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ABSTRACT: Accurate detection and systematic assessment centered on atomic spectrometry techniques serve as an
essential foundation for elucidating the pollution characteristics, ecological risks, and health hazards of heavy metals (HMs)
farmland soils around mining areas. In this study, inductively coupled plasma optical emission spectrometry (ICP-OES) was
employed as the core analytical technique to precisely quantify ten HMs in farmland soils approximately 20 km from a tungsten
(W) beryllium mining area. Based on the measured ICP-OES data, GIS visualization was integrated with the geo-accumulation
index (Igeo), pollution load index (PLI), potential ecological risk index (PERI), human health risk assessment (HHRA), and positive
matrix factorization (PMF) source apportionment model to systematically evaluate the pollution characteristics, risk levels, and
source contributions of HMs in the farmland. Meanwhile, the stress effects of W on Taraxacum mongolicum Hand.-Mazz. (T.
mongolicum) were investigated through a pot experiment under W stress. The comprehensive pollution assessment revealed that
the Igeo values of Cd, W, and As reached 3.88, 3.76, and 3.51, respectively, all indicating heavy contamination, and the PLI values
corresponded to heavy to extremely heavy pollution levels. PMF identified five pollution sources. HHRA indicated that all

population groups faced both carcinogenic and non-
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INTRODUCTION resulted in severe HM contamination of soils,"? with mining
activities being one of the primary sources.> Farmlands
Unreasonable human activities, such as industrial production, surrounding and downstream of mining areas serve as the
agricultural practices, and mineral resource exploitation, have material basis for human survival and social development;® once
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contaminated by HMs, they directly threaten food security and
public health. Soil HM pollution is characterized by high toxicity,
concealment, persistence, bioaccumulation, and irreversibility,”
and tends to exceed the environmental capacity threshold of
farmland soils,!? leading to soil degradation, crop yield reduction,
and significant ecological and health risks, thus becoming a
major global environmental concern.!''3 In terms of human
health, HMs can be enriched through the food chain and cause
serious damage.'* For instance, As can induce skin diseases and
cardiovascular disorders,'’ excessive Cd can lead to bone damage
and cancer,'® Hg accumulation can impair the nervous system, '’
and Pb exposure is closely associated with cognitive impairment
and neurodegenerative diseases.'® With respect to plants, HMs
undergo enrichment via the soil-plant system, accumulate
inhibit
development;'1° As, Hg, Cd, Pb, and other metals exert adverse

continuously in roots, and crop growth and
effects on plant morphology, physiology, and genetics,?® further
exacerbating risks to agricultural production. China possesses
abundant W resources and ranks among the world’s leading
countries in both W production and reserves;>!*2 however, W has
been listed as an emerging contaminant by the U.S.
Environmental Protection Agency.”* Previous studies have
shown that the mining of W beryllium ores within the Haba Snow
Mountain Nature Reserve has caused severe HM pollution in
surrounding soils, with W exhibiting the highest pollution degree,
greatest risk, and widest impact range due to its high mobility.?*
Large areas of farmland (95% of which is cultivated land) are
distributed along both banks of the Jinsha River, approximately
20 km downstream of the mining area. The medicinal and edible
plant 7. mongolicum is widely distributed in this region,>> and
field surveys revealed that local residents commonly consume its
leaves. Mining activities have likely posed a threat of HMs
contamination to the downstream farmland. However, systematic
research on the health risks of the soil-crop system in farmland
surrounding W mining areas remains very scarce.”® Therefore,
there is an urgent need to evaluate the HMs accumulation
characteristics of 7. mongolicum and the associated human health
risks through the food chain.

Accurate determination of HM contents is a critical
prerequisite for pollution assessment and risk control. Soil HM
contamination resulting from mining activities is often
characterized by multi-element coexistence, complex matrices,
and irreversibility, placing extremely high demands on the
sensitivity and anti-interference capability of analytical
methods.?”?® Atomic spectroscopy and related techniques, by
virtue of their high sensitivity, excellent anti-interference ability,
and well-established standardized procedures, are regarded as the
gold standard for elemental analysis. Methods such as atomic
absorption  spectrometry  (AAS),?

spectrometry (AFS),? inductively coupled plasma optical

atomic  fluorescence

emission spectrometry (ICP-OES),** inductively coupled plasma

mass spectrometry (ICP-MS),3!  energy-dispersive  X-ray
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fluorescence spectrometry (EDXRF),3? and microplasma
emission spectrometry have been widely applied in the field of
elemental content analysis. Among them, ICP-OES utilizes a
high-temperature plasma (6000-10000 K) to efficiently atomize
and excite target elements, achieving quantitative analysis
through the intensity of characteristic emission lines. It exhibits
significant comprehensive advantages in analytical cost,
simultaneous multi-element detection capability, linear range,
detection limits, precision, and analysis speed.*** With a single
sample introduction, dozens of elements can be accurately
determined within minutes, making it an important technical

pillar for HM analysis in environmental samples.

This study leverages the advantages of ICP-OES in HM
determination to precisely quantify ten HMs in farmland soil
around the W mining area,> thereby enhancing the accuracy of
pollution assessment and source apportionment from the data
origin and providing a reliable data foundation for subsequent
pollution evaluation. Based on the measured concentrations
obtained by ICP-OES, a multi-index assessment system was
comprehensively applied for systematic analysis: Igeo and PLI
were used for pollution risk assessment to fully understand the
pollution characteristics and degrees.’® PMF model was
employed for quantitative source apportionment; this receptor
model exhibits high resolution and stability in handling variable
collinearity and distinguishing mixed pollution sources, enabling
accurate identification of contributions from various sources in

37 Coupled with human health risk

complex environments.
models and potential ecological risk models, the risk levels of
HM pollution were evaluated from the dual perspectives of
human exposure and ecological security. On this basis,
geographic information system (GIS) spatial visualization
technology was introduced to intuitively reveal the spatial
distribution patterns and diffusion trends of HM pollution.
Furthermore, given the high mobility of W, this study conducted
a pot experiment to simulate W stress. 7. mongolicum, which
exhibits strong environmental adaptability and a relatively high
accumulation capacity, was selected as an indicator plant for soil
pollution in the farmland surrounding the mining area.’® The
experiment aimed to investigate its responses in terms of growth
characteristics, quality, and the migration and accumulation
patterns of HMs. By integrating ICP-OES accurate quantification
technology with GIS, multi-model assessment, and pot
experiments, a comprehensive evaluation system combining
multiple indices and methods was constructed, aiming to provide
scientific evidence and methodological support for the systematic
evaluation and targeted control of HM pollution in farmland soil

around mining areas.

This study integrates the soil-plant system to accurately assess
the pollution characteristics, sources, risks, and effects on plant
growth of HMs in farmland soil, which is of great significance
for ensuring the ecological safety of farmland environments and
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human health. The main objectives of this study are: (1) to
precisely quantify ten HMs in farmland soil using ICP-OES as
the core analytical tool; (2) to clarify the spatial distribution
trends, pollution degrees, and risk sources of HMs in the study
area through the combined application of multiple models and
multiple indices; (3) to identify high-risk zones and safe zones
for human-ecological activities by GIS combined with PMF and
human health risk models, and to determine priority control
pollutants; and (4) to elucidate the effects of W stress on the
growth characteristics and migration-enrichment patterns of the
medicinal plant 7. mongolicum through W stress pot experiments,
providing a reference for further investigation into the
contamination mechanisms of W on crops. This study established
a systematic methodological framework tailored to complex soil
matrices in mining areas, encompassing soil sample pretreatment,
simultaneous multi-element quantification, and interference
elimination. The results of this study can comprehensively reflect
the actual situation of HM pollution in farmland soil, and provide
scientific evidence and theoretical references for risk prevention
and control, full-process assessment, and quality safety assurance
of agricultural products in farmland soil.

