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Abstract
Global ecosystems and public health have been greatly impacted by the accu-
mulation of heavy metal(loid)s in water. Source-specific risk apportionment is
needed to prevent and manage potential groundwater contamination with heavy
metal(loid)s. The heavy metal(loid)s contamination status, water quality, eco-
logical risk, and health risk apportionment of the Shule River Basin groundwater
are poorly understood. Therefore, field sampling was performed to explore the
water quality and risk of heavy metal(loid)s in the groundwater of the Shule
River Basin in northwestern China. A total of 96 samples were collected from
the study area to acquire data for water quality and heavy metal(loid)s risk.
There was noticeable accumulation of ferrum in the groundwater of the Shule
River Basin. The levels of pollution were considered to be moderately low, as
evaluated by the degree of contamination, heavy metal evaluation index, heavy
metal pollution index, and Nemerow pollution index. The ecological risks were
also low. However, an assessment of the water quality index revealed that only
58.34% of the groundwater samples had good water quality. The absolute prin-
cipal component scores-multiple linear regression model was more suited for this
study area than the positive matrix factorization model. There were no obvious
noncarcinogenic or carcinogenic concerns for all types of receptors according to
the values of the total hazard index and total carcinogenic risk. The human
activities and the initial geological environment factor (65.85%) was the major
source of noncarcinogenic risk (residential children: 87.56%; residential adults:
87.52%; recreational children: 86.77%; and recreational adults: 85.42%), while
the industrial activity factor (16.36%) was the major source of carcinogenic risk
(residential receptors: 87.96%; and recreational receptors: 68.73%). These find-
ings provide fundamental and crucial information for reducing the health issues
caused by heavy metal(loid)s contamination of groundwater in arid areas.
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Abstract: Global ecosystems and public health have been greatly impacted by
the accumulation of heavy metal(loid)s in water. Source-specific risk apportion-
ment is needed to prevent and manage potential groundwater contamination
with heavy metal(loid)s. The heavy metal(loid)s contamination status, water
quality, ecological risk, and health risk apportionment of the Shule River Basin
groundwater are poorly understood. Therefore, field sampling was performed
to explore the water quality and risk of heavy metal(loid)s in the groundwa-
ter of the Shule River Basin in northwestern China. A total of 96 samples
were collected from the study area to acquire data for water quality and heavy
metal(loid)s risk. There was noticeable accumulation of ferrum in the ground-
water of the Shule River Basin. The levels of pollution were considered to be
moderately low, as evaluated by the degree of contamination, heavy metal eval-
uation index, heavy metal pollution index, and Nemerow pollution index. The
ecological risks were also low. However, an assessment of the water quality index
revealed that only 58.34% of the groundwater samples had good water quality.
The absolute principal component scores-multiple linear regression model was
more suited for this study area than the positive matrix factorization model.
There were no obvious noncarcinogenic or carcinogenic concerns for all types
of receptors according to the values of the total hazard index and total car-
cinogenic risk. The human activities and the initial geological environment
factor (65.85%) was the major source of noncarcinogenic risk (residential chil-
dren: 87.56%; residential adults: 87.52%; recreational children: 86.77%; and
recreational adults: 85.42%), while the industrial activity factor (16.36%) was
the major source of carcinogenic risk (residential receptors: 87.96%; and recre-
ational receptors: 68.73%). These findings provide fundamental and crucial
information for reducing the health issues caused by heavy metal(loid)s contam-
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ination of groundwater in arid areas.
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Introduction
Heavy metal(loid)s pollution has attracted interest worldwide due to the toxicity
of these elements and their ability to enter the food chain, resist degradation,
and persist (Wu et al., 2016; Li et al., 2018; Cui et al., 2022; Huang et al., 2022).
There are reports of significant annual heavy metal(loid)s discharge into waters
worldwide (Gao et al., 2020; Jaskuła and Sojka, 2022). Heavy metal(loid)s
have the capacity to concentrate in aquatic species after the elements enter
waters. When the concentrations of heavy metal(loid)s are higher than what
aquatic organisms can tolerate, they have disastrous effects on the organisms
(Vatanpour et al., 2020; Adegbola et al., 2021). Heavy metal(loid)s pose a severe
threat to humans since they can enter the body in large quantities through the
food chain and have teratogenic and carcinogenic consequences (Mukherjee et
al., 2020; Liu et al., 2022). The threats that heavy metal(loid)s pose to the
environment and human health must be considered (Wei et al., 2022; Wu et al.,
2022), together with assessments of pollution, water quality, and other factors.

