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Source apportionment 
and source‑specific risk evaluation 
of potential toxic elements in oasis 
agricultural soils of Tarim River 
Basin
Yizhen Li 1,2,3, Jilili Abuduwaili 1,2,3*, Long Ma 1,2,3, Wen Liu 1,2,3 & Tao Zeng 1,2,3

As rapidly developing area of intensive agriculture during the past half century, the oases in the 
source region of the Tarim River have encountered serious environmental challenges. Therefore, 
a comparative analysis of soil pollution characteristics and source‑specific risks in different oases 
is an important measure to prevent and control soil pollution and provide guidance for extensive 
resource management in this area. In this study, the concentration of potential toxic elements 
(PTEs) was analyzed by collecting soil samples from the four oases in the source region of the 
Tarim River. The cumulative frequency curve method, pollution index method, positive matrix 
factorization (PMF) model, geographical detector method and health risk assessment model were 
used to analyze the pollution status and source‑specific risk of potential toxic elements in different 
oases. The results showed that Cd was the most prominent PTE in the oasis agricultural soil in the 
source region of the Tarim River. Especially in Hotan Oasis, where 81.25% of the soil samples were 
moderately contaminated and 18.75% were highly contaminated with Cd. The PTEs in the Hotan Oasis 
corresponded to a moderate level of risk to the ecological environment, and the noncarcinogenic risk 
of soil PTEs in the four oases to local children exceeded the threshold (TH > 1), while the carcinogenic 
risk to local residents was acceptable (1E−06 < TCR < 1E−04). The research results suggested that the 
Hotan Oasis should be the key area for soil pollution control in the source region of the Tarim River, 
and agricultural activities and natural sources, industrial sources, and atmospheric dust fall are the 
priority sources that should be controlled in the Aksu Oasis, Kashgar Oasis and Yarkant River Oasis, 
respectively. The results of this study provide important decision‑making support for the protection 
and management of regional agricultural soil and the environment.

Potential toxic element (PTE) pollution in the soil is a major threat to global soil  health1. Agricultural soil is 
especially closely related to human health. With the rapid development of intensive agricultural activities, PTE 
pollution in agricultural soil has attracted worldwide attention because of its serious harm to the quality and 
safety of agricultural products, the health of agricultural ecosystems and human  health2–4.

The enrichment factor (EF), ground accumulation index (Igeo) and pollution load index (PLI) are commonly 
used to quantify the impact of human activities on the concentration of pollutants such as PTEs in agricultural 
 soil5–7. The main reason for using these pollution indices is to determine the natural baseline of pollutants. In 
general, the background values (BVs) and geochemical baseline values (GBVs) are used as the natural baselines 
of  pollutants8. Due to natural variability and extensive human input, it is practically impossible to accurately 
quantify true  BVs9. In contrast, the GBV composition comprises geologically natural concentrations (natural 
background) and diffuse anthropogenic contributions, which can better reflect the natural change in element 
concentrations in  topsoil10,11. Therefore, since the concept of GBVs was proposed (IGCP 3601993), an increasing 
number of studies have used this measure as the natural baseline for assessing PTE  pollution9,10,12–14. However, 
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although the GBVs of PTEs have been established in many areas in China, there has been no report on the GBVs 
of PTEs in oases with intensive human activities in the source region of the Tarim River.

There are many different sources of PTEs in soil, which complicates the prevention and treatment of soil pol-
lution. Meanwhile, previous studies have shown that PTEs from different sources differ in their bioavailability 
and geochemical components, which can lead to different risk  levels15. Therefore, to save time, labor and material 
resources, it is of great relevance for soil pollution prevention and management to determine the priority con-
trolled sources by assessing the risk levels of PTEs from different  sources16. Therefore, Taghvaee et al. proposed 
a source-specific risk assessment method based on source analysis and risk assessment methods to carry out this 
 work17. In recent years, source-specific risk assessment methods have attracted increasing attention, and have 
been widely applied in the analysis of various pollutants in air particulate  matter18, heavy metals in road  dust16, 
potential toxic elements in agricultural  soil19 and pollutants in river  sediments20. The key to source-specific risk 
assessment is the source apportionment of PTEs. At present, methods for analyzing the source of PTEs in soil 
mainly include chemical mass balance (CMB), the UNMIX model, absolute principal component score-multiple 
linear regression (APCS-MLR)21–23 and positive matrix factorization (PMF)24, etc. However, most of the above 
models and methods are mathematical in terms of the appearance and intrinsic properties. The interpretation 
of the source of pollutants is based on the judgment of the evaluator, and the results of source analysis are highly 
 subjective25. In recent years, an increasing number of studies have combined geographic detector models to ana-
lyze the sources of pollutants in the environment, because it can capture the spatial relationship between various 
driving factors and pollutant  concentrations26–28. With geographical detection results, the results of recognition 
by receptor models such as the PMF model can be interpreted and verified objectively, and comprehensive and 
accurate conclusions can be obtained.

The Tarim River Basin is one of the major water-scarce areas in the world. This basin contains fragile eco-
systems, and it is also the largest inland basin in China. Against the background of the western development 
strategy, this region has been devoted to commodity cotton  production29. The intensive agriculture in the oasis 
system has brought major environmental challenges, such as land desertification and soil salinization, to the 
Tarim River Basin, resulting in substantial reliance on the application of nitrogen, phosphorus and potassium 
fertilizers to improve crop  yield30,31. In addition, the Taklimakan Desert in the Tarim River Basin is an important 
source of dust in this region and beyond. When dust passes through areas with dense human activities, it com-
bines with local pollutants and brings pollutants to the surface through wet and dry deposition. Therefore, the 
source region of the Tarim River has been affected by intense human activities and adverse climatic conditions, 
and the pressure for sustainable environmental development in this region is  high32, therefore this area of dense 
human activities in an arid inland river basin of Northwest China is an ideal area to assess the PTE pollution of 
soil. However, until now, investigations and research on the PTEs of agricultural soil in the source region of the 
Tarim River Basin in Xinjiang have typically been carried out at the  county33–36, small watershed and subregion 
spatial  scales37–39, while a systematic analysis of the distribution characteristics of PTEs and pollution charac-
teristics of oasis agricultural soil in different regions at large spatial scales is lacking. Thus, the comprehensive 
assessment and countermeasures of oasis farmland pollution have been hindered. Therefore, it is of great value 
and necessity to comprehensively evaluate the source specific risk of agricultural soil PTEs in the source region of 
the Tarim River. With that in mind, the purpose of this study is to (1) analyze the pollution level of soil PTEs in 
different oasis farmlands according to GBVs, (2) allocate the potential sources of PTEs by comparing the principal 
component analysis (PCA) method, PMF model and geographical detector method, and (3) combine the source 
apportionment with ecological and human health risk assessment to quantify the source-specific risks of soil 
PTEs in different oases. Because no previous study has discussed the GBVs and source-specific risks of PTEs in 
the soil of the source region of the Tarim River, the results of this study will be helpful for regional monitoring 
of the impact of PTE pollution in agricultural soil and for formulating appropriate control and management 
strategies for agricultural soil environmental pollution.

