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Abstract

:

Heavy metal pollution has been a problem of concern in soil ecology in recent decades. This study investigated the spatial distribution of heavy metals and their pollution levels in the soil of Xinjiang, based on the data of heavy metals published in the literature in the past five years, by using a geostatistical method, pollution index method, and geographic information system (GIS)-based spatial analysis. Additionally, the effects of five economic development indicators, such as population and industrial activities on the accumulation of heavy metals in soil, were explored by correlation analysis. The results showed that the average contents of Cd, Cr, Cu, Ni, Pb, and Zn in the soils were 2.858, 1.062, 1.194, 1.159, 1.192, and 1.086 times higher than the background values in Xinjiang, respectively. The semi-variance functions indicated that the Cd and Pb block gold coefficients of soils were greater than 25% and less than 50%, with an obvious spatial correlation. The spatial patterns showed that the high values of Cd, Cr, Cu, Ni, Pb, and Zn were mainly distributed in Karamay, Changji, Tacheng, and Kashi areas, with an overall decreasing trend from north to south, and the pollution index showed that the pollution of heavy metal Cd in soil was the most serious. Furthermore, Karamay, Changji, and Kashi areas were at heavy pollution levels. Correlation analysis showed that heavy metal Pb in the soil was significantly positively correlated with the agricultural GDP in Xinjiang, while Cd was correlated significantly and positively with comprehensive energy consumption and more significantly with industrial GDP. Thus, this study could provide a scientific basis for local evaluation of soil environmental quality and prevention and control of soil heavy metal pollution, which is of great significance for understanding the impact of human activities.
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1. Introduction


Soil, a major ecosystem component, is a habitat for organisms and a basis for sustaining human survival. Industrialization has intensified, and cities have expanded due to the rapidly developing global economy. Consequently, mineral resource exploitation, metal processing and smelting, chemical production, sewage irrigation, and irrational application of fertilizers and pesticides have led to the continuous enrichment of heavy metals in soil [1,2]. Additionally, the excessive accumulation of heavy metals may become a source of pollution of surface water, groundwater, and organisms [3]. Over the past two decades, the term “heavy metals” has been widely used. However, heavy metal has no authoritative definition to be found in the relevant literature so far. To replace current terminology with something better for toxicity assessment or for the consideration of potential biological effects, it is desirable to establish an appropriate chemical classification of metals [4]. Heavy metals can harm humans through oral intake, dermal contact, and respiratory intake, and they can even lead to cancer risk [5]. Incidents of heavy metal contamination in Chinese soils have become more frequent [6] and have received widespread attention around the world.



In recent years, many studies have focused on the content characteristics, enrichment levels, source resolution, spatial distribution characteristics [2,3,7], health risk evaluation [8], phytoremediation, and bioremediation [9,10] of heavy metals in soils. Multivariate statistics and geostatistical analysis have gradually matured and improved the study of soil heavy metal sources and spatial differentiation [11]. Multivariate statistical analysis (e.g., correlation analysis and principal component analysis) are classic statistical methods commonly used to identify the anthropogenic and natural sources of heavy metals in soil. For example, principal component analysis was used to study spatial distribution and potential sources of heavy metals in the soils of a farmland protection area in Hubei Province [12]. Geostatistics have been widely used to characterize the spatial distribution of heavy metals in soil to quantify spatial distribution patterns by obtaining semi-variate functions [13,14]. For example, Reza et al. [15] used the ordinary kriging (OK) method to study the spatial structure of heavy metal pollution in mining areas. Thomas et al. [16] used ordinary and indicative kriging methods to analyze the spatial heterogeneity and pollution sources of heavy metals in the metropolitan area of Mexico City. Mahmoudabadi et al. [17] studied the factors influencing the distribution of heavy metals in soils. Du et al. [18] assessed the pollution characteristics and sources of soil heavy metals on the Qinghai-Tibet Plateau using geostatistics, the positive matrix factorization (PMF) model, and disjunctive kriging. Analyzing important information, such as the degree of pollution and possible source pathways of heavy metals in soil, provides the theoretical basis and scientific decision support to develop reasonable industrial and agricultural layouts, pollution prediction, pollution warnings, and pollution prevention and control measures.