Heavy metal(loid)s pollution in waters has been extensively characterized us-
ing the Nemerow pollution index (NP), heavy metal evaluation index (HEI),
degree of contamination (DC), and heavy metal pollution index (HPI) (Mohan
et al., 1996; Backman et al., 1997; Edet and Offiong, 2002; Saleem et al., 2019;
Karunanidhi et al., 2022; Li et al., 2022). The ecological risk index (ERI) and
water quality index (WQI) are well known as crucial tools for providing a com-
prehensive picture of the ecological hazards and water quality of groundwater,
rivers, and lakes (Prabakaran et al., 2020; Ustaoğlu et al., 2020; de Carvalho et
al., 2021). The origins of heavy metal(loid)s in waters are frequently identified
using three multivariate statistical techniques, including principal component
analysis (PCA), factor analysis (FA), and correlation analysis (Li et al., 2020a;
Lu et al., 2022a, b). The source apportionment of heavy metal(loid)s in waters
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has recently been studied using receptor models, such as positive matrix fac-
torization (PMF) model, absolute principal component scores-multiple linear
regression (APCS-MLR) model, UNMIX, and chemical mass balance (CMB)
(Chai et al., 2021; Lei et al., 2022; Proshad et al., 2022). Additionally, the
health risk assessment model has been used to analyze the noncarcinogenic and
carcinogenic dangers of heavy metal(loid)s found in waters (Liu et al., 2019;
Sheng et al., 2021, 2022). Prior studies have given attention to the effects of
pollution sources on the concentrations of heavy metal(loid)s in waters.

To prevent health issues and ensure effective control, it is helpful to quantify
source-specific health risk partitioning of heavy metal(loid)s in waters. Nonethe-
less, the significant spatial heterogeneity of heavy metal(loid)s in waters caused
by various contamination sources (anthropogenic and natural) makes the quan-
titative partitioning of source-specific health risk difficult. Parent material
weathering and pedogenesis are regarded as the main natural sources of heavy
metal(loid)s in waters. Anthropogenic sources include activities such as irri-
gation with sewage, metal smelting and mining, industrial activities, and the
indiscriminate use of pesticides, fertilizers, livestock manures, or herbicides (Wu
et al., 2021; Sheng et al., 2022). The distribution, prevalence, and toxicity of
heavy metal(loid)s are significantly influenced by a variety of sources and should
be highlighted (Wen et al., 2019; Guo et al., 2021). As a result, a source-specific
health risk apportionment approach, which takes into account both source ap-
portionment and health risk assessment, is needed. To safeguard human health,
it is essential to comprehend the specific health problems that heavy metal(loid)s
in water create at each source.

The Heihe River Basin, which is close to this study area, has high SO4 2–
concentrations in the river and shallow groundwater (Li et al., 2013; Xie et al.,
2022). Current studies on the groundwater or freshwater in the Shule River
Basin have prioritized water quantity, ecosystem service assessment, and water
salinization and evolution (Guo et al., 2015; Zhou et al., 2021; Xie et al., 2022;
Yue et al., 2022a, b). The causes of the Shule River Basin contamination and
associated health issues have not yet been properly pinpointed. Therefore, it
is important and necessary to evaluate the impact of heavy metal(loid)s from
pollution sources on health risk. The main goals of this study were to (1) assess
the pollution level of heavy metal(loid)s based on various indices (including
DC, HEI, HPI, and NP); (2) evaluate water quality and ecological risk using
the WQI and ERI, respectively; (3) choose a method that is appropriate for
allocating heavy metal(loid)s pollution sources by comparing PMF model and
APCS-MLR model; and (4) determine the source-specific health risks of heavy
metal(loid)s.

2.1 Study Area
The Shule River is an inland river located at the western end of the northwestern
Hexi Corridor. It originates in the Qilian Mountains and flows through the
Yumen-Tashi subbasin before dissipating in the lower Gobi desert (Xie et al.,
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2022). Groundwater and rivers provide significant water supplies for oases.
Near Changma Town, Huahai Town, and Shuangta Town, the water is mostly
used for agricultural irrigation (Guo et al., 2015; Xie et al., 2022). Due to the
significant agricultural labor force that had become established in the region
by 2020, the population reached 5.4$×10{5}.𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝑙𝑦, 𝑚𝑜𝑟𝑒𝑡ℎ𝑎𝑛1.3×10{3}$ km2

land was irrigated for cultivation during the same period (Gansu Provincial
Water Resources Department, 2020). Consequently, the ecosystem of the Shule
River Basin is highly vulnerable (Yue et al., 2022a, b). In addition, both the
population and the intensity of resource use have dramatically expanded in
recent years (Zhou et al., 2021).

The study area is located in the Shule River Basin (39°32�–41°53�N, 92°46�–
98°26�E; Fig. 1 [Figure 1: see original paper]). The Shule River Basin spans
4.13$×10^{4}$ km2 in Gansu Province’s northwest region. The Shule River
starts from the Qilian Mountains, where meltwater is plentiful. The National
Outline of Ecological Environment Conservation has identified the downstream
section of the Shule River Basin as a significant region for soil and water con-
servation. The Shule River Basin is an area of irrigated farmland with a long
history (Yue et al., 2022b). The middle and lower basin regions as well as those
in the northern Mazong Mountains region with bare rock, sandy ground, and
the Gobi desert are particularly sensitive to environmental changes (Qi et al.,
2017).