EXPERIMENTAL

Sample collection in farmland areas. Haba Snow Mountain is
located within Hutiaoxia Town, Shangri-La City, Yunnan
Province, China. The unique natural environment of this region
serves as a habitat for a diverse range of flora and fauna, resulting
in exceptionally high species richness. Additionally, the distinct
geographical location of Haba Snow Mountain has established it
as a renowned tourist destination. The Mahuaping W beryllium
mine is situated on the southern side of the Haba Snow Mountain
Nature Reserve, in the vicinity of Mahuaping Village. The Jinsha
River flows through this area. The farmland area under
investigation is located approximately 20 km downstream from
the Haba Snow Mountain Nature Reserve, following the course
of the Jinsha River. Cultivated land accounts for 95% of this area,
which is the primary source of cash crops for 14 villages. In
addition to staple food crops such as maize and wheat, local
farmers also cultivate cash crops including olives, pitaya, cacti,
and blueberries. The primary sources of drinking and domestic
water for residents are mountain springs, while irrigation water
for the farmland is mainly drawn from the Jinsha River, local
streams, and reservoirs. Therefore, a comprehensive assessment
of HM pollution in the soil of this agricultural region and its
effects on plants is necessary.

A total of 68 surface soil samples (0—20 cm) and 7 surface
water samples (including 4 from the farmland area and 3 from
the Jinsha River) were collected from the farmland area at the
exit of the Tiger Leaping Gorge Scenic Area. During soil
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sampling, because the farmland area is characterized by flat
terrain and a relatively large sampling extent, this study referred
to the relevant requirements of the Technical Specification for
Soil Environmental Monitoring (HJ/T 166-2004) issued by the
Ministry of Ecology and Environment of the People’s Republic
of China and adopted a grid-based sampling design for soil
sample collection. Meanwhile, based on prior knowledge of the
spatial distribution characteristics of HMs in the study area-
especially the high mobility of W and the localized migration and
enrichment trends of HMs caused by mining activities-these
factors were fully considered in the grid design to ensure that the
main spatial variability features could be effectively captured. In
addition, in determining the specific grid spacing, we drew on the
300-500 m sampling strategy widely used in similar studies on
HMs in farmland soils. According to the actual field conditions,
sampling was conducted at grid intervals of 600 m or 300 m,*
and the results demonstrated that good soil spatial heterogeneity
and predictive performance could be achieved,*® as shown in Fig.
1. During the sampling process, the surface soil was first cleared
of scattered plant litter and other debris, and then samples were
collected using a standard stainless steel shovel. Prior to
collecting each new sample, the sampling equipment was cleaned
with soil from the new sampling point to avoid cross-
contamination. A five-point sampling method was adopted in this
study, with a distance of approximately 10 m between adjacent
vertices. A Global Positioning System (GPS) was used to record
the longitude, latitude, and other geographic information of each
sampling point. The collected samples were first placed in
polyethylene sample bags, and the relevant information was
recorded on the bags. The polyethylene bags were then put into
cotton storage bags to preserve the sample information and
prevent contamination. After all samples had been collected, they
were placed in clean plastic storage boxes and transported from
the study area to the laboratory. In the sample processing stage,
after the soil samples were air-dried naturally, gravel and other
debris were removed. The soil samples were ground in a ceramic
mortar and then passed through a 100-mesh sieve. The mortar
was thoroughly cleaned after each grinding, and the processed
samples were finally placed into polyethylene sample bags and
stored for subsequent analysis. In addition, a total of 9 T
mongolicum plant sampling sites were established across the
mining area and the farmland area. At each site, 3 individual
plants were collected and pooled to form 1 composite sample.
The 4 samples from the mining area actually comprised 12
individual plants, and the 5 samples from the farmland area
actually comprised 15 individual plants, giving a total of 27
individual plants. The samples were rinsed with ultrapure water,
air-dried naturally, ground, and passed through a 200-mesh sieve
for subsequent analysis. The longitude and latitude coordinates
of each sample were recorded using a handheld GPS. The water
samples collected in the field were filtered through 0.45 pum
microporous membrane filters and stored for subsequent analysis.
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Fig. 1 Map of the research area and sample distribution in farmland.

Sample pretreatment and determination. The analysis of the
farmland soil focused on Cr, Cd, As, Pb, Cu, Zn, Ni, Co, Mn, and
W. The procedure for determining HM concentrations in soil was
as follows: 0.1 g of soil sample, 6.0 mL of HNO3, 3.0 mL of HF,
and 2.0 mL of HCl were sequentially added to a
polytetrafluoroethylene (PTFE) digestion vessel. The mixture
was then digested using a microwave digestion system according
to a preset digestion program (Table S1). For the digestion of 7.
mongolicum, 0.5 g of sample, 6.0 mL of HNO3, 2.0 mL of 30%
H202, and 2.0 mL of deionized water were added sequentially
into a PTFE digestion vessel and digested according to the
digestion program (Table S2). The concentrations of the metal
elements were determined using ICP-OES. Determination of the
limit of detection (LOD): 7 blank samples were prepared
following the exact same procedure as for the actual soil samples.
These 7 blank solutions were measured consecutively, and the
LOD was calculated according to the corresponding standard
formula. The procedure for measuring soil pH was as follows:
25.0 mL of ultrapure water and 10.0 g of soil sample were added
to a beaker, stirred on a magnetic stirrer for 2 min, and the pH
was measured after the suspension was allowed to stand for 30
min. Detailed information on the instruments and reagents is
provided in Text S1.

Pollution characteristics of HMs in farmland soil

Geo-accumulation index (Igeo). The geo-accumulation index is a
method used to assess the degree of HM enrichment in soils
relative to geochemical background levels, which helps in
quantifying contamination levels.*! In this study, the Igeo was
employed to evaluate the pollution level of individual HMs in the
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surface soils of the study area. The calculation formula is
presented as Equation (1).4?

C;
lgeo = log2 (1.5 x C,,) )

Here, C; represents the concentration of HM i in the soil sample,
Cyp represents the soil background value of the corresponding HM
in Yunnan Province,*® and the constant 1.5 is a correction factor
applied to account for potential variations in the background
matrix. The specific classification levels for the Igeo values are
detailed in Table S3.

