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Abstract 25 

Restricted by factors such as regional climate and natural geographical location, the Altay Prefecture of 26 

Xinjiang has a very fragile ecological environment. As a strategic reserve area of non-ferrous metals in 27 

China, the mineral resources are very rich, while the Western Development Strategy and "Belt and Road" 28 

strategy would cause a certain degree of harm to the regional ecological environment. In order to assess 29 

the vulnerability of regional ecological environment, 41 soil sampling points were arranged in Altay 30 

Prefecture, and the spatial distribution map of heavy metals in soil was drawn. Among them, the content 31 

of Cu and Zn exceeded the soil background value most seriously, accounting for 28.73% and 19.37% 32 

respectively. The improved potential pollution risk index method was used to evaluate the risk of heavy 33 

metal pollution in the soil environment of Altay Prefecture. The results showed that the area of low risk 34 

areas in Altay Prefecture was the largest, accounting for 34.06%. The total area of high-risk and very 35 

high risk areas accounts for 24.98%, about 1/4 of the total area. Finally, based on multi-index factors 36 

such as topography, precipitation, soil type, soil media, vegetation types, lithology, geological disasters, 37 

heavy metal pollution, a comprehensive evaluation system of ecological environment sensitivity was 38 

constructed. The ecological environment sensitivity in Altay Prefecture was divided into four levels, and 39 

the proportion of each level area from high to low was: medium sensitive area (59.74%)＞low sensitive 40 

area (18.79%)＞high sensitive area (12.09%)＞extremely sensitive area (9.38%). Accurate assessment 41 

of the pollution risk of heavy metals and the vulnerability of ecological environment is crucial, which 42 

will provide scientific basis and theoretical support for the decision-making of relevant government 43 

agencies in Altay Prefecture. 44 
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Introduction 48 

 49 

At the beginning of the 21st century, the Chinese government implemented the Western Development 50 

Strategy for backward places in the west. Since the implementation of the Western Development Strategy 51 

for more than two decades, Xinjiang's economic development has made a qualitative leap (Yang et al. 52 

2018). According to statistics, over the past two decades, Xinjiang's GDP has increased nearly 10 times 53 

and the value of industrial production has increased 9.14 times. The rapid economic development has 54 

also led to rapid population growth in the region, with a population growth rate of about 29.2% in 55 

Xinjiang during the two decades (NBS 2001, 2020). However, while the Western Development Strategy 56 

has promoted economic growth in the Xinjiang, it has also caused harm to the ecological environment of 57 

Xinjiang (Liao et al. 2014; Zhu et al. 2016). For example, the desertification of land has been expanding, 58 

making Xinjiang with the largest, most widely distributed and most serious area of desertification in 59 

China (Wang et al. 2012; Jiang et al. 2019). In addition, soil erosion has gradually intensified, grassland 60 

area has been reduced and degraded, and biodiversity has also been seriously threatened (Dai et al. 2011; 61 

Zhang et al. 2020; Zhang et al. 2015). 62 

In September 2013, Chinese President Xi Jinping put forward the strategic concept of "Belt and Road" 63 

(including “Silk Road Economic Belt” and “21st Century Maritime Silk Road”), which runs through the 64 

continents of Asia, Europe and Africa, connecting the East Asian economic circle with the European 65 

economic circle, and reaching out to a wider region (Cheng et al. 2020). Xinjiang has become the front 66 

and core area of this strategy due to its unique location and important window role of opening up to the 67 

west. The "Belt and Road" strategy has enabled Xinjiang to take over the transfer of some industries from 68 

eastern China and further attract foreign heavy industries to move in, resulting in a large proportion of 69 

resource-based industries and heavy chemical industries in Xinjiang (Xu et al. 2017). However, due to 70 

some enterprises in the development and production process heavy metals enter the soil ecosystem with 71 

natural sedimentation and rainwater leaching, which endangers people's production and life and the local 72 

ecological environment. 73 

Heavy metal pollution mainly comes from industrial pollution, followed by traffic pollution and 74 

domestic waste pollution (Madyima et al. 2002; Peng et al. 2019). These heavy metals through mining, 75 

metal smelting, metal processing and chemical production wastewater, the burning of fossil fuels, the 76 

application of pesticides and fertilizers and household waste and other man-made sources of pollution, 77 



 

 

as well as geological erosion, weathering and other natural sources into the water or soil environment 78 

(Alloway 2013; Cabral Pinto et al. 2015; Dinter et al. 2021；), through a variety of exposure pathways 79 

in human and animal, plant enrichment (David et al. 2012; Batvari et al. 2015; Abarshi et al. 2017). 80 