Fig. 1 Distribution of sampling sites. DEM, digital elevation model.

2.2 Sample Collection and Analysis
A total of 96 groundwater samples were collected from the Shule River Basin
in August 2018. The temperature, dissolved oxygen content (DO), pH, total
dissolved solids (TDS), and electrical conductivity (EC) of each groundwater
sample were measured in situ using an Ultrameter IITM 6P (Myron L Company,
CA, USA).

The groundwater samples were stored in prewashed polypropylene bottles after
collection and were transported to the laboratory. All samples were processed
through 0.45 �m membrane filters, acidified with nitric acid (pH<2), and then
kept at 4°C before further examination. We used ion chromatography to inves-
tigate the concentration of several cations and anions (including Na+, Mg2+,
K+, Ca2+, Cl−, NO3

−, and SO4
2−). The concentration of HCO3

−/CO3
2− was

determined by a volumetric method. Heavy metal(loid)s, including manganese
(Mn), aluminum (Al), cobalt (Co), ferrum (Fe), cuprum (Cu), nickel (Ni), ar-
senic (As), zinc (Zn), lead (Pb), and cadmium (Cd), were analyzed using an
ELAN DRC II inductively coupled plasma mass spectrometer (PerkinElmer
Ltd., MA, USA). Table S1 shows the detection and quantification limits for the
heavy metal(loid)s in the groundwater samples. For quality control during this
analysis, we used spiked blanks, spiked samples, and duplicate technique blanks.
The tested substance’s relative standard deviation (RSD) was less than 15.0%,
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which met the criteria of United States Environmental Protection Agency (RSD
below 30.0%). The 10 heavy metal(loid)s measured in this study had average
recovery rates ranging from 89.2% to 108.7%.

2.3 Pollution and Assessment
DC, HEI, HPI, and NP were used to evaluate pollution levels in the groundwater
(Mohan et al., 1996; Backman et al., 1997; Edet and Offiong, 2002; Saleem
et al., 2019; Karunanidhi et al., 2022; Li et al., 2022). These indices were
calculated by the following formulas: where Ci is the analyzed concentration of
heavy metal(loid)s in the groundwater samples (�g/L); Si and MACi adopted the
standards of the Chinese drinking water or World Health Organization (WHO)
(Ministry of Health of the People’s Republic of China, 2006; World Health
Organization, 2011), respectively; n denotes the amount of heavy metal(loid)s;
and k is a proportionality constant. The ranking criteria for DC, HEI, HPI, and
NP are based on Sheng et al. (2022).

2.4.1 WQI
The WQI is regarded as a useful tool for comprehensively understanding the wa-
ter quality of groundwater, rivers, or lakes (Tiwari and Mishra, 1985; Xu et al.,
2020). The WQI brings together a large number of water quality characteristics
(physical-chemical parameters and heavy metal(loid)s) from a large amount of
data (Ravindra et al., 2019; Ustaoğlu et al., 2020; de Carvalho et al., 2021).
The WQI is calculated using the following formula: where Wi is the relative
weight. The Wi can be calculated using the following equation: = � , where wi
is the weight of each parameter, according to its relative effects on suitability
for consumption and human health risks (Şener et al., 2017; Li et al., 2022);
and Σwi is the sum of wi, and Σwi is 47 in this study. The ranking standards
of the WQI are based on Li et al. (2022).

2.4.2 ERI
Ecological risk analysis has often been performed to evaluate the potential effects
of heavy metal(loid)s contamination on organisms. The ERI, which is often
employed in the ecological risk evaluation of habitats in water, is generated
using the following formula (Li et al., 2018; Qin et al., 2021; Karunanidhi et
al., 2022): where Ti is the biological toxicity factor of target heavy metal(loid)s.
Hakanson (1980) showed the Ti of every heavy metal(loid). The classifications
of the ERI are presented in Sheng et al. (2022).

2.5 Source Apportionment Analysis
Analysis of the sources of contaminants in water, soil, and air is frequently per-
formed using PMF model. Environmental Protection Agency Positive Matrix
Factorization 5.0 is often used to calculate the source apportionment of heavy
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metal(loid)s in groundwater or surface water. In multiple linear regressions,
the concentrations of heavy metal(loid)s were used as the dependent variables,
and in APCS-MLR model, the absolute principal component factor scores were
used as the independent variables. The regression coefficient is used to calculate
each pollutant source’s contribution. SPSS 22.0 software was used to calculate
APCS-MLR model. Sheng et al. (2022) provided an overview of the mathe-
matical expression computation process used for PMF model and APCS-MLR
model.

2.6 Source-Specific Health Risk Assessment
To assess the level of toxicity that heavy metal(loid)s produce in aquatic ecosys-
tems, researchers frequently utilized hazard quotients in previous studies (Özgür
et al., 2020; de Carvalho et al., 2021; Githaiga et al., 2021). The hazard index is
employed to evaluate all potential noncarcinogenic risks brought on by various
methods (USEPA, 2004; Wu et al., 2018). Only heavy metal(loid)s with car-
cinogenic slope factors are evaluated for carcinogenic risk (Özgür et al., 2020;
Li et al., 2022). The health risk assessment model and APCS-MLR model were
combined to calculate the source-specific health hazards for residential and recre-
ational receptors (USEPA, 2011). Sheng et al. (2022) provided a summary of
the mathematical statement and calculation process for health risk.