Pollution load index (PLI). PLI first proposed by Tomlinson, is
primarily used to assess the overall level of HM pollution in the
soil or sediment of a specific area.** In this study, the PLI was
utilized to evaluate the comprehensive HM pollution level in the
surface soils.** Cf, which represents the Contamination Factor for
an individual HM in the soil, is calculated as shown in Equation
(2).** The PLI value, which indicates the overall pollution level
contributed by all measured HMs in the study area, is calculated
using Equation (3).46

C;
Cf = G 2
PLI =\/Cfy X Cfy X Cfs X Cfy X .. X Cfy, 3)

Where, C; and Cp represent the concentration of element i in the
soil sample and the corresponding background value of that
element, respectively. The specific classification levels for the
PLI are detailed in Table S4.
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Potential ecological risk index (PERI). PERI established by the
renowned Swedish scientist Hakanson, is one of the most widely
used methods for evaluating the degree of HM pollution in soil
and its associated potential ecological risk.*’ In this study, PERI
was applied to assess the toxicological characteristics and
ecological effects of HMs in the surface soils of the study area,
providing an indication of the ecological risk posed by these

metals to the nature reserve.*$-50

PERI =T} x Cf )
n
IERI = Z PERI (5)
i=1
In Equations (4) and (5), PERI represents the potential ecological
risk index for an individual HM 7, and IERI is the comprehensive
potential ecological risk index for the total contamination from
all measured HMs in the soil. The term Cf is defined in Equation
(2). T. is the toxic-response factor for HM i. The 7' values for
the respective HMs were: Cd = 30, Cr=2, As = 10, Pb=Cu =
Ni=Co=5,7Zn =Mn = 1, and W = 255% The specific
classification of ecological risk levels for PERI and IERI is
detailed in Table S5.

Human health risk assessment (HHRA). In this study, the HHRA
model proposed by the U.S. Environmental Protection Agency
was applied to quantitatively analyze the potential health risks
(both carcinogenic and non-carcinogenic) to humans. The
assessment considered the exposure of adult males, adult females,
and children to HMs through three pathways: direct ingestion,
dermal contact, and inhalation.>*->” The total Hazard Index (HI)
and Total Carcinogenic Risk (TCR) were used to represent the
total non-carcinogenic and total carcinogenic risks in the study
area, respectively.’® The Average Daily Dose (ADD) of HMs to
which humans are exposed via the three pathways can be
calculated using Equations (6), (7), and (8), respectively.’®8
Detailed information on the parameters used in these equations,
including their values and definitions, is provided in Table S6.
The reference doses and slope factors are detailed in Table S7.
ADD;;

HI =ZHQ -
RfD;;
TCR = Z CR = ZADDU xSF;  (7)

(6)

RingXEFXED

ADDing = Ci X BWXAT X 10_6 (8)

ADDderm — Ci x SAXSL;:VBXFAXTEFXED x 10—6 (9)
Rinn X EF X ED

ADDjpp = C; x —2 — ___— " (10)

" PEF X BW X AT

HI > 1 indicates the presence of a non-carcinogenic risk,
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whereas HI < 1 suggests that the non-carcinogenic risk is within
an acceptable level. A TCR < 1 x 107 indicates that the
carcinogenic risk is negligible. If the TCR is between 1 x 10°¢
and 1 x 1074, the carcinogenic risk is considered to be within an
acceptable range. A TCR > 1 x 10 indicates a significant
carcinogenic risk.

Source apportionment using the PMF model. PMF model is a
source apportionment tool widely used for identifying the
sources of HMs in the environment and is recommended by the
U.S. Environmental Protection Agency.’>® The calculation

method is as follows.6!-63

P
Xij = Zk_l(gikfkj +eyj) (11)
In the equation, i, j, and k represent the number of samples,
elements, and pollution sources, respectively. X; is the
concentration of the jth element in the ith sample, and g is the
contribution rate of the pollution source to the sample. ¢;
represents the residual matrix, which is the ratio of the sample to
the element species. This is obtained by minimizing the objective

function Q, which is calculated as shown in Equation (12).

n m 2
0= (e—’> (12)

4 Uij
Here, n and m represent the number of metallic species and soil
samples, respectively, and u; is the uncertainty of element j in
sample i. The calculation method for the Q value is dependent on
the relationship between the concentration of the metal element
and the method detection limit (MDL), as detailed below.

5
Ui ZEXMDL (13)

2
u;j = \/(errorfraction X C)?+ (O05xMDL) (14)

Where u; represents the uncertainty and C; is the concentration of
metal i. The uncertainty is calculated using Equation (6) when the
metal concentration is less than or equal to the method detection
limit (MDL). When the detected metal concentration is greater
than the MDL, the uncertainty is calculated using Equation (13).

Pot experiment. Through the precise quantification of 68 soil
samples from the study area by ICP-OES and a multi-index
assessment including the Igeo and the PLI, this study identified W
as the most severely polluting, most widely distributed, and most
mobile characteristic pollutant. The average W concentration in
reached 42.39 mg/kg,
background value of 1.95 mg/kg, with an Igeo value as high as

farmland soils far exceeding the
3.76. Previous studies have shown that 7. mongolicum has been
widely used in passive biomonitoring and can effectively indicate
the pollution levels of various HMs in the environment, such as

Mn, Ni, Cu, Zn, Cd, and Pb. It exhibits a strong accumulation
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Table 1. Statistical description of HMs in farm soil

Element Mean (mg/kg) Min (mg/kg) Max (mg/kg) Background value (mg/kg) SD CV (%)
Cd 7.00 257 16.91 0.30 214 30.57
Cr 398.85 43.22 1097.67 65.20 303.47 76.08
As 204.80 109.87 925.27 18.40 111.73 54.56
Pb 22.75 6.76 686.27 40.60 9.98 43.86
Cu 86.88 31.94 290.10 46.30 42.88 49.36
Zn 83.99 25.74 465.50 89.70 51.34 61.13
Ni 223.96 3291 604.47 42.50 160.21 71.53
Co 46.88 15.07 83.26 17.50 21.24 45.31
Mn 654.56 180.07 1124.67 626.00 249.68 38.14
W 42.39 19.64 126.70 1.95 17.54 41.39

capacity for HMs and possesses a good ability to translocate
elements, thus reflecting the migration and accumulation of HMs
in the soil-plant system.®* To investigate the extent of HMs
contamination in plants caused by the dispersion of pollutants
from the mining area, 4 7. mongolicum samples were collected
from the mining area and 5 from the farmland area (at each
sampling site, three individual T mongolicum plants were pooled
to form 1 composite sample). The macro-scale spatial
distribution patterns of HMs concentrations in the plants as a
function of distance from the mining area were determined. In
addition, 6 samples of the main irrigation water used in the
farmland area were collected. The results showed (Table S8) that
the HMs concentrations in 7. mongolicum decreased gradually
with increasing distance from the mining area. However, W was
detected at a concentration of 14.03 mg/kg in 7. mongolicum
collected from farmland approximately 20 km away from the
mining area, confirming that W has been transported to the
downstream farmland ecosystem through the synergistic effects
of irrigation water, topography, and atmospheric deposition.
Therefore, W was identified as the stress factor, and a pot
experiment was conducted to investigate the migration and
accumulation patterns of HMs in T mongolicum under W stress,
as well as their effects on plant growth and quality, thereby
providing a theoretical reference for the risk assessment of crop
contamination in farmland surrounding mining areas. The
detailed experimental design is provided in the supplementary
material, Text S2.

Statistical analysis. In this study, ArcGIS 10.8 (ESRI, Redlands,
CA, USA) was used to map the sampling points. The spatial
distribution of HMs concentrations was interpolated using
ordinary kriging (OK) to reflect the spatial autocorrelation
structure of the data, whereas the spatial distribution of PMF
factor contributions was interpolated using inverse distance
weighting (IDW) to better preserve local variation characteristics.
IBM SPSS Statistics 26.0 (IBM Corp., Armonk, NY, USA) was
used for data compilation and statistical analysis. EPA PMF 5.0
(EPA, USA) was employed for source apportionment of HMs
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pollution. All other figures were created using Origin 2022
(OriginLab, USA).