Many heavy metal pollution studies start from the micro-interface migration and transformation processes and move toward the regional pollution formation mechanism. Heavy metal pollution is closely related to the regional economic development level and the nature of leading local enterprises. In particular, regional soil pollution due to heavy metal is more serious with a higher degree of industrialization, such as the combustion of coal, oil, and other traditional energy minerals and the “three waste” emissions of chemical mining, mainly enriching the soil layer with As, Cd, Cr, Hg, Pb, Cu, and Zn elements [19,20]. Peng et al. [8] showed that the content of heavy metals in soil was relatively high in the Chinese cities of economically developed coastal provinces (e.g., Zhejiang) and resource-based provinces (e.g., Hunan). Chen et al. [1] showed that the spatial distribution characteristics of heavy metals in Chinese farmland soils varied significantly, and the southern farmland soils had significantly higher heavy metal content than those in the north. Subsequently, this showed that the differences in regional economic development affected the spatial distribution characteristics of heavy metals in soil. The highly industrialized and economically developed regions of China have seen an increase in studies on the spatial distribution characteristics of heavy metals there. Some studies have been conducted in arid regions with relatively poor economic development (e.g., Xinjiang). However, with the promulgation of the West Development and Silk Road economic belt policy, increased attention has been paid to the heavy metal pollution in the soil of the oasis farmland in Xinjiang [21]. The studies in Xinjiang have mostly focused on the enrichment characteristics and spatial distribution of heavy metals in small-scale areas such as agricultural fields [22,23], pasture [24], orchards [25], vegetables [26], urban soils [27], and industrial and mining areas [28,29]. However, there have been few studies on spatial variability and source analysis on a large scale on heavy metals in the soil at the provincial level. Particularly, the knowledge on the correlation of heavy metal content in soil and the statistical information of the socio-economic development level in Xinjiang has not been fully explored.



Rong et al. [30] selected 14 indicators of the ecological environment and the economic system to evaluate the coordinated development of 30 provinces in China. Peng et al. [8] explored the correlation between the average concentrations of heavy metals in urban soil and economic indicators (e.g., permanent population, GDP, etc.). Wang et al. [31] found that the GDP was one of the most important factors that affected the concentration and spatial variation of As in soil. Chen et al. [32] showed an inverted U-shaped environmental Kuznets curve of Cr emissions and economic indicators in Singapore. The key role of developing an indicator framework in the environmental economy system was based on the specific determinants of well-being within a particular country. Therefore, the selection of the indicator inventory was targeted at the representative group reflecting the practical status of socio-economic development within the policy and development decision-making processes carried out by the Chinese government [30]. Herein, based on the data of heavy metals published in the literature in the past five years, the spatial distribution of heavy metals such as Cr, Cu, Cd, Ni, Zn, and Pb in the soils of Xinjiang was studied using geostatistical methods and geographic information system (GIS)-based spatial analysis. Furthermore, the economic development indicators, such as population, regional GDP, agricultural GDP, industrial GDP, and integrated energy consumption were also selected for correlation analysis with heavy metal content in soil to explore the influence of socio-economic development on heavy metal accumulation in soil concerning five aspects: population, economy, industry, energy, and transportation in Xinjiang. The results of this study were of great significance for understanding the spatial distribution, enrichment level, and human influence of heavy metals in the soil of Xinjiang on a macro scale, which was also crucial for developing effective response measures. These efforts not only protect human health and ecological safety but also provide a solid foundation for sustainable development.




2. Materials and Methods


2.1. Study Area


Xinjiang, located in the northwest of China (73°40–96°18′ E, 34°25′–48°10′ N), has an area of 1,664,900 square km, giving it the largest land area in China. Its direct jurisdiction is spread over four prefecture-level cities, five regions, five autonomous prefectures, and eleven county-level cities under the central government of autonomous regions. Xinjiang has a critical strategic location. It has a land border of more than 5600 km, bordering eight countries, including Russia, and is a must-pass for the second “Asia–Europe Continental Bridge”. The land area directly available for agriculture, forestry, and animal husbandry in Xinjiang is 685,333 square km, accounting for more than one-tenth of the land area suitable for agriculture, forestry, and animal husbandry in China. Xinjiang has abundant mineral resources such as oil, natural gas, coal, gold, and rare metals, with broad development prospects. In 2022, the Xinjiang Uyghur Autonomous Region of China achieved a regional gross domestic product (GDP) of CNY 1774 billion, an increase of 3.2% compared to the previous year, with the primary, secondary, and tertiary industries increasing by 5.3%, 4.8%, and 1.5% year-on-year, respectively [33].