2.7 Data Analysis
Spearman correlation was utilized to evaluate the correlations among heavy
metal(loid)s from groundwater, surface water, soil, and sediment, and so on (Li
et al., 2020b, 2022; Lu et al., 2022a, b). PCA is a statistical technique adopted
to quickly obtain information by converting a collection of initial connected
variables into values of principal components, which are linearly uncorrelated
variables (Li et al., 2020a). The objective of FA, which is closely related to
PCA, is to produce a lower-dimensional linear structure that conveys the main
message of the original data (Sheng et al., 2022). The comprehensive PCA and
FA information is reported in Sheng et al. (2022).

3.1 Concentrations of Heavy Metal(loid)s
Descriptive information on total dissolved solids (TDS), concentration of anions
and cations, DO, pH, EC, and temperature of groundwater was shown in Table
S1. TDS values varied significantly among the samples, with values ranging
from 301.0 to 7009.0 mg/L. Excessive TDS led to reduced water clarity, hinders
photosynthesis, and increases water temperature (Rahman and Gagnon, 2014).
Moreover, TDS values for 49.0% of the sampling sites exceeded the WHO guide-
line value (1000.0 mg/L). The concentrations of anions were measured, and they
were ranked in the order of SO4

2− > NO3
− > Cl−. Approximately 61.5% of

the sampling sites for SO4
2− exceeded the limit of detection values, while 39.6%

and 36.5% of the sampling sites for NO3
− and Cl− exceeded the limit of detec-
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tion values, respectively. The cations results revealed that more than 38.5% of
the sampling sites had Na+, Mg2+, K+, and Ca2+ levels that were much higher
than their standard reference values. The average value of DO was 7.4 mg/L
and DO of groundwater ranged from 2.8 to 18.5 mg/L. The average pH was 8.0
with a range between 7.2 and 9.4, indicating that the groundwater was slightly
alkaline. EC ranged from 446.0 to 7480.0 �S/cm, with an average value of 2025.0
�S/cm. Higher EC indicated greater water contamination (Florescu et al., 2011).
It may be inferred from the physical-chemical parameter and anion and cation
studies that the groundwater of the Shule River Basin was unsatisfactory with
respect to TDS, concentrations of anions and cations, and EC values.

The concentrations of the 10 heavy metal(loid)s were shown in Table S1 and
Figure 2 [Figure 2: see original paper]. The mean concentrations of heavy
metal(loid)s in groundwater decreased in the following order: Fe > Zn > Ni >
Al > Cu > As > Mn > Co > Pb > Cd. The mean concentrations of these
nine heavy metal(loid)s, namely, Zn, Ni, Al, Cu, As, Mn, Co, Pb, and Cd,
were below the WHO and Chinese drinking standards for the corresponding
metal(loid)s (Ministry of Health of the People’s Republic of China, 2006; World
Health Organization, 2011). For Fe, only 39.6% of the groundwater samples
surpassed the threshold. The concentrations of Fe in the groundwater of this
area indicated that Fe was the primary contaminant in the groundwater of the
Shule River Basin. The human body needs the elements, including Fe, Zn,
Cu, and Mn (Sheng et al., 2022). The spatial distributions of the target heavy
metal(loid)s, such as Fe, Mn, Ni, Co, As, Cu, Pb, and Cd, were similar (Fig.
S1). Al and Zn had their own spatial distribution characteristics. To fully
understand the pollution status of heavy metal(loid)s in the groundwater of the
Shule River Basin, we compared the concentrations of heavy metal(loid)s in this
study area with those of other rivers or groundwaters in eastern China (Table
S2). For instance, the concentration of Fe in this study area was much higher
than that in the rivers or groundwaters of the Heihe River, Buh River, Yellow
River, and Za’gya Zangbo River, northeastern Qinghai-Tibet Plateau, Yangtze
River, Lancang River (Mekong River), Salween River (Nujiang River), Yarlung
Zangbo River, Ganges River, Indus River, Chinese Loess Plateau, Tarim River
Basin, and Zhangye Basin (Huang et al., 2009; Zheng et al., 2010; Xiao et al.,
2014; Qu et al., 2015; Zhang et al., 2015; Qu et al., 2017; Qu et al., 2019; Xiao et
al., 2019; Li et al., 2022; Sheng et al., 2022). Overall, different regions of eastern
China had quite variable concentrations of heavy metal(loid)s in rivers. Given
that many of heavy metal(loid)s can be extremely harmful even at low quantities
in groundwater, it is essential to establish effective groundwater management
methods to ensure safe groundwater supply.