Materials and methods
Study area. The Tarim River is located in the center of Eurasia and crosses the Taklimakan Desert, the sec-
ond largest desert in the world. It is the longest inland river in China and the main river in the Xinjiang Uygur 
Autonomous Region in Northwest  China40. Moreover, as the most important water supply in southern Xinjiang, 
the main stream and tributaries of the Tarim River connect scattered oases around the Taklimakan Desert, pro-
viding water to more than 8 million people in southern  Xinjiang41. The runoff of the Tarim River mainly comes 
from its three tributaries, namely the Aksu River, Yarkant River and Hotan River. The source region of the Tarim 
River is the area covered by these three  tributaries42. In this study, the Yarkant River Oasis, Kashgar Oasis, Aksu 
Oasis and Hotan Oasis in the source region of the Tarim River were selected as the study areas (Fig. 1c–f).

The economy of the oases in the source region of the Tarim River is dominated by animal husbandry and 
agriculture, mainly grain and cotton, and the region is an important base for high-quality cotton and production 
in Xinjiang. Since the 1950s, the Tarim River Basin has become one of the most important resettlement-receiving 
areas and farming bases in China. Large-scale population growth and agricultural production have placed great 
pressure on the water and land resources in the  region42. Since the 1990s, due to the impact of high-intensity 
agricultural development, the total area of arable land in the oasis in the source region of the Tarim River has 
continued to increase, and the areas of the Aksu Oasis and Yarkant River Oasis have expanded  considerably43. 
With the increases in population size and cultivated land area, the application intensity and density of nitrogen 
and phosphorus fertilizers in the Tarim River Basin are also increasing. At present, the amount of fertilizer 
applied in the basin accounts for approximately 60% of the total for all of Xinjiang, and the amount is increasing 
at an annual rate of more than 5%. Meanwhile, the fertilizer density (393.60 kg/hm2) has been higher than the 
average level of all of Xinjiang, and has far exceeded the globally recognized safety limit (225 kg/hm2)44.
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Sample collection. In this study, soil sampling was carried out in four oases (Yarkant River Oasis, Kashgar 
Oasis, Aksu Oasis and Hotan Oasis) in the source region of the Tarim River in June 2021. A hand-held GPS 
instrument was used for field sampling, and samples were sealed in polyethylene zip-lock bags and marked 
with sample number and location. The specific distribution information of the sampling points is shown in 
Supplementary Table S1 and Fig. 1. According to the soil survey specifications, when collecting soil samples, an 
equal mixture of soil from 3 to 5 subsamples was collected from each sample site, for a total of approximately 
1.0–1.5 kg samples. A total of 78 topsoil samples (sampling depth 0–20 cm) and 78 subsoil samples (sampling 
depth 60–80 cm) were collected.

Sample processing and PTE determination. The soil samples returned to the laboratory were naturally 
aired and air-dried to remove debris such as rocks, roots, and animal and plant residues, and then each dry pow-
der sample was sieved through a 200-mesh sieve. Finally, an appropriate amount of sample was sent to Aussie 
Analytical Testing (Guangzhou) Co., Ltd., for PTE determination.

When the PTEs were determined, the sample was digested with perchloric acid, nitric acid, hydrofluoric acid 
and hydrochloric acid, and then diluted hydrochloric acid was used to determine the volume. Finally, elemental 
analysis was carried out by inductively coupled plasma emission spectrometry (ICP-AES, model Agilent 5110, 
origin USA) and inductively coupled plasma-mass spectrometry (ICP-MS, model Agilent 7900, origin USA). 
After the spectral interference between elements was corrected, the analysis results of PTE (As, Cd, Co, Cu, Ni, 
Pb, Sb, Sn, Tl, V and Zn) contents were obtained.

For the determination of PTEs, measures such as inserting monitoring substances (inserting blank samples, 
duplicate samples and reference materials in each test batch), using the same or different methods for repeated 
testing, repeatedly testing the retained samples, analyzing the relevant characteristics of different results of sam-
ples and blind sample testing were adopted to carry out quality monitoring and ensure the accuracy of the results. 
Accuracy and precision were controlled according to the following requirements: relative deviation (RD) < 10% 
and relative error (RE) < 10%. The detection limits of As, Cd, Co, Cu, Ni, Pb, Sb, Sn, Tl, V and Zn were 0.2, 0.02, 
0.1, 0.2, 0.2, 0.5, 0.05, 0.2, 0.02, 1 and 2 µg/g, respectively.

Figure 1.  Sampling locations in the Kashgar Oasis (c), Aksu Oasis (d), Yarkant River Oasis (e) and Hotan Oasis 
(f). The graphs were generated by QGIS 3.26.3 (https:// www. qgis. org) and the review number of China Map 
is GS (2020) 4619, the Land use data are from the ESA global 30 m resolution land use cover dataset (https:// 
viewer. esa- world cover. org/ world cover). The combination of graphs (a–e) was accomplished with linkscape 1.2.1 
(https:// inksc ape. org).

https://www.qgis.org
https://viewer.esa-worldcover.org/worldcover
https://viewer.esa-worldcover.org/worldcover
https://inkscape.org
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Analysis methods. Determination of GBVs and calculation of pollution level. Elemental GBVs refer to the 
concentration level of elements in the absence of environmental pollution. The most widely used method to de-
termine the GBVs of soil elements is the cumulative frequency curve  method8,10,19. Since subsoil is considered to 
be less affected than other soil levels by human activities, PTE concentrations in subsoil (60–80 cm) are usually 
used to estimate GBVs. The specific principle and steps of determining the elemental GBVs by using the cumula-
tive frequency distribution curve method are as  follows8: (1) Before drawing the element cumulative frequency 
distribution curve, the Kolmogorov–Smirnov (K–S) test is used to detect whether the element concentration 
data conform to a normal distribution. If the element concentration data do not conform to a normal distribu-
tion, the data need to be transformed. (2) The cumulative frequency distribution curve is drawn with the cumu-
lative frequency and element concentration as the X and Y axes, respectively, and extreme values are gradually 
eliminated to meet the criteria of p < 0.05 and R2 > 0.95 in linear  regression45. (3) The inflection point of the 
cumulative frequency distribution curve is observed. If there is an inflection point in the curve, the mean value 
of the concentration data below the inflection point is defined as the GBV. If there are two inflection points in the 
curve, the mean value of the concentration data below the lower inflection point is defined as the GBV. If there 
is no inflection point in the curve, the mean value of all the bottom soil element concentration data is the GBV.