2.2. Data Source and Preprocessing


This study collected and organized 51 peer-reviewed papers published in the past five years and obtained 92 sets of data on heavy metals in soil in 13 regions of Xinjiang (without data from Kyrgyz Oblast). The regions were the main cities in Xinjiang, including Aksu (Aksu Prefecture), Altay (Altay Prefecture), Bayingolin (Bayingolin Mongol Autonomous Prefecture), Botala (Botala Mongol Autonomous Prefecture), Changji (Changji Hui Autonomous Prefecture), Hami (Hami City), Hotan (Hotan Prefecture), Kashi (Kashi Prefecture), Karamay (Karamay City), Tacheng (Tacheng Prefecture), Turpan (Turpan City), Urumqi (Urumqi City), Ili (Ili Kazakh Autonomous Prefecture). The literature was screened in China Knowledge Network, Web of Science, and ScienceDirect databases, using “soil heavy metals”, “spatial distribution of heavy metals”, and the names of different regions in Xinjiang as keywords. Since the data for six heavy metals, Cd, Cr, Cu, Ni, Pb, and Zn, were more comprehensive in the literature, they were used as targets in this study. The data for some heavy metals were incomplete in the literature. Consequently, 79 Cd, 91 Cr, 85 Cu, 60 Ni, 91 Pb, and 74 Zn samples were collected, and the distribution is shown in Figure 1.



The data on socio-economic development indicators were extracted from the statistical yearbooks of the national economy and various regional cities, prefectures, and cities of the Xinjiang Uygur Autonomous Region Bureau of Statistics. Since the selected papers were published or sampled mainly around 2019, the data of 2019 were selected as the socio-economic development indicators, including five economic development indicators, to explore the influence of socio-economic development status on the heavy metals in the soils of Xinjiang. The economic development indicators are shown in Table 1.



The collected data included the mean value of the heavy metals in soil in each study as the content value at that point. Then, the mean ± three times the standard deviation was applied to the raw data to eliminate abnormal samples since these samples may be affected by factors such as mining area, resulting in high values [34].




2.3. Research Methods


2.3.1. Variance Function


Geostatistics have been widely used to characterize the spatial distribution of heavy metals in soil by obtaining semi-variance functions to quantify the spatial distribution patterns. The semi-variance function is important for studying the characteristics of spatial variation of regionalized variables of heavy metals at certain scales using geostatistics. Additionally, the theoretical models of semi-variance function mainly include exponential, spherical, and Gaussian models. Furthermore, the main parameters include block gold values, abutment values, block gold coefficients, variance, and residuals. The basic theory and specific calculation methods of geostatistics have been described in detail in the literature [34,35]. This study calculated the semi-variance function using the Kolmogorov–Smirnov normality test module in SPSS 20.0 software to test the normal distribution of heavy metals in the soil. If the data had a normal distribution, GS+ 9.0 software was used to calculate the semi-variance function and fit theoretical models like Gaussian and spherical models. However, if the data did not obey normal distribution, logarithmic transformation was required to make them close to a normal distribution before performing relevant calculations and analysis.




2.3.2. Ordinary Kriging Method


Since the enrichment of heavy metals in the soil varies spatially in the region with no statistical information in some areas, reflecting the actual soil conditions accurately by simply using sample data for analysis and evaluation was difficult. Kriging interpolation, an optimal method of spatial interpolation that is based on the spatial location of samples and the difference in correlation degree between samples, quantifies each sample with weights and calculates the sliding weighted average to make the evaluation results more accurate and realistic [34]. Kriging interpolation is also known as spatial self-covariance optimal interpolation. This study selected OK, a kriging algorithm, to determine the spatial distribution characteristics of heavy metals in the soils of Xinjiang.