Fig. 2 Variation of heavy metal(loid)s in groundwater samples of the Shule
River Basin. Al, aluminum; Mn, manganese; Fe, ferrum; Co, cobalt; Ni, nickel;
Cu, cuprum; Zn, zinc; As, arsenic; Cd, cadmium; Pb, lead; IQR, interquartile
range.
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3.2 Pollution Assessment
For regional environmental management, more knowledge on the overall contam-
ination caused by the presence of heavy metal(loid)s in groundwater is needed.
Four methods, including DC, HEI, HPI, and NP, were utilized to evaluate the
degree of pollution caused by all target heavy metal(loid)s in groundwater (Fig.
3 [Figure 3: see original paper]). The four index values at each sampling site
had similar spatial distributions. However, the results showed that the hazard
posed by all heavy metal(loid)s was minimal in the great majority of groundwa-
ter samples from the Shule River Basin.

Fig. 3 Spatial distribution of degree of contamination (DC; a), heavy metal
evaluation index (HEI; b), heavy metal pollution index (HPI; c), and Nemerow
pollution index (NP; d) for groundwater in the Shule River Basin.

DC and HEI were established by integrating the variables’ maximum permitted
concentrations (Fig. 3a and b). DC values ranged from –7.9 to –6.7, with a
mean value of –7.6. HEI values ranged from 0.1 to 1.3, with a mean of 0.4. HEI
for all samples was below the threshold of 10.0, according to the index data,
suggesting a pollution-free state. The mean HPI value for heavy metal(loid)s in
groundwater samples was 5.7, with values ranging from 1.4 to 19.2 (Fig. 3c).
According to HPI rating standards, low and moderate pollution was present at
96.9% and 3.1% of the sampling sites, respectively (Qiao et al., 2020). Ni and
As mainly accounted for moderate degrees of contamination as evaluated by
HPI in only three sites. In numerous earlier studies, NP has been used to assess
the total pollution from heavy metal(loid)s in water samples (Li et al., 2022).
NP values consider the median and maximum concentrations of each heavy
metal(loid) and can show the significance of major and severe contaminants
(Karunanidhi et al., 2022; Mahmudul et al., 2022). The mean NP value for
heavy metal(loid)s in groundwater samples was 0.2, with values ranging from
0.0 to 0.5 (Fig. 3d). According to NP rating standards (Li et al., 2018), all
sampling sites showed low pollution levels.

3.3 Results of the ERI and WQI
The ERI values on the whole ranged from 0.7 to 9.4, with a mean of 2.8 (Fig. 4
[Figure 4: see original paper]). All samples met the “low risk” ranking criteria
set forth by the ERI (Karunanidhi et al., 2022). The findings revealed that none
of the data from the water samples taken from the groundwater in the study
area indicated that heavy metal(loid)s caused harm to the environment.

The groundwater quality of the Shule River Basin was further examined using
the WQI (Fig. 4a). The determination of water quality was carried out using
14 different water parameters. The four categories of water samples are excel-
lent water quality, good water quality, poor water quality, and very poor water
quality, with the first three being drinkable and the last two being unfit for
consumption (Li et al., 2022). The WQI values of the groundwater in the Shule
River Basin ranged from 9.7 to 248.0, with an average of 64.4. The groundwa-
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ter in 58.3%, 12.5%, 27.1%, and 2.1% of the sampling sites had excellent water
quality, good water quality, poor water quality, and very poor water quality,
respectively. The water quality of the Shule River Basin was generally excel-
lent. According to the geographic distribution of the WQI in groundwater, the
good water quality samples with low WQI values were distributed in the east-
ern Shule River Basin, and the higher values were distributed in the western
Shule River Basin. In the study area, evaporation is high, while precipitation
is minimal. The western end of the Shule River Basin shows sites with erosion
and desertification. The high concentrations of Fe, cations (Na+, Mg2+, K+,
and Ca2+), and anions (Cl−, NO3

−, SO4
2−) in the groundwater of the Shule

River Basin were associated with a high WQI. The findings indicated that the
western groundwater resources were only appropriate for irrigation, while the
eastern groundwater resources could be used for irrigation and consumption.

Fig. 4 Spatial distribution of water quality index (WQI; a) and ecological risk
index (ERI; b) for groundwater in the Shule River Basin.

3.4 Positive Matrix Factorization (PMF) Model and Abso-
lute Principal Component Scores-Multiple Linear Regres-
sion (APCS-MLR) Model Comparisons
PMF model and APCS-MLR model were utilized to determine the sources
of the heavy metal(loid)s in the groundwater (Table 1 ). The representative
heavy metal(loid)s from a particular source were considered to be those heavy
metal(loid)s with a high loading among the factors in groundwater. APCS-
MLR model retrieved three components. The R2 values for the 10 metal(loid)s
in APCS-MLR model were more than 0.629, indicating effective fitting (Fig. 5
[Figure 5: see original paper]).