To explore the pollution level of PTEs, the pollution factor (PF), pollution load index (PLI) and Nemerow 
comprehensive pollution index (PN) of oasis agricultural soil PTEs were calculated based on the calculated GBVs 
as  follows19,46,47:

where, Ci is the PTE concentration investigated in the soil samples, Bi is the GBV of the corresponding PTE, 
and n is the number of PTEs. The PF, PLI and PN associated with specific pollution types are presented in Sup-
plementary Table S2.

Source‑specific risk assessment. PMF model. As one of the source analysis models recommended by 
the U.S. Environmental Protection Agency (EPA), the PMF model has been widely used for source analysis 
of pollutants such as heavy metals and  PTEs24,48,49. The PMF model first uses the weight to determine the er-
ror in the chemical components of the acceptor, and then iteratively determines the pollution source and its 
contribution ratio by the least square method, which has advantages in the source analysis of pollutants in the 
 environment50. In this study, USEPA PMF5.0 was used to quantitatively analyze the source resolution of soil 
PTEs. The calculation process and principles of PMF 5.0 are described in Supplementary Material S1. In addi-
tion, SPSS 20 was used to conduct correlation analysis and PCA of associations between PTEs and qualitatively 
identify their potential sources. The factor detectors in geographic detectors were also used to help determine 
the specific sources of PTEs in agricultural soil. The principle and calculation method are presented in Supple-
mentary Material S1.

Distribution of PTE concentrations from different sources. After obtaining the calculation results 
of the PMF model, the concentration of a PTE in the soil of a specific source at each point was calculated as 
 follows46,51:

where Ck
ij is the concentration of the jth PTE from the kth source in the ith sample, µg/g; Ck*

ij is the calculated 
contribution rate of the jth PTE from the kth source in the ith sample, and Ci is the concentration of soil PTE 
in the ith sample, µg/g.

Source‑specific ecological risk assessment. According to the concentration of soil PTE from specific 
sources, combined with the ecological risk assessment method recommended by Men et al.16, the specific-source 
ecological risk of oasis agricultural soil PTEs in the source region of the Tarim River was calculated as follows:

where, ERk
ij is the ecological risk of the jth PTE from the kth source at the ith sampling point and T is the toxicity 

coefficient of the PTE (the toxicity coefficients of As, Cd, Co, Cu, Ni, Pb, Sb, Sn, Tl, V and Zn are 10, 30, 5, 5, 5, 
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10, 1, 10, 2 and 1, respectively)52,53. EIRIk
ij is the ecological risk of multiple PTEs from the kth source at the ith 

sampling point, and the risk classification standard is shown in Supplementary Table S2.

Source‑specific human health risk assessment. Combining the health risk assessment model devel-
oped by the US Environmental Protection  Agency54 with concentrations of PTEs from different sources, the 
health risks of a specific-source of PTEs to children (under 6 years of age) and adults (over 18 years of age) can be 
calculated. In view of the fact that the study subjects were soil samples, this study considered only human health 
risks due to hand-to-mouth ingestion and dermal contact. According to the Manual of Exposure  Factors55,56, the 
average daily dose (ADD) of these two exposure routes was  calculated51:

where, ADDij
k
ing is the ADD of the jth PTE from the kth source at the ith sampling point through the hand-to-

mouth ingestion route, mg/kg·d, and ADDij
k

der is the ADD of the jth PTE from the kth source at the ith sampling 
point through the dermal contact route, mg/kg·d, The definitions and specific reference values of other param-
eters in the model are shown in Supplementary Table S3.

According to the obtained ADD of a PTE, the total hazard index (THI) and total carcinogenic risk (TCR ) were 
used to quantify the total noncarcinogenic risk and total carcinogenic risk, respectively. The specific calculation 
method was as  follows54,57:

The specific definitions and values of RfDing, RfDder, SFing and SFder of each element in the equation are shown 
in Supplementary Table S4. If the THI value is less than 1, there is no significant risk of noncarcinogenic effects; 
if the THI value is greater than 1, there is noncarcinogenic risk. TCR is the probability of developing any cancer 
due to exposure to carcinogenic hazards, and its acceptable level is 1 ×  10–6 to 1 ×  10–458.

Statistical analysis. The maximum, minimum, mean, standard deviation (SD), coefficient of variation 
(Cv) and other descriptive statistical indicators of PTEs were calculated by SPSS 25. The K-S test was used to 
determine whether the PTE concentration data fit a normal distribution.

Results
Concentrations of PTEs in agricultural soil of oases. The descriptive statistical results of 11 PTE 
concentrations in agricultural soils of the four oases are shown in Table 1. The concentration order of different 
PTEs in the four oases was different. In terms of mean values, the concentrations of Co, Cu, Ni, Pb, Sb, V and Zn 
in Kashgar Oasis agricultural soil were higher than those in the other three oases, and the concentrations of Sn 
and Tl in Hotan Oasis agricultural soil were the highest. The Cv value of As in the Hotan Oasis was the highest 
(0.31), indicating that compared with that in other oases and other PTEs, the As in Hotan Oasis soil was more 
likely to have external inputs other than natural  sources59. According to the "Soil Environmental Quality · Agri-
cultural Land Soil Pollution Risk Control Standard (Trial)" (GB15618-2018)60, the corresponding elements of 
oasis agricultural soil in the source region of the Tarim River did not exceed the pollution risk control standard. 
Compared with the soil environmental quality provisions in the "Environmental Quality Assessment Standard 
for Producing Areas of Edible Agricultural Products" (HJ332-2006)61, the corresponding elements in the soil of 
the four oases were also below the limits.

Compared with the PTE concentrations in the agricultural soil of oases in other arid areas, the concentrations 
of Cd, Cu and V in the soil of the study area were lower than those of the Bortala River Basin and Ili River  Basin3 
in the northern Tianshan Mountains, while the concentrations of Co, Ni, Pb and Zn were similar to those of 
corresponding elements in agricultural soil of the Bortala River Basin and Ili River  Basin3. Compared with the 
concentrations of PTEs in agricultural soil of Wuwei and Jiuquan cities in the Hexi  Corridor62,63, the concentra-
tions of Cu, Ni, Pb and V elements in agricultural soil of the four oases in the study area were lower. Similarly, 
the concentrations of Cu, V and Zn in the study area were much lower than the corresponding concentrations 
in the agricultural soil of the Bahariya Oasis,  Egypt64.