RESULTS AND DISCUSSION

Descriptive statistics of HMs in environmental samples from
farmland areas determined by ICP-OES. Descriptive statistics
were compiled for 10 HMs: Cd, Cr, As, Pb, Cu, Zn, Ni, Co, Mn,
and W. The recoveries for all HM determinations ranged from
86.75% to 113.17%. In addition, the LODs for As, Cd, Ni, Cu,
Cr, Co, Zn, Pb, Mn, and W were 0.016, 0.015, 0.002, 0.002, 0.002,
0.002, 0.024, 0.021, 0.001, and 0.002 mg/kg, respectively. The
RSD values were all less than 5.00%. According to the statistical
data (Table 1), the mean concentrations of eight HMs, excluding
Pb and Zn, surpassed the soil background values of Yunnan
Province, indicating significant accumulation in the farmland soil.
The coefficient of variation (CV) reflects the degree of influence
from external inputs and natural evolution on HM concentrations.
Specifically, the mean concentration of Cd was 7.00 mg/kg,
exceeding the background value of 0.3 mg/kg, with a CV of
30.57%, suggesting a relatively uniform spatial distribution. The
mean concentrations of Cr, As, and Ni were 398.85 mg/kg,
204.80 mg/kg, and 223.96 mg/kg, respectively-far exceeding
their background values. Their maximum values reached 1097.67
mg/kg, 925.27 mg/kg, and 604.47 mg/kg, with high CVs of
76.08%, 54.56%, and 71.53%, respectively. This indicates
notable contamination by these three elements and significant
spatial variability among sampling sites. The mean concentration
of Mn (654.56 mg/kg) was close to its background value (626.00
mg/kg), but its maximum value reached 1124.67 mg/kg,
suggesting potential enrichment in localized areas. Similarly, the
mean concentration of W (42.39 mg/kg) was substantially higher
than its background value (1.95 mg/kg), demonstrating its
significant enrichment in the soil. The mean concentrations of Cu
(86.88 mg/kg) and Co (46.88 mg/kg) also exceeded their
background values, with CVs 0f 49.36% and 45.31%, indicating
localized enrichment features.
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Fig. 2 Spatial distribution of HMs concentrations in soil in farmland area.

In this study, the geostatistical module of ArcGIS 10.8 was
used for spatial interpolation. OK and IDW models were
compared, and the optimal model was selected based on the
coefficient of determination (R?), mean error (ME), and root
mean square error (RMSE).% The results showed (Table S9) that,
compared with the IDW model, the OK model exhibited a higher
R? value, an MS value close to 0, and an RMSE value close to 1.
Therefore, OK was selected for the spatial interpolation of HMs
concentrations. Prior to the interpolation, semivariogram fitting
was performed on the HMs concentration data, which were
approximately — normally  distributed after logarithmic
transformation. For each HMs element, the spherical,
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exponential, and Gaussian models were respectively used to fit
and select the optimal theoretical semivariogram. The results
showed (Table S10) that, based on a comprehensive comparison,
the Gaussian model provided the best fitting performance. Based
on the topographic characteristics of the study area, the 68
sampling points were divided into 2 groups: the northern group
(n =30) and the southern group (n = 38). Before comparing the
differences between the 2 groups, the distribution characteristics
of the data were first examined. The results showed that the
concentration data of the 10 HMs did not follow a normal
distribution according to the Shapiro-Wilk normality test;
therefore, the non-parametric Kruskal-Wallis test was used to
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Fig. 3 The result of I, (a), Cf and PLI (b) pollution level from the farmland area.

analyze the differences between the regions. The Kruskal-Wallis
test was used to compare the concentrations of the 10 HMs
between the northern and southern regions. The results showed
(Table S11) that the concentrations of Cr, As, Cu, Zn, Ni, Co, Mn,
and W differed significantly between the 2 regions (p < 0.05),
with the differences for As, Zn, and Mn being particularly
significant (p < 0.01). This finding was consistent with the
macroscopic distribution trend revealed by GIS interpolation,
where the high-value areas were predominantly concentrated in
the southern region. In contrast, no significant differences were
observed for Cd and Pb between the 2 regions (p > 0.05),
indicating that their spatial distributions were relatively
homogeneous and may be jointly influenced by other factors.

As illustrated in Fig. 2, the spatial distribution of HMs in the
exhibits significant heterogeneity. High-
concentration areas are primarily clustered in the southern part of

farmland  soil
the farmland and other localized zones, with particularly elevated
levels of Cr, As, Ni, and Co. In the southern farmland, Cr
concentrations reached high values, with some areas exceeding
682.72 mg/kg, which is substantially above the background value
of 65.20 mg/kg, indicating pronounced Cr enrichment. The
spatial distribution of as was also concentrated in the south. In
contrast, Cd distribution was relatively uniform. Ni and Co
showed high spatial consistency, both being concentrated in the
southern part, with maximum values of 604.47 mg/kg and 83.26
mg/kg, respectively, reflecting considerable variation across
different areas. Cu and Zn exhibited localized enrichment, with
peak concentrations reaching 290.10 mg/kg and 465.50 mg/kg.
Furthermore, W did not show distinct clusters but was widely
distributed, with a maximum concentration of 126.70 mg/kg, far
surpassing its background value (1.95 mg/kg). Considering its
migratory properties, the relatively uniform distribution of W
suggests its strong diffusion capacity within the area. The overall
concentration of Mn was relatively high, with a localized
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maximum of 1124.67 mg/kg, which may reflect a high natural
background, though anthropogenic accumulation cannot be ruled
out. These results indicate that the spatial distribution of HMs in
farmland soils exhibits a pronounced north-south differentiation
pattern, and that this spatial pattern is jointly driven by the natural
geological background and anthropogenic activities.

In summary, HMs contamination in the farmland soil displays
clear spatial heterogeneity, with the southern area acting as an
enrichment zone, especially for Cr, As, Ni, and Co. The
widespread distribution of high W concentrations further
confirms its strong mobility. These high-concentration zones
warrant special attention, as the accumulation of HMs could
adversely affect soil quality and crop production. Therefore,
subsequent research will further investigate the sources and risks
of these HMs in conjunction with local land-use patterns.

Assessment of HM pollution levels in farmland areas based
on ICP-OES combined with GIS. As shown in Fig. 3a, the
mean Igeo values for HMs in the farmland soil decreased in the
order of Cd (3.88), W (3.76), As (3.51), Cr (1.69), Ni (1.37), Co
(0.67), Cu (0.56), Mn (-0.64), Zn (-0.78), and Pb (-0.90). Except
for Mn, Zn, and Pb, which showed no pollution, all other HMs
exhibited various contamination levels. Co and Cu were
classified as low-to-moderately polluted, Cr and Ni as
moderately polluted, while Cd, W, and As reached high
contamination levels. Igeo values at most sampling sites indicated
moderate pollution or higher, with extreme values in some areas
exceeding 5, signifying severe pollution.