Factor 1 (human activities and the initial geological environment factor) was
primarily responsible for Mn, Fe, Ni, Co, Cu, As, Cd, and Pb, with contributions
of 56.1%, 88.6%, 88.2%, 89.0%, 90.0%, 93.3%, 75.9%, and 64.1%, respectively.
Factor 2 (industrial activity factor) explained 94.0% of the concentration of Al.
Factor 3 (agricultural practices factor; 84.2%) had the highest concentration of
Zn, making Zn the dominant element in Factor 3.

We selected three PMF model components based on their smallest and steadiest
Q values, similar to APCS-MLR model (Table 1). According to U.S. Environ-
mental Protection Agency (USEPA) PMF model, Figure 6 [Figure 6: see origi-
nal paper] displays the “factor figure-prints” of all target heavy metal(loid)s in
groundwater, which represents a conceptual fraction of possible pollution con-
tributions. Heavy metal(loid)s were classified as “strong” because they had a
signal-to-nose ratio of 10, which ensured the plausibility of PMF model. The
remaining heavy metal(loid)s had R2 values greater than 0.765, with the excep-
tion of Al, Mn, and Zn. Factor 1 had the highest contribution from Cd, Mn,
and Al, with values ranging from 43.1% to 62.2%, as shown in Figure 6 and
Table 1. Factor 2 was dominated by Fe (70.4%), Co (65.0%), Ni (66.8%), Cu
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(48.9%), Zn (51.7%), and Pb (50.4%). As made a 56.0% contribution to Factor
3.

Table 1 Contribution of each factor derived from positive matrix factorization
(PMF) model and absolute principal component scores-multiple linear regression
(APCS-MLR) model.

Note: Al, aluminum; Mn, manganese; Fe, ferrum; Co, cobalt; Ni, nickel; Cu,
cuprum; Zn, zinc; As, arsenic; Cd, cadmium; Pb, lead. Factor 1 represents hu-
man activities and the initial geological environment factor, Factor 2 represents
industrial activity factor, and Factor 3 represents agricultural practices factor.

Fig. 5 Scatter plot of observed data and predicted data derived from absolute
principal component scores-multiple linear regression (APCS-MLR) model. (a),
Al; (b), Mn; (c), Fe; (d), Co; (e), Ni; (f), Cu; (g), Zn; (h), As; (i), Cd; (j), Pb.

Fig. 6 Factor figure-prints of heavy metal(loid)s resulted from positive matrix
factorization (PMF) model. Factor 1 represents human activities and the initial
geological environment factor, Factor 2 represents industrial activity factor, and
Factor 3 represents agricultural practices factor.

Both APCS-MLR model and PMF model correctly identified different types of
pollution sources with three components for the two models. However, APCS-
MLR model outperformed PMF model in terms of pollution source apportion-
ment, as evidenced by the fact that its R2 values were higher (Table 1). Ad-
ditionally, a comparison of PMF model and APCS-MLR model predicted data
versus observed data for most of the heavy metal(loid)s showed that APCS-MLR
model had a superior fit (Fig. 5). APCS-MLR model may be more appropriate
for the pollution source apportionment of heavy metal(loid)s in groundwater of
this study area where complex contaminants coexist.

3.5 Source Apportionment
It is essential to have a clear and in-depth understanding of the main sources of
contaminants because the groundwater pollution sources in the study area are
complex and variable. Figure 7 [Figure 7: see original paper] displays the cor-
relation values for the 10 heavy metal(loid)s found in groundwater. Significant
positive connections among heavy metal(loid)s were discovered in groundwater,
with the exception of Al and Zn, indicating that they might have comparable
geochemical properties and origins. There was a substantial positive connection
among Fe, Ni, Cu, As, Mn, Co, Pb, and Cd at the significance threshold of
P<0.01.

Additionally, the factors influencing the distribution of heavy metal(loid)s in
groundwater in the Shule River Basin were identified using PCA and FA. The
Kaiser-Meyer-Olkin (KMO) value was 0.891, and the value of Bartlett’s spheric-
ity test was 1365.284 (P<0.05), indicating the validity of PCA and FA results.
Figure 7b shows that the first three principal components account for 88.2%
of the overall variation. Strong positive loadings were seen for Co (0.954), Fe
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(0.961), Cu (0.943), Ni (0.958), As (0.925), Pb (0.918), and Cd (0.913), while
a moderate positive loading was seen for Mn (0.706). Factor 1 accounted for
approximately 68.0% of the total variation. Factor 2 exhibited a substantial
and positive loading of Al (0.946) and explained 11.1% of the overall variation.
Factor 3 exhibited a substantial positive loading of Zn (0.928) and contributed
9.1% of the overall variance.