(7)ADDk
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Geochemical baseline values of PTEs in oasis agricultural soils. The PTE concentration of the sub-
soil (60–80 cm) after logarithmic and reciprocal conversion passed the KS normal distribution test (p > 0.05). 
The GBVs of PTEs in agricultural soils of the four oases in the source region of the Tarim River were calculated 
according to the cumulative frequency method, and the results are shown in Supplementary Figs.  S1–4 and 
Table 2. The GBVs of PTEs in agricultural soils were very different among the four oases. For example, except 
for those of Ni, Sn, Tl and V, the GBVs of PTEs in agricultural soils of the Hotan Oasis were much lower than 
those of the other three oases (Table 2). There was also a large gap between the GBVs of PTEs in agricultural soil 
and the soil background values in  China65,  Xinjiang66,67 and Xinjiang agricultural  land66. In particular, the GBV 
of Zn obtained in this study was 3.6–5 times the soil background value of Xinjiang agricultural land. Under the 
same land use type, there are differences in the abundance of environmental PTEs due to heterogeneity in the 
disturbance degree of human activities and the parent material and soil formation  processes68. Therefore, there 
were some differences in the GBVs of each PTE among the four oases in this study when the land use types were 
all agricultural soils.

Pollution characteristics of PTEs in agricultural soil of oases. According to the GBVs of the above 
elements, the PF, PLI and  PN of PTEs in agricultural soil of the four oases were calculated, and the results are 

Table 1.  Descriptive statistics of PTEs of oasis agricultural soil in the source region of the Tarim River.

PTEs As Cd Co Cu Ni Pb Sb Sn Tl V Zn

Yarkant River Oasis

Min 9.40 0.12 7.50 13.80 18.30 17.10 0.82 2.20 0.47 53.00 53.00

Max 18.20 0.19 11.20 24.50 29.40 22.20 1.26 3.10 0.63 73.00 84.00

Mean 13.28 0.16 9.13 17.74 22.18 18.83 1.00 2.59 0.54 61.42 66.05

SD 2.40 0.02 1.02 3.08 3.37 1.35 0.11 0.21 0.04 5.46 8.68

Cv 0.18 0.12 0.11 0.17 0.15 0.07 0.11 0.08 0.07 0.09 0.13

Kashgar Oasis

Min 9.30 0.10 7.90 13.50 17.70 14.90 0.94 1.70 0.43 52.00 51.00

Max 16.20 0.22 15.10 33.80 39.80 24.10 1.58 3.50 0.83 94.00 110.0

Mean 12.79 0.17 11.03 22.68 26.59 19.94 1.16 2.46 0.57 68.96 76.74

SD 1.82 0.03 1.56 3.80 4.84 2.34 0.17 0.53 0.11 8.95 12.58

Cv 0.14 0.20 0.14 0.17 0.18 0.12 0.15 0.22 0.19 0.13 0.16

Aksu Oasis

Min 7.80 0.14 8.20 15.20 19.90 14.80 0.87 1.90 0.40 54.00 56.00

Max 19.00 0.26 12.60 27.10 30.90 20.60 1.94 2.80 0.55 76.00 86.00

Mean 13.13 0.18 9.95 21.24 24.44 17.13 1.34 2.39 0.49 62.19 72.19

SD 2.73 0.04 1.09 3.21 2.96 1.44 0.28 0.29 0.05 5.97 9.35

Cv 0.21 0.19 0.11 0.15 0.12 0.08 0.21 0.12 0.09 0.10 0.13

Hotan Oasis

Min 7.70 0.11 7.60 15.00 18.90 15.30 0.83 2.10 0.46 53.00 49.00

Max 20.00 0.18 10.30 21.80 29.50 18.60 1.06 3.90 0.70 66.00 81.00

Mean 11.69 0.14 9.25 18.55 24.48 16.96 0.92 2.85 0.58 60.94 64.88

SD 3.66 0.02 0.82 2.05 3.05 1.11 0.07 0.68 0.08 3.77 7.82

Cv 0.31 0.13 0.09 0.11 0.12 0.07 0.07 0.24 0.14 0.06 0.12

RSV (GB15618-2018) (pH > 7.5) 25 0.6 – 100 190 170 – – – – 300

HJ332-2006 (pH > 7.5) 20 0.4 100 60 50 300

Bortala River  Watershed3 20.03 0.24 9.72 24.07 24.99 17.93 – – – 72.87 77.36

Yili River  Watershed3 12.03 0.23 10.43 22.72 24.00 19.10 – – – 77.53 70.38

Jiuquan, Hexi  Corridor62 – – – 37.2 39.9 – – – – 83.2 57.3

Wuwei, Hexi  Corridor63 12.66 – – 28.76 41.14 21.80 – – – 62.92 60.81

Bahariya Oasis,  Egypt64 70.91 8.35 808.78 123.53

Table 2.  GBVs of PTEs in oasis agricultural soils of the source region of the Tarim River.

As Cd Co Cu Ni Pb Sb Sn Tl V Zn

Yarkant River Oasis 14.17 0.14 9.26 21.53 19.88 16.92 0.97 2.55 0.48 56.81 84.75

Kashgar Oasis 11.51 0.14 10.40 22.70 25.07 19.46 1.25 2.57 0.57 70.70 73.30

Aksu Oasis 13.19 0.14 8.67 20.93 24.68 17.54 1.58 2.23 0.47 55.29 69.00

Hotan Oasis 7.16 0.05 8.53 16.56 22.94 16.56 0.82 2.23 0.50 62.25 61.00

Background value of  China65 11.2 0.097 12.7 22.6 26.9 26.0 1.21 2.6 0.62 82.4 74.2

Background values of Xinjiang  Province66,67 11.2 0.12 15.9 26.7 26.6 19.4 1.08 2.2 0.524 74.9 68.8

Background value of cropland in  Xinjiang66 9.09 0.12 35.8 26.4 13.5 16.8
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shown in Fig. 2. The results of PF showed that (Fig. 2a), except for As and Cd in the Hotan Oasis, the PTEs of 
agricultural soils in the four oases were at uncontaminated and slightly contaminated levels, indicating that the 
oasis agricultural soils in the source region of the Tarim River were affected by human activities to a certain 
extent. From the perspective of individual elements, the PF of Cd in agricultural soils of the four oases was 
higher than that of other PTEs. Among them, Cd in most soil samples from the Hotan Oasis (81.25%) showed 
mild contamination, while Cd in the remaining samples (18.75%) showed moderate contamination. Since Cd 
in soil is generally regarded as an indicator of agricultural activities involving fertilizer use, the results suggest 
that soil in oases (especially the Hotan Oasis) in the source region of the Tarim River may be seriously affected 
by agricultural activities.

The results of the pollution load index of multiple PTEs showed that the agricultural soils in the Yarkant River 
Oasis, Kashgar Oasis and Aksu Oasis were between uncontaminated and moderate contamination levels, and 
most soil samples in the Hotan Oasis were moderately contaminated. PN showed similar results. The reason for 
this result was the high PF values of As and Cd in the agricultural soil of the Hotan Oasis (Fig. 2a), which caused 
the high comprehensive pollution index in this area. It is worth noting that compared with those in the other 
three areas, most PTEs (As, Cd, Pb, Sb, V and Zn) in the agricultural soil of the Hotan Oasis had lower mean val-
ues, but their PLI and PN values were higher. This was closely related to the lower GBVs of PTEs in the Hotan area.