The results for the Cf, shown in Fig. 3b, revealed that Cfvalues
for Cd, As, and W exceeded 3, reaching extremely severe
contamination levels, with some sites even exceeding 30. The Cf
values for Cr and Ni were also high, with most sites approaching
or exceeding 3 (moderate pollution or higher) and some localized
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Fig. 4 Spatial distribution of potential ecological risk assessment in the farmland area.

areas exceeding 10, indicating severe localized pollution. In
contrast, the overall Cf values for Pb, Cu, Zn, Mn, and Co were
lower, ranging from unpolluted to moderately polluted, with only
a few isolated sites exceeding a Cf of 3. The PLI analysis showed
that PLI values at most sites exceeded 3, indicating that the
overall contamination in the area has reached an extremely severe
level, with some values even surpassing 6. High-PLI zones were
highly consistent with the high-contamination areas identified by Igeo.

The spatial distribution of Igeo values (Fig. S1) shows that the
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highly contaminated zones for Cd, W, and As were primarily
concentrated in the southern and localized central areas of the
farmland, while pollution levels in the northern region were
relatively low. Although the overall Igeo for Cr was low, its values
in the southern region exceeded 3, indicating moderate-to-high
contamination. Furthermore, high Ni contamination was mainly
concentrated in the south, with a maximum Igeo of 3.25 (high
pollution). The
comparatively more widespread, with high Igeo values found

contamination distribution of W was
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Table 2. The non-carcinogenic hazard quotients (HQ) and carcinogenic risk coefficient (CR) of the farmland area

HMs Males Females Children

Ingestion Dermal Inhalation Ingestion Dermal Inhalation Ingestion Dermal Inhalation Ingestion Dermal Inhalation
Cd 9.93E-03 1.39E-04 3.75E-07 1.01E-02 1.16E-02 1.20E-04 4.00E-07 1.18E-02 4.58E-02 1.45E-04 1.05E-06 4.59E-02
Cr 1.89E-01 2.77E-03 3.57E-06 1.91E-01 2.21E-01 2.39E-03 3.80E-06 2.24E-01 8.70E-01 2.89E-03 1.00E-05 8.73E-01
As 9.69E-01 3.30E-04 8.93E-07 9.69E-01 1.14E+00 2.85E-04 9.51E-07 1.14E+00 4.47E+00 3.45E-04 2.51E-06 4.47E+00
Pb 1.08E-02 1.58E-04 2.03E-07 1.09E-02 1.08E-02 1.11E-06 2.47E-08 1.08E-02 4.25E-02 1.34E-06 6.20E-08 4.25E-02
Cu 3.08E-03 4.29E-07 3.88E-09 3.08E-03 3.62E-03 3.70E-07 4.13E-09 3.62E-03 1.42E-02 4.47E-07 1.09E-08 1.42E-02
HQ Zn 3.97E-04 5.55E-08 7.51E-10 3.98E-04 4.66E-04 4.80E-08 8.00E-10 4.66E-04 1.83E-03 5.79E-08 2.11E-09 1.83E-03
Ni 1.59E-02 2.16E-06 2.23E-08 1.59E-02 1.86E-02 1.86E-06 2.37E-08 1.86E-02 7.33E-02 2.25E-06 6.24E-08 7.33E-02
Co 3.33E-03 5.81E-06 4.41E-06 3.34E-03 3.90E-03 5.02E-06 4.69E-06 3.91E-03 1.53E-02 6.06E-06 1.24E-05 1.54E-02
Mn 2.02E-03 9.08E-03 1.91E-07 1.11E-02 2.37E-03 7.85E-03 2.03E-07 1.02E-02 9.31E-03 9.47E-03 5.36E-07 1.88E-02

w 7.52E-02 / / / 8.82E-02 / / / 3.47E-01 / / /
HI 1.20E+00 1.25E-02 9.66E-06 1.22E+00 1.41E+00 1.06E-02 1.01E-05 1.42E+00 5.54E+00 1.29E-02 2.66E-05 5.55E+00
Cd 2.08E-05 3.00E-09 4.89E-12 2.08E-05 2.44E-05 2.59E-09 5.21E-12 2.44E-05 2.39E-05 7.82E-10 3.43E-12 2.39E-05
CR As 1.50E-04 2.10E-07 1.38E-09 1.50E-04 1.75E-04 1.82E-07 1.47E-09 1.76E-04 1.72E-04 5.49E-08 9.67E-10 1.72E-04
Ni 1.85E-04 1.37E-08 1.75E-09 1.85E-04 2.17E-04 1.18E-08 2.30E-09 2.17E-04 2.14E-04 3.58E-09 1.23E-09 2.14E-04
TCR 3.56E-04 2.27E-07 3.13E-09 3.56E-04 4.17E-04 1.96E-07 3.78E-09 4.17E-04 4.10E-04 5.92E-08 2.20E-09 4.10E-04

along both northern and southern edges, and some areas exceeding 5 (severe pollution).
This suggests that W is a severe contaminant and exhibits strong mobility within the
farmland.

As depicted by the spatial distribution of Cf levels (Fig. S2), high-contamination zones
for Cd, As, and W were mainly in the southern and parts of the central regions,
characterized by extensive scope and high intensity. This alignment with the Igeo analysis
provides mutual verification, enhancing the reliability of the conclusions. High-
contamination areas for Cr and Ni were predominantly in the southern and central parts,
showing significant spatial overlap with elements such as Cd and As. In contrast, Pb, Cu,
Zn, Mn, and Co had lower overall Cf values. The polluted areas for Pb, Mn, and Co were
mainly in the south, while Cu contamination was concentrated in the north. The spatial
distribution of PLI confirmed that the primary contamination zones are in the southern and
parts of the central regions, highlighting the severity of the HMs issue in these areas.

In summary, HMs contamination in the farmland is primarily driven by Cd, W, and As.
These elements are characterized by high toxicity, severe contamination levels, and
significant spatial variability, posing a substantial threat to the ecosystem and thus
representing priority control pollutants. Particular attention must be paid to W due to its
exceptionally high mobility. In comparison, the contamination levels of Cr, Pb, Cu, Zn, Ni,
Co, and Mn are lower. However, localized areas with high values still require regular
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monitoring. Further spatial analysis will help to elucidate the contamination characteristics
and potential migration patterns of these elements.

Risk assessment of HMs in farmland areas based on ICP-OES combined with GIS

Potential ecological risk assessment of HMs in farmland soil. The ecological risks of HMs
in the study area were assessed using the PERI method (Fig. 4), and the results revealed
substantial variations in risk levels among the different elements. Across most of the
farmland, the PERI values for Cr, Pb, Cu, Zn, Mn, Ni, and Co were below 40, with no
distinct high-concentration zones. The extent and intensity of their pollution were
relatively limited, classifying them as being at a low-risk level. In contrast, the PERI values
for Cd were markedly higher across the farmland, indicating a high ecological risk. In
some locations, the PERI values exceeded 320, with certain areas even surpassing 800,
reaching a very high-risk level. The spatial distribution map shows that the high-risk zones
for Cd are primarily concentrated in the southern and central parts of the region. Due to its
high toxicity, Cd poses a considerable threat to the local ecosystem.

The PERI values ranged from 100 to 320 in most parts of the farmland, corresponding
to moderate to considerable risk levels. Some locations exceeded 320, entering the very
high-risk category. The high-value zones were also concentrated in the central and
southern areas, which may be related to local geological conditions or anthropogenic
pollution sources. For W, the PERI values were below 40 across most of the farmland,
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Fig. 5 Spatial distribution of non-carcinogenic risks in agricultural areas (a) and carcinogenic risks in agricultural areas (b).

indicating a relatively low ecological risk. Only a few sampling
sites showed values between 40 and 80, corresponding to a
moderate risk level. The high-value zones for W were more
dispersed, suggesting that its overall ecological impact is limited.