Furthermore, APCS-MLR model was used to quantify the sources of heavy
metal(loid)s in groundwater and more clearly demonstrate the link. The results
in Table 1 show that APCS-MLR model agreed with PCA and FA models. Fe,
Mn, Ni, Co, As, Cu, Pb, and Cd had high loadings of 88.6%, 56.1%, 88.2%,
89.0%, 93.3%, 90.0%, 64.1%, and 75.9%, respectively. According to the exami-
nation of pollution indices, Fe was the main pollution source in the groundwa-
ter. Mn, Cu, Fe, Ni, Co, As, Pb, and Cd also displayed a discernible correlation
based on Spearman correlation (Fig. 7a). Both the parent materials of the soil
and agricultural practices such as irrigation and fertilization generated Fe and
Cu contamination (Sheng et al., 2022). Most human activity in the basin is
centered in the midstream and downstream reaches of the oasis region of the
plain. It is a typical irrigation area with the most irrigated fields per person
in Gansu Province and the Hexi region of China (Pan et al., 2021). Factor 1
corresponded to a large region that is primarily found in the east of the research
area (Fig. 8 [Figure 8: see original paper]). The dual influences of human ac-
tivities and the initial geological environment are reflected in Factor 1, which is
known as the “human activities and the initial geological environment factor”.
In APCS-MLR model, Factor 2 was weighted by Al (94.0%; Table 1). Factor
2 primarily dominated at three sites (Fig. 8). Factor 2 can be referred to as
the “industrial activity factor” since it fits with the regional distribution pattern
of other variables, and Al contamination was primarily affected by untreated
industrial sewage. In APCS-MLR model, Factor 3 was represented by Zn and
had a high loading of 84.2%. There were concentrated areas with high normal-
ized concentrations of Factor 3 in the southeastern part of the study area where
intensive agricultural practices enable substantial pesticide consumption (Fig.
8). Zn might be predominantly obtained from chemical substances applied dur-
ing agricultural production according to earlier researches (Zhang et al., 2016;
Sheng et al., 2022). These results suggested that human contributions might be
the source of Zn in groundwater. More importantly, Zn in groundwater comes
from oxidation and weathering processes in the crust of the Earth (Li et al.,
2018). Factor 3 may be referred to as the “primary geological agricultural ac-
tivity factor” due to the significant influence of agricultural productivity on the
geological background.

The concentrations of the three variables that contributed to the buildup of
heavy metal(loid)s in groundwater were mostly influenced by Factor 1 (65.9%;
Fig. S2), followed by Factor 2 (16.4%). The contribution of Factor 3 was
17.8%. Sediments and the parent material of the Shule River Basin contributed
to the accumulation of specific amounts of heavy metal(loid)s in groundwater,
depending on the precedence of the factors. Heavy metal(loid)s associated with
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the makeup of the source material and the sediments are typically thought to
be low-contamination elements. The concentrations of heavy metal(loid)s in the
groundwater of the Shule River Basin were significantly influenced by natural
variables, industrial processes, and agricultural nonpoint source pollution.

3.6 Source-Specific Health Risk Apportionment
APCS-MLR model provided the normalized heavy metal source contributions
in water according to the acceptable daily intake. We used the 10 heavy
metal(loid)s to evaluate the noncarcinogenic and carcinogenic health hazards for
four demographic categories, including residential children, residential adults,
recreational children, and recreational adults (Li et al., 2022) in the study area.
The health risks originating from heavy metal(loid)s from various sources for all
receptors are displayed in Figure 9 [Figure 9: see original paper] and Table 2 .

Based on the contribution of each heavy metal(loid) acquired from APCS-MLR
model, we calculated source-specific health hazards, including noncarcinogenic
and carcinogenic hazards for residential children, residential adults, recreational
children, and recreational adults (Table 2). It is clear that the health haz-
ards for different sources differed greatly. In the study area, there was no
noncarcinogenic risk for any of the four demographic categories. The total
hazard index values of all target heavy metal(loid)s for noncarcinogenic risk
were 7.56$×10{-2}, 4.00×10{-2}, 4.99×10{-3}, 𝑎𝑛𝑑9.41×10{-4}$ for residential chil-
dren, residential adults, recreational children, and recreational adults, respec-
tively. Children had the largest susceptibility to noncarcinogenic risk, followed
by adults, which could be due to differences in ingestion rates, individual phys-
iological difference, and hand-to-mouth behavior (Cai et al., 2019; Sheng et al.,
2021). Similar conclusions have been derived in previous studies (Saha et al.,
2017; Rajasekhar et al., 2020; Josiah et al., 2022; Krati et al., 2022). There was
modest carcinogenic risk to all receptors, as indicated by the total carcinogenic
risk values for residential receptors (3.70$×10{-5})𝑎𝑛𝑑𝑟𝑒𝑐𝑟𝑒𝑎𝑡𝑖𝑜𝑛𝑎𝑙𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟𝑠(2.01×10{-
6}), 𝑤ℎ𝑖𝑐ℎ𝑓𝑒𝑙𝑙𝑏𝑒𝑡𝑤𝑒𝑒𝑛1.00×10^{-3}$ and 1.00$×10^{-1}$. The spatial distribu-
tions of the hazard index and carcinogenic risk were similar (Fig. S3). Accord-
ing to past investigations, residential receptors showed a clearly greater total
carcinogenic risk than recreational receptors (Xiao et al., 2019; Li et al., 2022).