Source apportionment and source specific risk assessment of PTEs in oasis agricultural 
soil. Source apportionment of soil PTEs. Factor analysis and correlation analysis were used to identify the 
main sources of PTEs in the main oasis agricultural soil in the source region of the Tarim River. The results are 
shown in Table 3 and Supplementary Fig. S5. Table 3 shows that PTEs in the agricultural soil of the Yarkant River 
Oasis had two principal factors. The first principal component F1, which explained 61.6% of the total variance, 
mainly described Co, V, Cu and Sb and moderately described Cd, Ni and Tl. The second principal component, 
F2, accounted for 21.8% of the variance and mainly described As, Pb and Sn. There were three main factors 
for PTEs in Kashgar Oasis agricultural soil. Factor 1, which explained 58.9% of the total variance, was mainly 
composed of As, Co, Cu, Ni, Pb, Sb, V and Zn; factor 2, which accounted for 24.8% of the variance, was mainly 

Figure 2.  Box-whisker plots of PF (a), PLI (b) and PN (c) of PTEs in oasis agricultural soils.
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composed of Sn and Tl; and factor 3, which accounted for 7.9% of the variance, was composed of Cd. There were 
three main factors for the PTEs of Aksu Oasis agricultural soil. Factor 1 was mainly composed of Cd, Co, Cu, 
Ni, Pb, V and Zn; factor 2 was mainly composed of Sn and Tl; and factor 3 was composed of As and Sb. PTEs 
in agricultural soil of the Hotan Oasis had only one main factor, which was composed of all (11) elements. To 
verify the above results of PTE extraction from oasis agricultural soil by PCA, Spearman correlation analysis was 
performed on PTEs from the soils of the four oases. The results showed that the correlations between PTEs in 
agricultural soils of the four oases were consistent with the results of PCA, indicating the reliability of the PCA 
results.

To further determine the specific sources and contribution rates of PTEs in oasis agricultural soil in the source 
region of the Tarim River, the PMF model was adopted for analysis, and the results are shown in Fig. 3. Overall, 
the classification results of PTEs in agricultural soils of the four oases by the PMF model were consistent with 
the results of PCA. According to the above results, eight environmental factors related to the source of soil PTEs 
were selected: distance from factory (DF), distance from road (DR), pH, soil type (ST), total nitrogen (TN), soil 
fine silty particle size percentage (Fine silty), soil silty particle size percentage (Silty), and soil coarse silty particle 
size percentage (Coarse silty). A Geodetector model of PTEs and environmental factors in soil was constructed, 
and the results are shown in Supplementary Table S5. Among them, the TN content in soil was considered to 
be an index related to the intensity of agricultural  activities69. Since the particle composition of atmospheric 
dust in the study area is mainly  silt70, the silty particle size content of soil was selected as the atmospheric dust 
index in this study.

In the Yarkant River Oasis, Co, Cu and Zn showed no pollution at most of the sampling points for the first 
source factor of PTEs in agricultural soil (Fig. 2), indicating that the levels of these elements in soil were less 
affected by human activities. Meanwhile, the results of the factor detector showed that ST was one of the factors 
explaining the spatial distribution of Co, Cu, Sb, V and Zn (Supplementary Table S5). The Geodetector results 
revealed TN as one of the strong drivers of Cd and Tl, the former of which is found in pesticides and fertilizers 
and the latter of which may also enter agricultural soil through sewage irrigation and fertilizers contaminated by 
industrial  wastewater71,72. Therefore, it is inferred that F1 in the agricultural soil of the Yarkant River Oasis had 
a mixed source of natural resources and agricultural activities. The three elements in F2 (As, Pb and Sn) were 
closely related to fuel combustion and traffic factors, among which Pb is usually selected as an identifying element 
for traffic sources (including leaded exhaust gas, vehicle tires and brake pads)73. In the results of the Geodetector 
model, the best explanatory factors for Pb and Sn were Silt and DR, while the best explanatory factor for As was 
Slit. Therefore, F2 was inferred to be the source of road dust/atmospheric dust.

The weights of F1 in Kashgar Oasis agricultural soil PTEs were mainly included As, Co, Cu, Ni, Pb, Sb, V 
and Zn; the weights of F2 were mainly included Sn and Tl; and F3 were mainly included Cd (Fig. 3b). Similar 
to the results observed for the Yarkant River Oasis, the factor detector results showed that F1 might have a 
mixed anthropogenic source, including transportation, industrial and other sources. Both Sn and Tl in F2 are 
widely used in industrial manufacturing, and Sn can be used as an additive to enhance the properties of steel or 
 alloys74. Tl is used in many different industrial manufacturing and medical fields, and metal smelting, sulfuric 
acid production, coal burning, cement manufacturing and other industrial activities involving the use of Tl 
minerals are the main pathways by which this element enters the  environment71. At the same time, the strongest 
explanatory factor for Sn and Tl in the results of the geographic detector was DF, so F2 was inferred to be an 
industrial source. F3 contained only Cd (related to agricultural activities), so F3 was inferred to be the source of 
agricultural activities (Supplementary Table S5).

In the PMF results, the weights of F1 for the PTEs of Aksu Oasis agricultural soil were mainly included Cu, 
Ni, Cd, Zn, Co, V and Pb; the weights of F2 were mainly included Sn and Tl; and the weights of F3 were mainly 
included As and Sb (Fig. 3c). Similarly, from the factor detector calculation results, it was inferred that F1 in the 
Aksu Oasis was a mixed source. According to the results of Geodetector analysis, the best explanatory factors for 
Sn and Tl in the agricultural soil of the Aksu Oasis were TN and ST. Previous studies have also shown that Sn in 

Table 3.  Principal component analysis results of PTEs of oasis agricultural soil in the source region of the 
Tarim River.

