [51]. Enterprises
associated with severe environmental pollution and prominent ecological risks, including
those involved in steel production, non-ferrous metal processing, cement production, and
chemical industries, have gradually been relocated or legally shut down. However, due
to the persistent and non-degradable nature of heavy metals, the impacts of historical
emissions from these enterprises on soil environments still remain. Additionally, sampling
sites beneath the Hexi Overpass also confirmed that traffic activities contributed to Cd
accumulation in the study area.

3.4. Pb Isotope Characteristics and Source Apportionment in Yongqu

Descriptive statistics of Pb isotopic compositions in paddy soils are presented in
Table S3. The 2°°Pb /207 Pb ratio ranged from 1.1938 to 1.1997, with a mean value of 1.1967.
The 298Pb /296Pb ratio ranged from 2.0686 to 2.0807, with a mean value of 2.0763. The
average Pb concentration in soils was 22.83 & 2.31 mg/kg, which was above the local soil
background value in Yinchuan (22.00 mg/kg) [47], indicating Pb accumulation in farmland
soils of Yonggu.

In contrast to Cd, radiogenic Pb isotopes do not undergo fractionation during bio-
geochemical processes, making them reliable indicators of source [52,53]. Therefore, the
208pp /206Ph and 2°°Pb /207 Pb ratios can be used to identify the sources of Pb in soils and to
provide cross-validation for Pb, which exhibited relatively poor fit in the PMF model.

To further identify potential sources of Pb in soils of Yonggu, a dual-isotope scatter
plot of 2%8Pb /2%Pb versus 2°°Pb /207 Pb was constructed using soil Pb isotopic compositions
and possible end-member data (Figure 6a), with specific data and sources listed in Table S4.
Correlation analysis between Pb isotopic ratios and Pb concentrations (Figure S3) showed
no significant relationship, indicating that Pb distribution in the study area is influenced
by multiple pollution sources [16]. As shown in Figure 6a, uncontaminated soils exhibited
higher 206Ph /207Ph and lower 208Pb /206Pb ratios, reflecting enrichment in 206pp [16]. An-
thropogenic sources, particularly coal emissions and industrial activities, displayed higher
208Pb /2%Pb and lower 2%Pb/27Pb ratios, suggesting that Pb from human activities is
enriched in 2°8Pb and 2Pb. The scatter plot indicates that paddy soil samples in the study
area mainly fall within the overlapping region of agricultural, coal-related, industrial, and
natural sources, with relatively little overlap with traffic-related end-members, supporting
a mixed-source interpretation for Pb. Accordingly, a Bayesian isotopic mixing model was
applied to estimate the relative contributions of the potential sources.

The Pb isotope data were analyzed using the MixSIAR Bayesian (version 3.1.12)
mixing model in R, and model convergence was confirmed by Gelman-Rubin diagnostic
values below 1.05. The 95% credible intervals of the source contributions are provided
in Table S6. The Bayesian mixing model results (Figure 6b) indicate that Pb in the study
area soils is primarily derived from anthropogenic inputs, with agricultural sources being
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the main contributor (38.1%), likely associated with long-term paddy cultivation and
agricultural practices. Coal-related and industrial sources contributed similarly (19.2% and
18.3%, respectively), indicating that coal combustion, coal chemical enterprises, industrial
particulate emissions, and associated atmospheric deposition are also important pathways
of Pb input, consistent with observations that factories near the sampling sites are mostly
related to coal chemical industries. Natural sources had a posterior mean contribution of
16.9%, indicating that regional parent materials and aeolian inputs may also influence the
local Pb isotope composition. Traffic contributed the least (7.5%), highlighting the overall
multi-source mixed nature of Pb in the study area soils.
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Figure 6. Relationship between 20/207Pb and 208/206Pp of possible sources and agricultural soils.
(data presented in Table S4) (a) and calculation of Pb sources using the MixSIAR Bayesian (version
3.1.12) isotope mixing model (b).

Overall, the isotope results support a mixed-source interpretation for Pb in Yonggu
Village. Fertilizer-related inputs showed the highest posterior mean contribution, while
coal-related, industrial, natural, and transportation sources also contributed to varying de-
grees. However, the overlap among source-endmember isotope signatures and the limited
number of local soil samples introduce uncertainty into the quantitative estimates. Given
the poor PMF fit for Pb, the isotope-based results provide useful site-specific evidence.