GIS-based human health risk assessment of HMs in farmland soil.
Based on the results of the human health risk assessment for the
farmland area (Table 2), a systematic analysis of non-
carcinogenic (Hazard Quotient, HQ) and carcinogenic risks
(Carcinogenic Risk, CR) was conducted. The total hazard
quotient (THQ) represents the sum of HQs for a single HM via
the three exposure pathways (ingestion, inhalation, and dermal
contact), while the HI is the sum of HQs for all HMs via a specific
exposure pathway. Due to the lack of some parameters, the HQ
for W was calculated only for the direct ingestion pathway and
could not be included in the complete calculation of THQ and HI.

The HI values for adult males, adult females, and children were
1.22, 1.42, and 5.55, respectively, all of which exceeded 1. This
indicates that all population groups face a non-negligible non-
carcinogenic risk, with children being the most at-risk group. As
shown in Fig. 5a, the HI values were greater than 1 across the
entire farmland area, and the distribution of non-carcinogenic
risk was similar among the different population groups. The HI
values gradually increased from the northeast to the south of the
farmland. In the southern region, HI values exceeded 4, with the
HI for children reaching over 15 and a maximum of 21.91.
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Compared to adults, children are the high-risk group for non-
carcinogenic effects in this area.

Cd, As, and Ni contributed to the carcinogenic risk for the
population in the farmland area to varying degrees through the
three exposure pathways. The primary risk pathways were
ordered as follows: direct ingestion > dermal contact > inhalation.
The TCR for adult males, adult females, and children was 3.56 x
1074,4.17 x 10, and 4.10 x 107%, respectively, all exceeding the
threshold level of 1 x 107*. This signifies a high carcinogenic risk
for all population groups. Direct ingestion was the primary
carcinogenic pathway, contributing the majority of the TCR; for
instance, the direct ingestion TCR for adult males was 3.56 x 10™.
When considering individual elements, Ni made the largest
contribution to carcinogenic risk, followed by As and Cd. For
children, the carcinogenic risks from these elements were ranked
Ni > As > Cd, with values of 2.14 x 104, 1.72 x 1074, and 2.39 x
1075, accounting for 52.2%, 42.0%, and 5.8% of the TCR,
respectively. Among these, Ni posed the greatest threat to
children’s health. The overall TCR was ranked as follows: adult
females > children > adult males. This may be related to
physiological differences, exposure levels, and metabolic
capacities associated with gender and age. Children, in particular,
due to their immature metabolic systems, exhibited a
significantly higher carcinogenic risk from direct ingestion than
adult males, highlighting the need for special attention to this
vulnerable group. As depicted in Fig. 5b, the carcinogenic risk for all
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Fig. 6 Correlation of soil HMs in farmland (a), source distribution and factor contribution rates of HMs in the soil of farmland area (b), and spatial

distribution of pollution source contributions in the farmland area (c).

population groups exceeded the acceptable limit (1 x 107*) across
the entire farmland, with high-risk zones concentrated in the
southern and central parts. The maximum TCR values for adult
females and children reached 12.01 and 11.80, respectively.

In summary, both non-carcinogenic and carcinogenic risks are
severe for all population groups within the farmland area,
particularly in the southern region. Children face a high level of
dual risk across most of the area.

Source apportionment of HMs in farmland soil using PMF

Correlation analysis. The results of the Pearson correlation
analysis, as shown in Fig. 6a, indicate significant differences in
the correlations among the various HMs. Cr exhibited strong
positive correlations with Cu, Ni, Co, and Mn, with correlation
coefficients of 0.88, 0.97, 0.94, and 0.77, respectively. The
correlation between Cr and Ni was particularly high (r = 0.97),
suggesting that these elements share similar distribution patterns
in the soil and may originate from common sources.%-67
Furthermore, the strong correlation between Ni and Co (r = 0.96)
provides additional support for the hypothesis that they are
influenced by the same sources or accumulation mechanisms.®
In contrast, Pb showed significant negative correlations with
several other HMs. The positive correlations of As, Cd, and W
with other metals were weak. Notably, W only exhibited a slight
positive relationship with Mn (r=0.4), implying that W may have
a unique source or transport mechanism, leading to a distribution
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pattern in the soil that is markedly different from that of other
HMs. To achieve a more accurate identification of metal sources
in the farmland, the PMF model was subsequently applied in this
study.

Source apportionment. In USEPA PMF 5.0, the number of runs
was set to 15. When the number of factors was set to 5, the Q
value was the most stable and the smallest, and the QTrue/QRobust
ratio was 1. The signal-to-noise (S/N) ratios of all 10 HMs were
classified as “strong” (S/N > 1). The residuals all fell within the
range of [-3, 3] and followed a normal distribution. The R? for
the 10 HMs were as follows: Cd (0.82), Cr (0.74), As (0.88), Pb
(0.61), Cu (0.89), Zn (0.87), Ni (0.83), Co (0.90), Mn (0.75), and
W (0.52). Except for Pb and W, all the other HMs exhibited good
goodness-of-fit, confirming that the PMF model had good
reliability and stability. Superior correlations were observed
between the measured and predicted values for each element,
which ensures the rationality of the analysis results. The spatial
distribution characteristics of the pollution source contributions,
in combination with the PMF analysis, were used to further refine
the analysis of the pollution sources and accumulation patterns of
HM s in the soils of the study area.

As shown in Fig. 6b and 6c¢, the element with the highest
loading on Factor 1 was Cd, with a contribution rate of 50.60%.
Studies have shown that agricultural fertilization, particularly Cd
impurities in organic fertilizers and phosphate fertilizers,
represents the primary pathway for Cd accumulation in soils.%%7
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Field sampling results further revealed that the high-value areas
of Cd enrichment were highly consistent with the farmland areas.
In addition, this region is consistently affected by southwesterly
winds, with airflow blowing upstream along the Jinsha River.
However, because the farmland is surrounded by high mountains,
a natural barrier is formed, which causes large amounts of HMs
laden dust to be deposited in this area and thereby serves as an
important source of Cd pollution.”" This indicates that the spatial
distribution characteristics of Cd are primarily influenced by the
combined effects of agricultural activities (phosphate fertilizer
application), wind direction, dust dispersion, and topographic
conditions. The high-value areas of Factor1 are closely
associated with the distribution of farmland, and agricultural
fertilization is an important source of Cd. Therefore, Factor 1 is
likely an agricultural source.