PTEs

Yarkant River Oasis Kashgar Oasis Aksu Oasis Hotan Oasis

F1 (61.6%) F2 (21.8%) F1 (58.9%) F2 (24.8%) F3 (7.9%) F1 (52.7%) F2 (22.3%) F3 (11.5%) F1 (85.2%)

As 0.441 0.746 0.830 0.347 0.177 0.527 0.447 0.515 0.825

Cd 0.764 0.091 0.347 − 0.714 0.573 0.592 − 0.354 − 0.219 0.761

Co 0.949 − 0.269 0.938 − 0.234 − 0.198 0.938 − 0.017 − 0.310 0.961

Cu 0.915 − 0.346 0.929 − 0.313 − 0.070 0.920 − 0.330 − 0.002 0.989

Ni 0.587 − 0.632 0.665 − 0.533 − 0.444 0.871 − 0.241 − 0.341 0.967

Pb 0.725 0.606 0.823 0.335 0.386 0.728 0.504 − 0.244 0.925

Sb 0.929 0.054 0.873 0.265 0.031 0.702 − 0.115 0.647 0.963

Sn 0.459 0.790 0.526 0.786 − 0.152 0.245 0.923 0.144 0.892

Tl 0.785 0.285 0.585 0.797 0.021 0.438 0.843 − 0.238 0.960

V 0.939 − 0.305 0.889 − 0.300 − 0.252 0.937 − 0.146 − 0.076 0.922

Zn 0.902 − 0.270 0.800 − 0.369 0.184 0.729 − 0.331 0.427 0.963
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soil may also come from agricultural practices (pesticides)75, so F2 was inferred to represent agricultural activi-
ties and natural sources (rock mineralization). Similarly, according to Supplementary Table S5, F3 was inferred 
to be the source of agricultural activities. Previous studies have also concluded that agricultural activities such 
as the application of phosphate fertilizer are also the main source of As and Sb in  soil76,77, which was consistent 
with the results of the Geodetector model.
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Figure 3.  PMF analysis results of PTEs of agricultural soils in the Yarkant River Oasis (a), Kashgar Oasis (b) 
and Aksu Oasis (c).
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The explanatory factors for the PTEs of agricultural soil in the Hotan Oasis were the total nitrogen content 
and the silty particle size percentage, indicating that the PTEs in agricultural soil in the Hotan Oasis mainly 
came from agricultural activities and atmospheric dust fall. The economy in the Hotan Oasis is dominated by 
irrigated agriculture, and since most oases border large deserts, wind and sand disasters are extremely serious 
(annual average dust days exceeding 220 days)78. The sources of PTEs inferred by the Geodetector model in this 
study were consistent with the reality.

Source‑specific ecological risk assessment. Based on the results of source analysis, the source-specific ecological 
risks posed by agricultural soil PTEs were evaluated in this study, and the results are shown in Fig. 4. The total 
ecological risks caused by PTEs in the agricultural soils in the Yarkant River Oasis, Kashgar Oasis and Aksu 
Oasis were null, while those at of all sampling sites in the Hotan Oasis were moderate risk. According to the 
results of the source-specific ecological risk of PTEs, there was no direct relationship between the contribution 
degree of source-specific risks to the total ecological risk and its contribution to the existence of PTEs in soil. 
In particular, the agricultural activity source (F3), which accounted for only 7.9% of the PTEs in Kashgar Oasis 
agricultural soil, contributed the most to the total risk, the mixed source (F1), which contributed the most to the 
existence of PTEs in soil, contributed the second most to the total risk, and the industrial source (F2) contributed 
the least. The reason for this result was that the toxicity factor of Cd (30) introduced by agricultural activities was 
significantly higher than that of PTEs released from other sources, which was consistent with the conclusion of 
other  studies16,19 that the main source of highly toxic elements was more likely to cause ecological risks than that 
of low-toxicity elements.

To explore the spatial distribution of ecological risks generated by PTEs from different sources, a distribution 
map of ecological risks posed by specific sources at each sampling point was generated (Fig. 5). The total ecologi-
cal risk of the sampling sites near Awat County in the Aksu Oasis was higher than 40, indicating moderate risk. 
In addition, the total ecological risk at the other sampling sites was at a low level. However, the ecological risks 
caused by mixed sources (F1) and agricultural activities and natural sources (F2) were high in the southwestern 
Aksu Oasis and the sampling sites near Aksu city, resulting in high total ecological risks. The ecological risks at 
all the sampling sites in the two oases in Kashgar (Kashgar Oasis and Yarkant River Oasis) were low. Notably, the 
sampling sites near Kashgar city had high total ecological risks due to the high ecological risks caused by PTEs 
from mixed sources (F1) and agricultural activity sources (F3). The total ecological risk at all sampling sites in 
the Hotan Oasis was moderate. In particular, the sampling sites near Hotan city had the highest total ecological 
risk generated by PTEs from agricultural activities and atmospheric dust sources (73.71).

Source‑specific human health risk assessment. According to the proportions of different sources of each PTE 
obtained from the PMF model, the source-specific health risks of PTEs in agricultural soil in the four oases to 
the human body were calculated, and the results are shown in Tables 4 and 5 and Fig. 6. Although the results of 
noncarcinogenic risk caused by different sources of PTEs in agricultural soil in each oasis showed that adults 
and children were not at risk, the total THI values of PTEs for children in the four regions were all greater than 
1, indicating that soil PTEs in the study area posed significant noncarcinogenic risks for children. In terms of 
carcinogenic risk, the total TCR values of PTEs for adults and children were on the order of 1E−05, within the 
range of 1E−06 and 1E−04, indicating that the carcinogenic risk of soil PTEs for the human body is acceptable in 
the study area. In general, the noncarcinogenic and carcinogenic risks of PTEs from different sources in children 
were higher than those in adults, which can be explained by children having more opportunities PTE contami-
nation through hand-to-mouth ingestion and dermal contact than adults due to the areas where they play and 

Figure 4.  Source-specific ecological risk boxplots of PTEs of agricultural soils in oases in the source region of 
the Tarim River.
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unhealthy eating habits (e.g., children are more likely to suck their fingers)79. Therefore, different parameters 
were set when employing the health risk assessment model.

In terms of the proportion of human health risks caused by PTEs from different sources (Fig. 6), those from 
mixed sources, which were considered to have the largest contribution to PTEs in the Aksu Oasis, Kashgar Oasis 
and Yarkant River Oasis, were not the largest. This might be explained by the presence of more toxic elements, 
such as As and Tl, in other sources of the three oases contributing the most (Fig. 3), while their low RfD may 
explain their greater noncarcinogenic risk. PTEs from agricultural activities and natural sources accounted for 
the largest proportion of carcinogenic risk in the Aksu Oasis, while mixed sources accounted for the largest 
proportion of carcinogenic risk in the Kashgar Oasis and Yarkant River Oasis. This was mainly because the pres-
ence of As, Cd, Co, Ni and Pb elements with carcinogenic risk in the above two sources accounted for a large 
proportion (Fig. 3), thus posing a large carcinogenic risk. The results of the proportion of health risks attributed 
to different sources of PTEs to the human body showed that the control of human health risks of PTEs cannot 
be determined based on their concentration alone. Therefore, in view of the obvious noncarcinogenic risk of 
soil PTEs in the four oases to children, from the results of the contribution of different sources of PTEs to the 
noncarcinogenic risk to children, agricultural activities and natural sources, industrial sources and atmospheric 
dust fall were the priority control sources in the Aksu Oasis, Kashgar Oasis and Yarkant River Oasis, respectively.