For residential children, residential adults, recreational children, and recre-
ational adults in the Shule River Basin, the noncarcinogenic risk from the
three sources exhibited virtually the same trend (Fig. 9). The noncarcinogenic
risk contributions from the three source factors varied across all receptors. In
terms of noncarcinogenic risk that each source posed, the three top factors were
determined to be Factor 1, Factor 3, and Factor 2. Natural sources (residential
children: 87.6%; residential adults: 87.5%; recreational children: 86.8%; and
recreational adults: 85.4%) made the largest contribution. Therefore, the
contribution of inputs should be neglected.

The Factor 3 came in second, followed by Factor 1, and Factor 2 was the source
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that contributed the most to the carcinogenic risk of the three sources. This in-
dicates that human activities were mostly responsible for carcinogenic risk, and
the contributions of Factor 2 to carcinogenic risk (residential receptors: 88.0%;
and recreational receptors: 68.7%) were greater than the total contributions of
the other two sources of heavy metal(loid)s (Fig. 9). Therefore, it is important
to consider the contributions of inputs.

4 Conclusions
Source-specific health risk apportionment is of great significance for prevent-
ing and controlling potential groundwater heavy metal(loid)s pollution. In this
study, the contamination characteristics, possible pollution sources, and source-
specific health risks of heavy metal(loid)s in groundwater were analyzed for the
Shule River Basin, Northwest China. The findings revealed that Fe had no-
table accumulation in groundwater, although DC, HEI, HPI, and NP indicated
that the groundwater pollution levels were relatively low. The groundwater
of the study area presented little ecological concern. However, only 58.3% of
the groundwater samples were classified as good water quality. The factor cor-
responding to human activities and the initial geological environment was the
most significant contributing factor to noncarcinogenic risk, while the industrial
activity factor was the most significant contributor to carcinogenic risk, accord-
ing to an evaluation of the health risks from heavy metal(loid)s in groundwater
associated with the outcomes of APCS-MLR model. Both the carcinogenic and
noncarcinogenic hazards for all types of receptors were similar in terms of the rel-
ative contributions of various sources. The leaching enrichment factor (65.9%)
was the major source of noncarcinogenic risk, and the proportions for residential
children, residential adults, recreational children, and recreational adults were
87.6%, 87.5%, 86.8%, and 85.4%, respectively. The industrial activity factor
(16.4%) was the major source of carcinogenic risk, and the proportions for resi-
dential receptors and recreational receptors were 88.0% and 68.7%, respectively.
There are no obvious noncarcinogenic concerns for any type of receptor and no
obvious carcinogenic concerns in groundwater. The results signify that the risks
due to heavy metal(loid)s in groundwater are likely to be negligible.
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Appendix
Table S1 Statistical summary of TDS, DO, pH, EC, temperature, and the con-
centrations of heavy metal(loid)s, anions, and cations of groundwater samples.

Note: Al, aluminium; Mn, manganese; Fe, ferrum; Co, cobalt; Ni, nickel; Cu,
copper; Zn, zinc; As, arsenic; Cd, cadmium; Pb, lead; TDS, total dissolved
solids; DO, dissolved oxygen content; EC, electrical conductivity; SD, standard
deviation; CV, coefficient of variation; Percentage of SER, percentage of samples
exceeding permissible value. # represents the standard for Chinese drinking
water (Ministry of Health of the People’s Republic of China, 2006) and World
Health Organization (WHO) standard (World Health Organization, 2011); “-”
refers no data.

Table S2 Comparison of the average concentrations of heavy metal(loid)s in
groundwater or river.

Note: NQTP, northeastern Qinghai-Tibet Plateau; N.D., not detected; -, no
data available.

Fig. S1 Spatial distribution of the concentrations of heavy metal(loid)s in
groundwater of the Shule River Basin. (a), aluminum (Al); (b), manganese
(Mn); (c), ferrum (Fe); (d), cobalt (Co); (e), nickel (Ni); (f), copper (Cu); (g),
zinc (Zn); (h), arsenic (As); (i), cadmium (Cd); (j), lead (Pb).

Fig. S2 Contributions from three sources by absolute principal component
scores-multiple linear regression (APCS-MLR) model. Factor 1 represents hu-
man activities and the initial geological environment factor, Factor 2 represents
industrial activity factor, and Factor 3 represents agricultural practices factor.

Fig. S3 Hazard index (HI; a–d) and carcinogenic risk (CR; e and f) from heavy
metal(loid)s for residential and recreational (b, d and f) receptors in groundwater
of the Shule River Basin. HI-RES-Adult, hazard index for residential adults; HI-
REC-Adult, hazard index for recreational adults; HI-RES-Child, hazard index
for residential children; HI-REC-Child, hazard index for recreational children;
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CR-RES, carcinogenic risk for residential receptors; CR-REC, carcinogenic risk
for recreational receptors.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv — Machine translation. Verify with original.
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