2.3.3. Nemero Integrated Pollution Index


Nemero’s comprehensive pollution index method can comprehensively reflect the average pollution level of various pollutants in different soil functions and also highlight the harm caused to the environment by the most severe pollution. The calculation formula is given as follows:


   P N  =    { [ (   c i  /  S i   )  max  2  +   (  c i  /  S i  )   ave  2   ] / 2 }     1 / 2     



(1)




where Pi and PN represent the single-factor pollution index and integrated pollution index, respectively, and Pi = ci/Si. ci and Si represent the measured concentration and evaluation standard of pollutant i (in mg-kg–1), respectively, and the background value of soil elements in Xinjiang was selected [36]. (Pi)max and (Pi)ave are the maximum and average values of the pollution index of soil pollution, respectively. Additionally, PN ≤ 1, 1 < PN ≤ 2, 2 < PN ≤ 3, and PN > 3 indicate no, light, medium, and heavy pollution, respectively.





2.4. Statistical Analysis and Graphing


SPSS 20.0 was used for the descriptive analysis and normal distribution tests of sample data of heavy metals in soil. Geostatistical analysis was performed with GS+ 9.0, and kriging interpolation and spatial distribution maps were carried out with ArcGIS 10.5. Pearson’s correlation analysis generally illustrates the pairwise associations for a set of variables and decides their direction and strength. MATLAB 2015a was used to analyze the correlation between socio-economic development and heavy metals, and a heat map was further generated according to the correlation coefficient matrix.





3. Results and Discussion


3.1. Descriptive Statistics of Heavy Metal Content in the Soil


The descriptive statistical analysis results for heavy metals of soils in Xinjiang after excluding the abnormal values are shown in Table 2. The average concentrations of Cd, Cr, Cu, Ni, Pb, and Zn in the soils were 0.343, 52.373, 31.878, 29.204, 23.127, and 74.732 mg/kg, which were 2.858, 1.062, 1.194, 1.159, 1.192, and 1.086 times their corresponding background concentrations, respectively, indicating different degrees of anthropogenic activities. These results suggested the average contents of Cd and Cu in the soils of Xinjiang were higher than the average contents of agricultural soils in China, while the contents of Cr, Pb, and Zn in soil were lower than the national average [1]. Compared with the results reported by Peng et al. [8], the contents of Cd, Cu, Pb, and Zn in soil were lower than the average values of urban soils in China. The coefficient of variation could reflect the regional differences in the heavy metal element distribution. The spatial distribution of the elemental content became more uneven, and the disturbance by anthropogenic activities increased as the coefficient of variation increased. The coefficients of variation for the heavy metals in soil followed the order of Cd > Pb > Cu > Cr > Zn > Ni. The largest differences were between samples with Cd and Pb, with their coefficients of variation reaching 0.837 and 0.554, respectively. This result indicated that Cd and Pb were subject to strong spatial variability due to external disturbances, followed by Cu, Cr, Zn, and Ni, whose coefficients of variation are relatively small and were less affected by external influences. Furthermore, skewness and kurtosis coefficients represent the distribution of heavy metals in soil, and the larger the coefficient, the higher the aggregation degree of heavy metals [37]. In this study, the skewness and kurtosis values of soil Cd and Pb were higher, indicating that Cd and Pb in the soil showed a high accumulation state. Zhang et al. [38] showed that the differences in the spatial distribution of heavy metal contents were related mainly to the differences in soil-forming parent materials, background values, regional differences in economic development, and the types of industries in different regions.




3.2. Spatial Variability Characteristics of Heavy Metal Content in the Soil


As shown in Table 3, the geographic coordinates and content data of the pre-treated heavy metals in soil were analyzed using the geostatistical software to fit the semi-variance function of heavy metal content in soil and calculate the optimal model parameters for kriging interpolation. The results showed that the Cd, Cr, and Pb contents in the soil deviated severely from the normal distribution, for which logarithmic transformation was performed. Based on the principle of minimum residual sum of squares (RSS) and maximum coefficient of determination (R2), the best theoretical model of the spatial variation function was obtained under isotropic conditions. As shown in Table 3, Cd, Pb, and Zn fitted the spherical model, Cr and Ni fitted the exponential model, and only Cu fitted the Gaussian model.