Discussion
As the analysis results of this study show, the pollution characteristic common to the four oases in the source 
region of the Tarim River was that Cd was the PTE with the most serious pollution level. Cd is the most common 
pollutant in agricultural soil in  China80,81. Studies have shown that the concentration of Cd in agricultural soil 
in China is significantly correlated with the amount of fertilizer (N, P, K, and compound fertilizer) (p < 0.05)80,82. 
In this study, the source analysis results for soil PTEs of the four oases in the source region of the Tarim River 
also showed that Cd was closely related to agricultural activities (Supplementary Table S5). Therefore, the input 
of agricultural activities was the source of PTEs that need to be controlled in oases in this region. The difference 
in PTE pollution characteristics among the four oases was that those of the Yarkant River Oasis, Kashgar Oasis 
and Aksu Oasis were similar, while the PTEs in the agricultural soil of the Hotan Oasis were most affected by 

Figure 5.  Spatial distribution of the ecological risks of PTEs from different sources in the four oases. The graphs 
were generated by QGIS 3.26.3 (https:// www. qgis. org) and the land use data are from the ESA global 30 m 
resolution land use cover dataset (https:// viewer. esa- world cover. org/ world cover). The combination of graphs 
(a–d) was accomplished with linkscape 1.2.1 (https:// inksc ape. org).

https://www.qgis.org
https://viewer.esa-worldcover.org/worldcover
https://inkscape.org
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human activities, which indicates that the Hotan Oasis can be used as the key area for soil PTE control in the 
source region of the Tarim River.

Therefore, specific measures are proposed for the safe management of agricultural soil in the oases in the 
source region of the Tarim River: (1) It is essential to effectively control and optimize agricultural activities. The 
planting of crops requires fertile soil, but unfortunately, the excessive application of chemical fertilizers and 
pesticides has placed a great burden on the soil, and a large number of PTEs have  accumulated83. Therefore, 
it is necessary to reduce the environmental pressure on soil by developing organic and ecological agriculture 
and reducing the use of chemical fertilizers and pesticides. (2) Because the oasis is adjacent to the desert, a 
large amount of sand/dust is incorporated into the soil through atmospheric dust fall, which is characteristic 
of the agricultural soil material composition in oases in arid areas. Therefore, it is necessary to strengthen soil 

Table 4.  Specific noncarcinogenic risks of PTEs from different sources.

As Cd Co Cu Ni Pb Sb Sn Tl V Zn THI

Aksu 
Oasis

F1
Children 2.88E−02 6.96E−04 1.05E−01 2.20E−03 4.68E−03 2.17E−02 1.71E−02 2.35E−07 4.55E−02 1.92E−02 7.68E−04 2.46E−01

Adults 7.14E−03 1.68E−04 2.56E−02 5.27E−04 1.12E−03 6.54E−03 5.01E−03 5.95E−08 1.06E−02 4.48E−03 1.87E−04 6.13E−02

F2
Children 1.30E−01 5.67E−04 1.22E−01 1.39E−03 4.20E−03 5.18E−02 1.15E−02 2.13E−05 2.09E−01 2.21E−02 6.88E−04 5.53E−01

Adults 3.22E−02 1.37E−04 2.98E−02 3.32E−04 1.01E−03 1.56E−02 3.37E−03 5.41E−06 4.87E−02 5.14E−03 1.67E−04 1.36E−01

F3
Children 1.88E−01 8.65E−05 2.17E−02 2.41E−04 0.00E+00 1.70E−02 2.34E−02 1.19E−05 7.48E−02 5.63E−03 3.50E−04 3.31E−01

Adults 4.67E−02 2.08E−05 5.27E−03 5.77E−05 0.00E+00 5.12E−03 6.87E−03 3.02E−06 1.74E−02 1.31E−03 8.52E−05 8.29E−02

Total
Children 3.46E−01 1.35E−03 2.49E−01 3.83E−03 8.89E−03 9.06E−02 5.20E−02 3.35E−05 3.29E−01 4.69E−02 1.81E−03 1.13E+00

Adults 8.60E−02 3.25E−04 6.06E−02 9.16E−04 2.13E−03 2.73E−02 1.53E−02 8.49E−06 7.68E−02 1.09E−02 4.39E−04 2.81E−01

Hotan 
Oasis Total

Children 3.09E−01 1.05E−03 2.31E−01 3.34E−03 8.90E−03 8.97E−02 3.56E−02 3.99E−05 3.94E−01 4.60E−02 1.62E−03 1.12E+00

Adults 7.67E−02 2.54E−04 5.63E−02 8.00E−04 2.14E−03 2.70E−02 1.04E−02 1.01E−05 9.18E−02 1.07E−02 3.95E−04 2.76E−01

Yarkant 
River 
Oasis

F1
Children 1.05E−01 6.75E−04 1.45E−01 2.22E−03 5.77E−03 4.77E−02 2.19E−02 1.56E−05 1.93E−01 2.86E−02 1.04E−03 5.51E−01

Adults 2.59E−02 1.63E−04 3.52E−02 5.30E−04 1.39E−03 1.44E−02 6.43E−03 3.95E−06 4.51E−02 6.66E−03 2.54E−04 1.36E−01

F2
Children 2.46E−01 5.28E−04 8.36E−02 9.82E−04 2.30E−03 5.19E−02 1.71E−02 2.07E−05 1.72E−01 1.78E−02 6.10E−04 5.93E−01

Adults 6.11E−02 1.27E−04 2.03E−02 2.35E−04 5.52E−04 1.56E−02 5.01E−03 5.24E−06 4.01E−02 4.14E−03 1.48E−04 1.47E−01

Total
Children 3.51E−01 1.20E−03 2.28E−01 3.20E−03 8.07E−03 9.96E−02 3.90E−02 3.62E−05 3.66E−01 4.64E−02 1.65E−03 1.14E+00

Adults 8.71E−02 2.90E−04 5.56E−02 7.65E−04 1.94E−03 3.00E−02 1.14E−02 9.19E−06 8.52E−02 1.08E−02 4.02E−04 2.83E−01

Kashgar 
Oasis

F1
Children 1.13E−01 4.24E−04 1.23E−01 1.68E−03 4.17E−03 3.62E−02 1.76E−02 1.08E−05 1.30E−01 2.43E−02 7.35E−04 4.52E−01

Adults 2.82E−02 1.02E−04 2.99E−02 4.03E−04 1.00E−03 1.09E−02 5.18E−03 2.75E−06 3.04E−02 5.65E−03 1.79E−04 1.12E−01

F2
Children 1.27E−01 2.44E−04 8.33E−02 1.12E−03 2.42E−03 3.95E−02 1.67E−02 1.69E−05 1.82E−01 1.57E−02 5.57E−04 4.69E−01