3.5. Integration of Regional PMF Analysis and Local Cd, Pb Isotope Evidence

To further compare the isotope-based source apportionment results of Cd and Pb, the
different sources were regrouped into three categories: natural sources, agricultural sources,
and other anthropogenic sources, with the latter including coal combustion, industrial
activities, and traffic activities (Figure 7). The results showed that Cd and Pb in paddy
soils of Yonggu Village were both mainly contributed by anthropogenic sources, but
the source structures were different. For Cd, the PMF results showed that agricultural
sources had the highest contribution. In contrast, Cd isotope results showed that other
anthropogenic sources contributed the most, suggesting that Cd was mainly controlled by
agricultural activities at the regional scale, whereas industrial and traffic-related inputs
also played an important role in Cd accumulation at the local scale in Yonggu Village.
Previous studies have also reported that Cd in agricultural soils is strongly influenced
by industrial emissions, atmospheric deposition, and traffic activities in areas affected
by human disturbance [17,20]. Combined with field observations, some sampling sites
were located near the Hexi Overpass, indicating that traffic-related deposition may also
contribute to local Cd input [45]. The lower contribution of natural sources estimated
by PMF may reflect the model’s sensitivity to outliers and the limited representation
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of geological background tracers in the input variables, which can lead to incomplete
separation or underestimation of natural sources [17].

The source apportionment results for Pb also showed clear differences between the
two methods. The results of Pb isotope analysis showed a relatively low contribution from
natural sources, suggesting that the Pb isotopic composition in Yonggu Village was not
mainly controlled by natural end-members, but may have been affected by anthropogenic
input signals. Although anthropogenic inputs may not substantially increase total Pb
concentrations, they can alter the Pb isotopic composition, resulting in relatively low esti-
mated contributions from natural sources despite Pb concentrations being close to the local
background value [54]. Compared with the regional PMF results, the Pb isotope analysis
indicated a relatively greater contribution from agricultural activities. Because Pb isotopes
provide element-specific source fingerprints, they can better distinguish local agricultural
inputs at the field scale [55]. Therefore, the increased agricultural contribution in the isotope
results indicates that local agricultural activities may be an important component of Pb
input in Yonggu Village. Additionally, other anthropogenic sources accounted for relatively
high proportions in both methods, with only a small difference between them, indicating
that coal combustion, industrial activities, and traffic emissions remained important sources
of Pb. However, the PMF model showed relatively poor performance for Pb (Table S2),
which may be related to its complex and overlapping sources [16], indicating that the
observed Pb concentrations were not adequately reproduced. In contrast, Pb isotopes
provided element-specific source fingerprints and indicated a mixed local source structure
in Yonggu Village. Accordingly, the Pb isotope results were treated as complementary
site-specific evidence. Overall, Pb in the soils of Yonggu Village showed a clear multi-source
mixing characteristic.

100

[ cd (PMF)
|-| Cd (isotope)
[ Pb (isotope)
[ 1pb (PMF)

80

Contribution rate (%)

Agricultural sources Natural sources  Other anthropogenic sources

Figure 7. Comparison of natural, agricultural, and other anthropogenic source (coal combustion,
industrial sources, and traffic sources) contributions to Cd and Pb based on PMF and isotope-based
source apportionment.

The Cd and Pb isotope source apportionment results indicated that both elements
in the paddy soils of Yonggu Village were influenced by anthropogenic activities, al-
though their source structures differed. Cd reflected combined agricultural, industrial, and
traffic-related inputs, whereas Pb showed a more complex mixture of agricultural, other
anthropogenic, and natural sources.
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Overall, PMF and isotope analyses provide complementary source information. PMF
identifies regional source patterns, whereas Cd and Pb isotopes provide element-specific
evidence at the local scale, particularly for Pb, whose concentrations were not adequately
reproduced by the PMF model. In addition, this study had several limitations. The
isotope analysis was based on only 8 soil samples from Yonggu Village, and some source-
endmember isotope values were obtained from published studies. Moreover, the relatively
poor PMF fit for Pb introduced uncertainty into the regional source estimates. Future
studies should include more local isotope samples and source endmembers to improve
source apportionment.

4. Conclusions

This study showed that Hg and Cd exhibited relatively greater accumulation than As,
Pb, and Cr in the paddy soils of Ningxia, although all measured concentrations remained
below the agricultural soil pollution risk screening values. Regional PMF analysis identified
natural sources, agricultural activities, coal combustion, and industrial-transportation ac-
tivities as the principal source categories. Natural sources dominated As accumulation and
also contributed to Cr and Pb, whereas industrial and traffic-related activities represented
important additional sources of Pb and Cr. Cd was mainly associated with agricultural
inputs, while Hg was predominantly linked to coal combustion. To further resolve source
mixtures in a representative area with relatively elevated heavy-metal accumulation, Cd
and Pb isotope analyses were conducted at the local scale. The results showed that Cd
was jointly influenced by industrial, agricultural, and traffic-related inputs, whereas Pb
exhibited a more complex mixture of agricultural, coal-combustion, industrial, natural, and
traffic-related sources. These findings demonstrate that PMF and isotope tracing provide
complementary information at regional and local scales and improve the interpretation of
heavy-metal sources in agricultural soils. This integrated approach provides a useful basis
for identifying priority sources and supports more targeted monitoring of heavy metals in
paddy soils.
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