The strength of spatial variability was classified by the magnitude of the block gold coefficient, i.e., the ratio of block gold values to abutment values [39]. The R2 and RSS values for all heavy metals in soil were above 0.70 and close to 0, respectively, indicating the prediction accuracy of the six heavy metal contents under the fitted variance function theoretical model was high and the prediction results reflected the distribution of heavy metals in the soils of Xinjiang. The Cr and Ni nugget coefficients were less than 25%, which suggested that Cr and Ni in the soil had a strong spatial correlation and were less affected by anthropogenic disturbances and mainly ascribed to the action of natural factors. The Cd and Pb nugget coefficients were greater than 25% and less than 50%, indicating Cd and Pb in the soil had a significant spatial correlation, which was due to the combined action of anthropogenic and natural factors. The Cu and Zn nugget coefficients were greater than 50% and less than 75%, indicating Cu and Zn in the soil had a moderate spatial correlation and may be subjected to a more pronounced combined effect of anthropogenic and natural factors [39].




3.3. Spatial Distribution of Heavy Metals


The collected point data of heavy metal content in the soils of Xinjiang were subjected to kriging interpolation based on the parameters of the semi-variance function analysis model to obtain the spatial distribution map of heavy metal content.



As shown in Figure 2, the spatial distributions of heavy metals in the soils of Xinjiang had differences and similarities. The areas with high values of Cd content in soil were primarily distributed in eastern Changji, Karamay, northwestern Kashi, central-eastern Tacheng, eastern Urumqi, the northwestern corner of Botala, and central-western Hami. A general trend of increasing content from the center of the study area to the northeast and southwest regions was observed. Furthermore, the high Cr and Ni values were primarily distributed in Karamay, Changji, Tacheng, and Ili. The spatial distribution pattern of Cr and Ni content in the soil showed a trend of decrease from north to south. Additionally, it showed an increasing and then decreasing trend from west to east. The areas with high Cu and Zn values were mainly distributed in Karamay, Tacheng, Botala, northern Altay, and Ili. The high-Pb-value areas were mainly distributed in northwestern Aksu, Botala, northern Kashi, the east and west parts of Ili, southern Karamay, and northern Bayingolin. There was an overall trend of decrease from north to south.



In summary, the areas with high values of heavy metals Cd, Cr, Cu, Ni, Pb, and Zn in the soils of Xinjiang were mainly distributed in Tacheng, Karamay, Changji, and Kashi, with an overall trend of decrease from north to south. The areas with high levels of these six heavy metals may be correlated with urban development patterns. Wang et al. [2] showed that pollutant emissions from urban residences, industrial production, and transportation could be the main sources of the high content of heavy metals in soil.




3.4. Characteristics of Heavy Metal Accumulation in Soil in Xinjiang


Administrative divisions counted the collected data on heavy metals in Xinjiang territory to obtain the mean values of heavy metals in soils of all regions, states, and cities, as shown in Table 4. The PN values for the six heavy metals at all the sample sites were calculated. Spatial distribution maps were drawn using the background values in Xinjiang as the standard, as shown in Figure 3 and Figure 4.



As shown in Table 4, the heavy metal contents in the soils of different regions in Xinjiang varied widely, and the highest Cd, Cr, Cu, Ni, Pb, and Zn contents in the soil were distributed in Changji, Karamay, and Aksu. The average Cd value in Changji soil was 0.71 mg/kg. The average Cr, Cu, Ni, and Zn values in Karamay soil were 109.95, 56.83, 39.04, and 111.55 mg/kg, respectively. The average Pb value in Aksu soil was 27.43 mg/kg.



Furthermore, PN could reflect the overall accumulation level of heavy metals in urban soils. As shown in the spatial distribution of heavy metal contamination of soil in Figure 3, only 10.87% of the sample sites in Xinjiang were not contaminated with heavy metals, according to the PN contamination level. However, 89.13% of the sample sites were contaminated with different levels of heavy metals, of which 23.91%, 15.22%, and 50.00% of the soils were heavily, moderately, and lightly contaminated, respectively. Overall, the PN values in most cities were less than two, indicating that the heavy metal accumulation in soil was low in most cities of Xinjiang. However, high PN values were found primarily in Karamay, Changji, Tacheng, and Kashi of south Xinjiang, which was related to the developed activities of the coal-processing industry, extraction of energy sources such as petroleum, busy transportation, and agriculture in these cities.