Common heavy metal elements are mercury, chromium, arsenic, lead, copper, cadmium, zinc, etc., which 81 

are highly toxic, not easily metabolized in the environment, easily biologically enriched and have 82 

biomagnification effects, etc., and seriously endanger the ecological environment and human health 83 

(Heidari et al. 2021; Mielke et al. 1999; Maas et al. 2010; De Miguel et al. 2007; Lim et al. 2008). 84 

Xinjiang is a resource-rich region in China, but due to the limitations of climate and ecological 85 

conditions, its ecological carrying capacity is low, its ability to gather large-scale industries and large-86 

scale population is weak, and its ecological environment is extremely fragile (Luo et al. 2018; Frankl et 87 

al. 2013; Zhou 2021). The implementation of the Western Development Strategy has led to the rapid 88 

development and utilization of mineral resources in Xinjiang, while the "Belt and Road" strategy has 89 

introduced foreign heavy industry enterprises into Xinjiang, resulting in the economic development 90 

showing the economic characteristics of "high consumption and high emission" (Ahmad et al. 2018; 91 

Zhang et al. 2019). The interweaving of limited environmental carrying capacity and external factors 92 

has caused ecological problems become increasingly serious. Therefore, achieving synchronization of 93 

economic growth and ecological environmental protection is the primary challenge facing Xinjiang today. 94 

Moreover, the road of sustainable development also determines the Xinjiang must carry out economic 95 

transformation, take the new road of green and intensive economic development, to achieve a benign 96 

mutual promotion of regional economic development and ecological civilization construction.  97 

To resolve the contradiction between ecological environmental protection and economic development, 98 

identifying the spatial distribution of soil heavy metals and ecologically sensitive zones in Xinjiang has 99 

become a top priority nowadays. Based on the ecological strategic planning of Xinjiang, selecting 100 

important strategic nodes for demonstration has become the primary work. The setting of strategic points 101 

mainly selects nodes with strategic importance to regional ecological security such as ecological corridor 102 

intersections, ecologically sensitive and fragile areas, biodiversity conservation and natural geography 103 

(Peng et al. 2017). 104 

The Altay Prefecture is located in the north of Xinjiang, bordering Kazakhstan, Russia, and Mongolia. 105 

It is an important fulcrum in the circulation channel of Xinjiang's commercial goods and an important 106 

part of the "Silk Road Economic Belt" in the northern section of Xinjiang. It is rich in mineral deposits 107 



 

 

and is an important non-ferrous strategic resource reserve area in China, as well as a mining resource 108 

center in Xinjiang, accounting for 60% of the entire Xinjiang GDP (Liu et al. 2021). The Altay Prefecture 109 

not only provides raw materials for the development of Xinjiang's metal industry, but also provides a 110 

boost to China's economic development in the process of exporting to the outside world. Therefore, in 111 

order to undertake the requirements of national and regional ecological strategies, this study selects the 112 

Altay Prefecture as a strategic demonstration site. By analyzing the distribution of heavy metal pollution 113 

and identifying ecologically sensitive areas, it provides certain theoretical guidance for government 114 

agencies to formulate reasonable heavy metal pollution prevention and control policies. And then 115 

provides guidelines for constructing an effective ecological spatial pattern and proposing refined policies 116 

for a hierarchical control system in Xinjiang. 117 

As far as we know, studies on the ecological risk of heavy metal pollution have rarely been reported 118 

in the Xinjiang (Mao et al. 2020; Wei et al. 2020). Our present work focuses on investigating the spatial 119 

distribution characteristics of heavy metals and quantitatively assessing the regional ecological risk, 120 

which is the first case in Altay Prefecture, Xinjiang. 121 

 122 

Sampling and methods 123 

 124 

Study area 125 

 126 

The Altay Prefecture is located in the northernmost part of the Xinjiang Uygur Autonomous Region. It 127 

is located in the center of the Eurasian continent, far from the ocean, and belongs to a medium-temperate 128 

continental climate zone. The bounding longitudes are 85°31' and 91°2'E, while the bounding latitudes 129 

are 44°59' and 49°11'N (Fig. 1). The winter here is long and cold, the summer is short, and the 130 

temperature is gentle. The coldest month is January, with an average temperature of -16°C. The hottest 131 

month is July with an average temperature of 21°C. The average annual precipitation is about 200 mm, 132 

and it can reach 400~600 mm in mountainous areas. The highest altitude is 4374 m. 133 

The terrain of the whole area is high in the west and low in the east, and the hilly plain is high in the 134 

east and low in the west. From the northern Altay ridge line to the southern hilly plain, it has obvious 135 

stepped topography. The landforms are complex and diverse, with mountainous areas accounting for 32% 136 

of the total area, hilly valleys and plains accounting for 22%, and Gobi deserts accounting for 46%. The 137 