As shown in Fig. 6b and 6c, the elements with high loadings
on Factor 2 were Pb, Zn, Cd, and Cu, with contribution rates of
59.1%, 48%, 44%, and 29.6%, respectively. Long-term road
construction activities have been carried out along the Jinsha
River within the study area, and the Jinsha River Bridge has been
completed in recent years. The dust and emissions generated by
ongoing human activities (such as road construction and
transportation) have significantly influenced the accumulation of
Pb.”>7 Studies have shown that the accumulation of Pb is closely
related to the distribution of road networks,”* mainly originating
from vehicletire wear and residues.”>’® In contrast, Cu and Zn
share relatively similar sources and are primarily controlled by
the natural background. The study area is a major agricultural
region, and the sampling sites were located in crop cultivation
areas. The long-term excessive application of chemical fertilizers
(especially phosphate fertilizers) and pesticides has directly
introduced exogenous Cd input.”7 Combined with field
investigations, it was found that this region is consistently
affected by southwesterly winds, and the high mountains
surrounding the farmland act as a natural barrier, causing large
amounts of HMs laden dust to be deposited in this area and
thereby serving as an important source of Cd pollution. The high-
value areas of Factor 2 identified by source apportionment were
predominantly distributed in the northern part of the farmland
adjacent to roads, near the Jinsha River Bridge, and in the
topographically enclosed southern area. These areas are
characterized by a dry climate and frequent strong winds, and the
continuous dispersion and deposition of dust further exacerbate
Pb pollution. Therefore, dust dispersion from traffic activities,
road construction, and agricultural practices has significantly
contributed to HMs pollution. This has resulted in the high
accumulation of Pb, Zn, Cd, Cu, Ni, Co, Mn, and W in the
southern part of the study area. Accordingly, Factor 2 is defined
as a combined source of traffic and dust.

As depicted in Fig. 6b and 6¢c, Factor 3 was predominantly
loaded with As, with a contribution rate of 61.60%. The high-
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contribution areas of this factor were roughly consistent with the
distribution of local residential areas. The study area contains
many villages and is relatively densely populated. During the
spring and winter seasons, local residents commonly use wood
and coal for heating, accompanied by activities such as routine
waste incineration and domestic sewage discharge. These
activities release dust and fine particulate matter containing As
and other HMs.”® These pollutants enter the soil through
atmospheric deposition, surface runoff, and wastewater
discharge.” Under the combined effects of atmospheric
deposition and the incineration of residential waste, As
continuously accumulates in this area. Furthermore, the
enrichment of As in the southern region may be jointly regulated
by the regional geological background, parent material control,
elemental geochemical affinity, and topographically driven
processes. The study area, located in northwestern Yunnan, lies
in the core area of the “Three Rivers” metallogenic belt. Regional
geochemical studies have confirmed that the major ore-forming
elements in this area include As, Ni, and Cr. The high-value areas
of Factor 3 are mainly concentrated near residential areas and are
also influenced to a certain extent by the geological background,
indicating that residential living activities are the primary source
of As. Therefore, Factor 3 is defined as a residential living source.

As shown in Fig. 6b and c, Factor 4 was predominantly loaded
with W, with a contribution rate of 44.60%, indicating that W
mainly originates from the Mahuaping W-beryllium deposit
located approximately 20 km away. Unlike other HMs, the high
mobility of W has resulted in soil W pollution across the study
area, with the contaminated area covering almost the entire study
region.® The contribution of W in the central part of the area was
slightly lower than in the periphery, possibly because a large
reservoir (Peiliang Reservoir) supplies irrigation water to the
central farmland, whereas the peripheral areas primarily rely on
irrigation water from the Jinsha River, which has a relatively
higher W concentration. This input of irrigation water enhances
the W contribution. Other areas draw irrigation water from the
Jinsha River into cisterns for farmland irrigation. As shown in
Table S8, the W concentration in the Jinsha River is significantly
higher than that in the Peiliang Reservoir. Therefore, Factor 4 was
identified as originating from irrigation water contaminated by
mining activities.

According to Fig. 6b and c, Factor 5 was predominantly loaded
with Cr, Ni, Mn, Co, Cu, and Zn, with contribution rates of 64.4%,
61.3%, 44.6%, 44.5%, 39.6%, and 33.3%, respectively,
suggesting that these elements are likely primarily controlled by
the natural background. In the southern part of the study area, the
high-value areas of Cr, Ni, and Co exhibited highly similar spatial
distribution patterns, indicating that these 3 elements may share
a common source. Previous studies have shown that Cr, Ni, and
Co are mainly controlled by natural sources,®! and their spatial
distribution is regulated by the geological background, primarily
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originating from the weathering release of basic-ultrabasic rock
parent materials in the plateau mountains.®?> The study area,
located in northwestern Yunnan, lies in the core area of the
“Three Rivers” metallogenic belt, where basic-ultrabasic rock
bodies are widely developed. Cr and Ni exhibit a typical
paragenetic association in basic-ultrabasic rock systems. During
weathering, the iron-group elements such as Cr, Ni, and Co are
released, causing the surface soils to inherit the high-content
characteristics of the parent material. During the weathering of
carbonate rocks, these trace elements gradually accumulate and
become enriched in the soil.®? On this basis, the southern area is
located on a windward slope and is influenced by the southwest
monsoon, which accelerates the accumulation of atmospheric
deposition through orographic lifting. Moreover, this area is
dominated by red soils derived from the weathering of basic
parent rock, which are rich in clay minerals and iron/manganese
oxides and exhibit a strong adsorption and fixation capacity for
Cr, making it an accumulation zone for these elements in the
supergene geochemical cycle. Meanwhile, the higher mountains
in the south create a relatively enclosed terrain. Under the dry
climate and frequent strong winds, dust dispersion and
atmospheric deposition further exacerbate the accumulation of
HMs. In addition, anthropogenic activities also make a certain
contribution: Cr-containing particulate matter released from
fossil fuel combustion and the open burning of domestic waste in
residential areas enters the soil through atmospheric deposition,
while Cr-containing domestic wastewater and sludge used for
farmland irrigation or fertilization can also be directly introduced
into the surface soil. This is consistent with the superimposed
effects of traffic sources and dust dispersion on Ni and Co
pollution as indicated by Factor 2, and the higher concentrations
in the south are likely the result of the combined effects of wind
direction and topography. The PMF source apportionment results
showed that the contribution rates of Factor 5 to Cr, Ni, and Co
were 64.4%, 61.3%, and 44.5%, respectively, and its high-value
areas displayed a uniform areal distribution, consistent with the
characteristics of widespread natural input, further confirming
that this factor represents a “natural source”. In summary, the
significant enrichment of Cr, Ni, and Co in the soils of the study
area is the result of the combined effects of a regional high
geological background, topographically-driven supergene
enrichment, and limited superimposed inputs from anthropogenic
activities. The high-value areas of Factor 5 exhibited a uniform
of
widespread natural input, further verifying that this factor is a

areal distribution, consistent with the characteristics

“natural source”.

In summary, the study area is located in the core area of the
“Three Rivers” metallogenic belt in northwestern Yunnan.
Regional geochemical studies have confirmed that the major ore-
forming elements include As, Ni, and Cr. This area is dominated
by the weathering of basic parent rocks, and the soil parent
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material is the main factor controlling the baseline values of soil
elements. The weathering of basic parent rocks releases Cr, Ni,
and Co, causing the contents of these elements in the surface soil
to be governed by the geological background. Geochemically,
although As, Cr, and Ni belong to different classifications, they
commonly occur as paragenetic associations in basic-ultrabasic
rock systems: Cr and Ni are compatible elements, while As is
associated with sulfide minerals. The spatial consistency of these
3 elements collectively reflects a basic-ultrabasic rock parent
material source. The southern area is located on a windward slope
and is influenced by the southwest monsoon, which accelerates
the deposition of atmospheric precipitation and weathered
materials through orographic lifting. Previous studies have
shown that CEC is directly related to the adsorption capacity of
soils for HMs cations and is a key factor controlling the
bioavailability of elements such as Cd, Pb, Cu, and Zn;** clay
content indirectly regulates the solid-liquid partitioning of HMs
by influencing surface adsorption sites and soil permeability;®
and iron/manganese oxides, as important adsorption carriers,
significantly the
immobilization of elements such as As and Cr.%¢ The synergistic