As shown in the spatial distribution of the soil pollution index of heavy metal in Xinjiang in Figure 4, the PN values of different regions in Xinjiang followed the order: Karamay > Changji > Kashi > Tacheng > Urumqi > Botala > Hami > Altay > Aksu > Turpan > Ili > Bayingolin > Hotan. Karamay, Changji, and Kashi were at heavy pollution levels. Tacheng, Urumqi, Botala, and Hami were at medium pollution levels. Altay, Aksu, Turpan, Ili, Bayingolin, and Hotan areas were at light pollution levels. Karamay is an important national petroleum and petrochemical base and the gathering area of the world petroleum and petrochemical industry, especially in the central-eastern region. It has developed industries, the largest ethylene plant, a 10 million ton oil refinery, a thermal power plant, and other chemical enterprises using oil and coal as raw materials. Therefore, it was inferred that industrial production and urban activities were important factors leading to heavy metal pollution in the region [28,40]. Furthermore, the Zhundong coalfield is located in Changji, where coal mining and industrial activities contributed the highest percentage of heavy metals in soil, reaching 48.52% [41]. Moreover, 32.42% of Cd and Zn in Kashi soil were from industrial and transportation activities [25].



Furthermore, the Pi values in Karamay followed the order of Cd > Cr > Cu > Zn > Ni > Pb. The Pi values in Changji followed the order of Cd > Ni > Cr > Pb > Cu > Zn. The Pi values in Kashi followed the order of Cd > Pb > Cu > Ni > Zn > Cr. The Pi values in Tacheng followed the order of Cd > Zn > Cu > Cr > Pb > Ni. The Pi values in Urumqi followed the order of Cd > Cu > Zn > Ni > Cr > Pb. The Pi values in Botala followed the order of Cd > Pb > Zn > Cu > Ni > Cr. The Pi values in Hami followed the order of Cd > Cu > Zn > Ni > Pb > Cr. The Pi values in Altay followed the order of Cd > Cu > Zn. The Pi values in the Aksu followed the order of Cd > Pb > Zn > Ni > Cu > Cr. The Pi values in Turpan followed the order of Cd > Cr > Ni > Pb. The Pi values in Ili followed the order of Cu > Pb > Ni > Cr > Cd > Zn. The Pi values in Bayingolin followed the order of Cd > Pb > Zn > Ni > Cr > Cu. In general, the degree of soil pollution in Xinjiang followed the order of Cd > Cu > Pb > Ni > Zn > Cr. Peng et al. [8] showed that the pollution level of soil heavy metals in major cities in China was ranked as follows: Cd > Zn > Pb > Cu. Among them, the city with the most serious soil Cd pollution was in Yangzhou. Chen et al. [1] showed that the cumulative index of national farmland soil followed the order of Cd > Hg > Pb > Cu > Zn > As > Cr. Among them, the farmland with the most severe Cd pollution was in Fujian.




3.5. Impact of Socio-Economic Development on Soil Pollution Due to Heavy Metals in Xinjiang


The results of the correlation analysis between socio-economic development indicators and heavy metal contents in the soils of Xinjiang are shown in Figure 5. The socio-economic development of cities, such as urban resident population and gross national product, reflected the total urban heavy metal emissions to some extent [42]. However, this study showed that the correlation between the contents of six heavy metals in soil and the total population was insignificant, consistent with the results of previous studies [43]. Not all of the contents of the six heavy metals in soil were positively correlated with the urban population and the economic development degree, and some were even negatively correlated. For example, Cd, Cr, Cu, and Zn were negatively correlated with the total population. Cr, Cu, and Pb were negatively correlated with regional GDP. Cr, Cu, and Zn were negatively correlated with agricultural GDP. Pb was negatively correlated with industrial GDP. Cu, Pb, and Zn were negatively correlated with integrated energy consumption. This may be ascribed to economic development that has become more focused on environmental benefits with changes in the economic development stages, and development can no longer be pursued at the expense of the environment and high-quality development [43].



Except for Cd and Pb, the remaining four heavy metal contents were insignificantly correlated with each socio-economic index, which indicated that there were many anthropogenic and natural factors, such as soil background values, soil disturbance, urban development history, sampling locations, and analytical errors, possibly affecting heavy metal contents in soil [8,44,45]. Zhang et al. [38] showed that the high-value distribution of heavy metals occurred in the soil in southwest China due to its original higher background value distribution, but also due to the development of heavy industry and human activities. Chen et al. [39] showed that the heavy metal content in the soil in Yutian County of Xinjiang showed a clear demarcation between agricultural and non-agricultural land.