Adults 3.15E−02 5.88E−05 2.03E−02 2.68E−04 5.81E−04 1.19E−02 4.89E−03 4.29E−06 4.24E−02 3.66E−03 1.35E−04 1.16E−01

F3
Children 9.73E−02 5.53E−04 6.98E−02 1.28E−03 3.08E−03 2.98E−02 1.07E−02 6.68E−06 7.46E−02 1.21E−02 6.26E−04 3.00E−01

Adults 2.41E−02 1.33E−04 1.70E−02 3.06E−04 7.41E−04 8.95E−03 3.14E−03 1.69E−06 1.74E−02 2.83E−03 1.52E−04 7.48E−02

Total
Children 3.38E−01 1.22E−03 2.76E−01 4.08E−03 9.67E−03 1.05E−01 4.50E−02 3.44E−05 3.87E−01 5.21E−02 1.92E−03 1.22E+00

Adults 8.39E−02 2.94E−04 6.71E−02 9.77E−04 2.32E−03 3.17E−02 1.32E−02 8.73E−06 9.02E−02 1.21E−02 4.67E−04 3.02E−01

Table 5.  Specific carcinogenic risks of PTEs from different sources.

Aksu Oasis As Ni Pb TCR Kashgar Oasis As Ni Pb TCR 

F1
Children 1.11E−06 2.08E−05 1.98E−09 2.19E−05

F1
Children 4.38E−06 1.85E−05 3.3E−09 2.29E−05

Adults 1.1E−06 2.28E−05 1.82E−09 2.39E−05 Adults 4.35E−06 2.03E−05 3.03E−09 2.47E−05

F2
Children 5E−06 1.87E−05 4.72E−09 2.37E−05

F2
Children 4.9E−06 1.07E−05 3.59E−09 1.56E−05

Adults 4.96E−06 2.05E−05 4.35E−09 2.55E−05 Adults 4.86E−06 1.18E−05 3.31E−09 1.66E−05

F3
Children 7.26E−06 0 1.55E−09 7.26E−06

F3
Children 3.75E−06 1.37E−05 2.71E−09 1.74E−05

Adults 7.21E−06 0 1.43E−09 7.21E−06 Adults 3.73E−06 1.5E−05 2.49E−09 1.88E−05

Total
Children 1.34E−05 3.94E−05 8.25E−09 5.28E−05

Total
Children 1.3E−05 4.29E−05 9.6E−09 5.59E−05

Adults 1.33E−05 4.33E−05 7.6E−09 5.66E−05 Adults 1.29E−05 4.71E−05 8.84E−09 6.01E−05

Yarkant River Oasis As Ni Pb TCR Hotan Oasis As Ni Pb TCR 

F1
Children 4.03E−06 2.56E−05 4.35E−09 2.96E−05

Total
Children 1.19E−05 3.95E−05 8.17E−09 5.14E−05

Adults 4E−06 2.81E−05 4E−09 3.21E−05 Adults 1.18E−05 4.34E−05 7.52E−09 5.52E−05

F2
Children 9.5E−06 1.02E−05 4.73E−09 1.97E−05

Adults 9.43E−06 1.12E−05 4.35E−09 2.06E−05

Total
Children 1.35E−05 3.58E−05 9.07E−09 4.93E−05

Adults 1.34E−05 3.93E−05 8.35E−09 5.27E−05
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and atmospheric dust monitoring in the Hotan Oasis, the key area of ecological risk assessment, to minimize 
the ecological risk caused by soil PTEs and the noncarcinogenic health risk incurred through hand-to-mouth 
ingestion and dermal contact. In addition, the ecological risks of specific sources and the key sources of PTEs 
will change with the  seasons16, so long-term continuous monitoring is also necessary. (3) In view of the high 
ecological risk caused by PTEs in soil, it is necessary to pay attention to the migration and transformation of 
potential toxic elements in the soil-crop system and to control their accumulation in the food chain. Adjusting 
the agricultural structure of key regions can promote the sustainable development of agriculture and the economy 
from the perspective of geochemistry.

This study still has some limitations and needs further study. First, although the Geodetector model was 
included in the source analysis of PTEs in soil, due to the availability of data, the number of environmental 
variables included in this study was limited could not fully reflect the specific source of PTEs. Moreover, the 
mechanism underlying interactions between environmental variables (such as pH, ST and TN) and PTEs in soil is 
 unknown84. Therefore, future research should further explore the potential source analysis of soil PTEs. Second, 
the parameters used in the human health risk assessment model in this study were taken directly from relevant 
documents, which increased the uncertainty of the assessment results to a certain extent. Moreover, there may 
be synergistic or antagonistic effects between various potentially toxic  elements85,86, resulting in joint toxicity 
and increasing the error of health risk assessment results for individual elements. Finally, in the field survey of 
this study, it was found that the sand and dust in the oases in the source area of the Tarim River (especially Hotan 
Oasis) was relatively serious. Since the PTEs in dust fall can enter plants through the leaves and then enter the 
human body through the food  chain87, the health risk results of this study may be limited by missing information 
regarding the intake route. Further research is recommended.

Conclusions
In this study, the GBVs and pollution levels of PTEs in oasis agricultural soils of the source region of the Tarim 
River were revealed, source apportionment was explored, and the key sources and risk areas were identified 
considering the source proportions and source risks. The following conclusions were reached: (1) According to 
the GBVs and pollution index results, Cd was the most strongly polluting PTE in agricultural soils in the four 
oases. The PLI and PN index showed that the pollution level of PTEs in agricultural soil in the Hotan Oasis was 
significantly higher than that in the other three oases. (2) The source analysis results obtained by combining 
multivariate statistical analysis, the PMF model and the Geodetector model showed that the sources of PTEs 
in agricultural soil of the four oases in the source area of the Tarim River were different. (3) The ecological risk 
caused by PTEs of agricultural soil in the Hotan Oasis was at a medium level, and the PTEs in the other three 
oases posed no ecological risk. In terms of health risk, soil PTEs in the four regions posed an obvious non-
carcinogenic risk for children, and the TCR for adults and children was within the range of 1E-06 and 1E-04, 
indicating that the carcinogenic risk was acceptable. (4) It is suggested that Hotan Oasis be treated as a key 
prevention and control area and its agricultural activities and atmospheric dust fall be controlled. The priority 
control sources of the Aksu Oasis, Kashgar Oasis and Yarkant River Oasis were agricultural activities and natural 
sources, industrial sources and atmospheric dust fall, respectively. The results of this study can provide policy 
makers with scientific information on environmental risk management strategies for agricultural soils to reduce 
ecological and health risks from PTEs.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available because the data are 
a part of an ongoing study, but they are available from the corresponding author on reasonable request.
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Figure 6.  Human health risk proportions of PTEs from different sources in the Aksu Oasis (a), Kashgar Oasis 
(b) and Yarkant River Oasis (c).
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