influence redox transformation and
effects of these soil properties enhance the adsorption and
immobilization of Cr, Ni, and As in the southern area, making
this region an accumulation zone for these elements, with
concentrations significantly higher than those in the north.
Therefore, the high correlation of Cr, As, and Ni in the southern
area revealed by PMF source apportionment and spatial
distribution is precisely the result of the combined effects of
geological background, soil parent material, elemental affinity,
and topography-driven supergene enrichment. The contributions
of each factor are consistent with their source characteristics, thus
confirming the reliability of the PMF analysis. However, CEC,
clay content, and iron/manganese oxides were not included in the
measurements in this study. In future research, these key
parameters should be simultaneously determined when analyzing
the spatial distribution and source apportionment of soil HMs, in
order to construct a more comprehensive source interpretation
framework and to more thoroughly reveal the environmental
behavior of HMs in the soils of the study area. In addition, we
will also adopt PMF and HHRA methods to compare the
pollution sources and health risk assessments of different mining
areas (Table S14). Compared with lead-zinc mining areas (e.g.,
Wang, 2025; Zhou, 2022), the pollution sources in the W-
beryllium mining area exhibit an atypical feature characterized
by the coexistence of agricultural sources, irrigation water, and
“traftic-dust” Although the high-risk
commonality of oral exposure for children remains valid, the

combined sources.
priority control elements have shifted from conventional Pb/Cd
to Ni, As, and Cd, with Ni making the largest carcinogenic
contribution. This finding is consistent with the parent material-
ore type synergistic control mechanism proposed by Zhang et al.
(2025). This study breaks through the traditional cognitive
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Fig. 7 Chlorogenic acid of effective components (a), cichoric acid of effective components (b), luteolin of effective components (¢) of T mongolicum

after stress planting.

framework dominated by Cd/Pb in mining areas. Firstly, this
study clearly identifies Ni, As, and Cd as the priority control
elements for W-beryllium mining areas, providing a scientific
basis for human health protection in this type of area.

Pot Experiment. Based on the HM contents determined by ICP-
OES and the pollution assessment results, W contamination in 7.
mongolicum was the most prominent. Accordingly, 4 and 5 T
mongolicum plants were collected from the mining area and the
farmland area, respectively, together with 6 samples of main
irrigation water, for W content analysis. The results showed that
the W content in 7. mongolicum decreased gradually with
increasing distance from the mining area; however, the W content
in farmland 7. mongolicum approximately 20 km away from the
mining area still reached as high as 14.03 mg/kg, indicating that
W contamination has spread over a wide area. In the limited
water samples collected in this study, the W concentrations were
all below the limit values specified in the Standards for Irrigation
Water Quality (GB 5084-2021). However, given the small
sample size and the lack of seasonal replicates, this result only
provides a preliminary reference and is insufficient to serve as an
assessment of irrigation water safety (Table S8). Based on the
above contamination characteristics, a pot experiment with W
stress was conducted, all measurements provided in Text S3. The
results revealed that W stress inhibited the translocation of Cr, Cu,
Ni, Co, and W to the aboveground parts of 7. mongolicum,
whereas it promoted the upward translocation of Cd and Zn. The
potential mechanisms underlying this phenomenon may involve
the following aspects: (1) Cd?>" and Zn?" have similar ionic radii
and coordination chemical properties, and they share metal
transporters of the ZIP and NRAMP families.?”%% W stress may
disrupt ion homeostasis or the redox status in plants, thereby
upregulating the expression of the aforementioned transporter
genes and non-specifically enhancing the root uptake of Cd and
Zn as well as their translocation to the aboveground parts.$>% (2)
W (present as tungstate or acting as an ABA synthesis inhibitor)
may interfere with the signaling pathways of plant hormones (e.g.,

https://www.at-spectrosc.com/as/article/pdf/20260048

ABA), thereby indirectly regulating the root translocation
capacity for Cd and Zn.*! (3) W stress may alter the composition
of root exudates, thereby affecting the rhizosphere
microenvironment and the bioavailability of HMs. The above
hypotheses await further verification through subsequent
molecular biology experiments (e.g., analysis of transporter gene
expression, determination of hormone contents, etc.). T
mongolicum roots exhibit a stronger ability to accumulate metal
elements than leaves; moreover, W has high mobility in alkaline
soils and water bodies, posing a relatively high contamination

risk to plants in farmland.

The contents of chlorogenic acid, cichoric acid, and luteolin in
the roots and leaves of 7. mongolicum under different W stress
concentrations are presented in Fig. 7a-c and Table S22. The
content of chlorogenic acid in the roots fluctuates with increasing
W concentration, showing an overall trend of an initial decrease
followed by a subsequent increase. This noteworthy
phenomenon-inhibition at lower concentrations and promotion at
higher concentrations-warrants attention. In the leaves, the
chlorogenic acid content fluctuated irregularly without a clear
pattern. The content of cichoric acid in the root increased from
6.331 mg/kg in the control group to 8.697 mg/kg in the fifth
gradient (an increase of 37.4%), before slightly decreasing at the
sixth gradient (7.759 mg/kg). Overall, it exhibited an increasing
trend. In the leaves, no distinct pattern was observed. The
variation trend of the content of luteolin in the roots is similar to
that of chlorogenic acid in the roots, showing an overall trend of
first decreasing and then increasing. The content in the leaves
fluctuated irregularly and did not exhibit a significant trend with
the increasing W concentration gradient. Furthermore, we further
analyzed the effect of W stress on the quality indicators of T
mongolicum-that is, although W stress did not cause significant
changes in the active component contents, combined with the
increased risk of HMs accumulation, this indicates that in a
mining-contaminated environment, the edible safety of T

mongolicum should be given priority attention.
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CONCLUSION

This study employs ICP-OES as the core analytical tool, fully
leveraging the advantages of atomic spectroscopy techniques-
such as simultaneous multi-element detection, high sensitivity,
and a wide linear range-to construct a “HM contaminants-Soil-
medicinal plants” correlation framework. By integrating multiple
environmental pollution and risk assessment models, the spatial
distribution, pollution sources, ecological risks, and human
health risks of 10 HMs (Cr, Cd, As, Pb, Cu, Zn, Ni, Co, Mn, and
W) were systematically analyzed. GIS coupled with the Igeo, PLI,
and PERI was used to accurately evaluate the contamination
degree and ecological risks of HMs in farmland soils, and to
delineate contaminated zones and safe zones for human activities.
GIS-assisted PMF and HHRA not only improved the accuracy
and reliability of source apportionment, but also enabled the
visualization of health risks, allowing precise identification of
non-carcinogenic and carcinogenic risk areas for different
population groups (children, adult females, and adult males). The
combined application of multiple indicators and methods enables
a more comprehensive assessment of HM contamination in
farmland soils, effectively overcoming the limitations of
conventional analyses. The results show that W, Cd, and As are
the main elements that trigger pollution risks. Among them, the
pollution distribution of W is the most extensive, and it possesses
strong migration ability in the agricultural environment. This
study can provide a reference for the remediation and rational
utilization of HM-contaminated farmland soils and offer a
scientific basis for the whole-process assessment, prevention, and
control of HM pollution in farmland soils.
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