This study mainly used literature review data to collect limited soil sample heavy metal data and obtained the spatial distribution of heavy metals in the soils of Xinjiang through analysis and interpolation. Among them, there were more and more sample points in the northwest of Xinjiang due to more research, while there were fewer sample points in the southeast of Xinjiang due to less relevant research, which to some extent had a certain impact on the results. For example, there were few sample points in Bayingolin, Turpan, and Hami, and the interpolation analysis was affected by the high-value distribution of heavy metals in Karamay and Changji, which caused the result of an overall high content of heavy metals in its soil. In the literature research consulted, areas with significant heavy metal pollution in the soil were often considered as research areas, so the results obtained in this study will inevitably be on the high side.





4. Conclusions


Based on geostatistics, GIS spatial analysis, and correlation analysis, this study highlighted the spatial heterogeneity of heavy metal pollution in large-scale soils and analyzed the spatial distribution, pollution characteristics, and the impact of socio-economic activities on the accumulation of six heavy metals in soil in Xinjiang.



	(1)

	
The average values of Cd, Cr, Cu, Ni, Pb, and Zn in the soils were 2.858, 1.062, 1.194, 1.159, 1.192, and 1.086 times the background values in Xinjiang, respectively. The Cd and Pb block gold coefficients were greater than 25% and less than 50%, indicating an obvious spatial correlation between Cd and Pb in soil due to the joint action of anthropogenic and natural factors.




	(2)

	
The proportion of soil pollution due to heavy metals in Xinjiang was 89.13%, with an overall trend of decrease from north to south. Karamay, Changji, and Kashi were at heavy pollution levels, and the pollution degree of each heavy metal followed the order of Cd > Cu > Pb > Ni > Zn > Cr.




	(3)

	
The heavy metal Pb in soil was significantly and positively correlated with the agricultural GDP with a 0.605 correlation coefficient. Cd was significantly and positively correlated with comprehensive energy consumption with a 0.518 correlation coefficient. Additionally, Cd was more significantly correlated with the industrial GDP. Therefore, agricultural activities, comprehensive energy consumption, and industrial production were the main socio-economic factors affecting the heavy metal content in the soil in Xinjiang.







This study is of great significance for understanding the spatial distribution characteristics of heavy metals in the soils of Xinjiang at a macro scale and the impact of human activities. It also provides a scientific basis for the prevention and control of heavy metal pollution in local soil and the evaluation of soil environmental quality.
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Figure 1. Distribution of sampling points. 
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Figure 2. Spatial distribution of six heavy metals in soil. 
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Figure 3. Spatial distribution of heavy metals PN in soils. 
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Figure 4. Spatial distribution of soil heavy metal PN in soils of different regions. 
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Figure 5. Correlation between socio-economic development and heavy metals in Xinjiang. 
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Table 1. Main indicators of Xinjiang’s economic development.






Table 1. Main indicators of Xinjiang’s economic development.





	Region
	Total Population
	Regional GDP/ Million
	Agricultural GDP/Million
	Industrial GDP/Million
	Integrated Energy Consumption/Million Tons of Standard Coal





	Aksu
	2,561,674
	122,242.57
	27,573.28
	38,418.30
	4.50



	Altay
	657,265
	33,916.12
	5650.14
	12,256.83
	0.68



	Bayingolin
	1,285,700
	114,934.19
	17,431.14
	61,407.44
	7.78



	Botala
	475,483
	35,429.18
	6830.79
	8960.54
	0.77



	Changji
	1,603,900
	132,474.00
	21,507.20
	55,408.34
	35.02



	Hami
	557,600
	60,481.53
	4126.90
	34,114.84
	9.68



	Hotan
	2,522,800
	37,764.78
	6871.77
	5721.78
	0.52



	Kashi
	4,624,000
	104,832.20
	29,592.81
	19,987.31
	1.13



	Karamay
	462,347
	97,292.52
	1604.48
	66,966.29
	11.23



	Tacheng
	910,800
	69,658.18
	24,788.14
	15,504.91
	1.72



	Turpan
	633,400
	38,448.09
	5397.06
	16,963.61
	7.00



	Urumqi
	3,552,000
	341,325.87
	2769.98
	90,613.82
	19.83



	Ili
	4,556,800
	119,070.54
	20,533.88
	29,386.57
	7.49







Note: The above data were from the Statistical Yearbook of Xinjiang Uygur Autonomous Region Statistical Bureau for each city.













 





Table 2. Descriptive statistics of heavy metals in the soil.
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	Heavy

Metal
	Sample Points
	Minimum Value
	Maximum Value
	Mean Value/

mg/kg
	Standard Deviation
	Variation

Coefficient
	Skewness
	Kurtosis
	The Background Values in Xinjiang/

mg/kg
	Average Value of Our Agricultural Soil mg/kg [1]
	China Urban Soil Mean mg/kg [8]





	Cd
	79
	0.030
	1.270
	0.343
	0.287
	0.837
	1.406
	1.333
	0.12
	0.24
	0.49



	Cr
	91
	1.410
	117.860
	52.373
	23.907
	0.456
	0.459
	0.688
	49.3
	59.97
	-



	Cu
	85
	0.925
	74.609
	31.878
	15.121
	0.474
	0.810
	0.599
	26.7
	28.91
	42.1



	Ni
	60
	0.877
	55.400
	29.204
	10.282
	0.352
	−0.107
	0.572
	25.2
	-
	-



	Pb
	91
	1.513
	58.970
	23.127
	12.805
	0.554
	1.053
	0.793
	19.4
	32.73
	58.5



	Zn
	74
	0.593
	136.000
	74.732
	30.831
	0.413
	−0.123
	−0.115
	68.8
	86.52
	156.3










 





Table 3. Optimum theoretical semi-variogram model and corresponding parameters.
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Element

	
P(k-S)

	
Distribution

Type

	
Theory

Models

	
Nugget Value

	
Abutment Value

	
Nuggets of Gold

Coefficient/

	
Variable Range/

	
Decisions

Coefficient

	
Residuals

Square

	
RMSSE




	
C0

	
C0 + C

	
%

	
km

	
R2

	
RSS






	
Cd

	
0.000

	
Logarithmic

Normal

	
Spherical

	
0.070

	
0.140

	
49.64%

	
150.6

	
0.735

	
9.01 × 10−4

	
1.129




	
Cr

	
0.112

	
Normal

	
Exponential

	
0.008

	
0.125

	
6.47%

	
43.9

	
0.841

	
8.76 × 10−4

	
1.024




	
Cu

	
0.079

	
Normal

	
Gaussian

	
0.072

	
0.131

	
55.02%

	
347.1

	
0.762

	
6.16× 10−4

	
1.027




	
Ni

	
0.809

	
Normal

	
Exponential

	
0.016

	
0.119

	
13.26%

	
24.2

	
0.713

	
1.43 × 10−2

	
0.965




	
Pb

	
0.029

	
Logarithmic

Normal

	
Spherical

	
0.046

	
0.097

	
47.93%

	
146.8

	
0.895

	
1.92 × 10−4

	
0.939




	
Zn

	
0.964

	
Normal

	
Spherical

	
0.130

	
0.244

	
53.41%

	
611.5

	
0.732

	
2.72 × 10−4

	
0.894











 





Table 4. Heavy metal content of soil in Xinjiang.
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	Regions
	Cd
	Cr
	Cu
	Ni
	Pb
	Zn





	Aksu
	0.22
	46.39
	28.46
	28.55
	27.43
	89.17



	Altay
	0.24
	53.28
	36.27
	22.11
	19.96
	77.48



	Bayingolin
	0.17
	48.40
	23.71
	26.91
	24.05
	76.85



	Botala
	0.40
	47.04
	34.22
	26.83
	26.43
	93.48



	Changji
	0.71
	62.46
	26.87
	33.80
	22.14
	48.77



	Hami
	0.39
	19.16
	34.31
	13.57
	8.12
	43.06



	Hotan
	0.13
	50.55
	19.20
	25.25
	17.10
	55.82



	Kashi
	0.60
	35.85
	31.04
	29.89
	26.12
	66.56



	Karamay
	0.70
	109.95
	56.83
	39.04
	25.53
	111.55



	Tacheng
	0.42
	61.40
	38.52
	32.30
	23.77
	101.94



	Turpan
	0.19
	59.00
	-
	21.00
	13.41
	-



	Urumqi
	0.4