 

 

territory is mainly composed of the three major water systems of the Irtysh River, Wulungu Lake and 138 

Jimunai Mountain Stream, with a drainage area of 9.57×105 km2.  139 

The Altay Prefecture belongs to the polymetallic metallogenic belt, and deposits of Fe, Pb, Zn, Cu and 140 

other metals have been found in the region (Yu and Zheng 2019; Zheng 2020). Of the 118 discovered 141 

deposits in Xinjiang, Altay Prefecture accounts for 84 species, of which 49 species have proven reserves, 142 

accounting for 62.20 % of the proven deposits in Xinjiang. 143 

 144 

Fig. 1 Sketch map of the study area and layout of the sampling points 145 

Sampling 146 

 147 

In order to study the characteristics of the content and spatial distribution of heavy metals in the soil of 148 

the Altay Prefecture, with the cooperation of the Altay District Environmental Protection Bureau and the 149 

county monitoring stations, the survey and sampling work was carried out in the entire Altay Prefecture 150 

from April to July 2017. The soil samples are collected using a cutting ring, weighed on site and sealed 151 

in an aluminum box. In order to make the sampling points more representative and meaningful, a total 152 

of 41 soil samples were collected throughout the region, the specific distribution location is shown in Fig. 153 

1.  154 



 

 

The soil samples were placed in the indoor ventilated place for natural air drying, and then large 155 

particles of impurities (such as animal and plant residues, gravel, etc.) were removed. After grinding in 156 

an agate mortar, pass through a 200-mesh nylon soil sample sieve for testing. Common heavy metal 157 

elements Hg, Cr, As, Pb, Cu, Cd and Zn were selected for testing based on the metal resource content of 158 

the study area. The test and analysis of soil samples were completed by the Environmental Monitoring 159 

Center Station of Altay Prefecture, and the test work was completed in mid-July 2017. The contents of 160 

Cd and Pb were determined by graphite furnace atomic absorption spectrophotometry. The contents of 161 

Cu、Cr and Zn were determined by flame atomic absorption spectrophotometry. The contents of Hg and 162 

As were determined by atomic fluorescence spectrometry. 163 

 164 

Analysis methods 165 

  166 

Potential pollution risk index method 167 

 168 

The Potential Pollution Risk Index method was proposed by the Swedish scholar Haknson in 1980. It is 169 

a relatively fast, simple and standard method to classify the degree of sediment pollution and the potential 170 

pollution risk of the water environment (Haknson et al. 1980). This method is based on ecology, 171 

environmental science, biotoxicology and other multidisciplinary theories. According to the differences 172 

of geochemical properties and migration behavior of heavy metals, the potential pollution risk indexes 173 

of various heavy metals are calculated by formula and the calculated results are graded and evaluated 174 

(Al-Mutairi and Yap 2021). At present, this method is widely used in international and domestic 175 

sediment (soil) heavy metal research. Potential pollution risk index (RI) can reflect the content, category 176 

and toxicity level of heavy metals in surface sediments, and can also reflect the sensitivity of soil or water 177 

environment to heavy metal pollution. The specific calculation method of RI is as follows: 178 
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Where, 𝐸𝑟𝑖  refers to the potential pollution risk index value of heavy metal element i; 𝑇𝑟𝑖 refers to the 181 

toxicity response coefficient of heavy metal element i; 𝐶𝑓𝑖 refers to the influence coefficient of heavy 182 



 

 

metal element i; 𝐶𝑛𝑖  refers to the test value of heavy metal element i (mg/kg); 𝐵𝑛𝑖  refers to the soil 183 

background value of heavy metal element i (mg/kg), the screening value of soil pollution risk in China 184 

soil environmental quality standard was selected as the background value (MEEC 2018); RI refers to the 185 

potential pollution risk index value of heavy metals in soil or water environment. Toxicity response 186 

coefficients and background values of heavy metals are shown in Table 1. 187 

Table 1 Toxicity response coefficient and background reference value of heavy metal elements 188 

Number Heavy Metal  Tr Bn (mg/kg) 

1 Hg 80 0.5 

2 Cd 30 0.3 

3 As 10 20 

4 Pb 5z 70 

5 Cu 5 50 

6 Cr 2 150 

7 Zn 1 200 

The potential pollution risk index (RI) is easily affected by the content, quantity and composition of 189 

heavy metal elements in the sediment, as well as the toxicity and sensitivity of heavy metal elements. 190 

The grading and evaluation criteria of RI are shown in Table 2.  191 

Table 2 Potential pollution risk index value (RI) and ecological risk level (Haknson et. al, 1980) 192 

i

r
E values 

Single factor  

risk level 
RI values Total ecological risk level 

<40 low risk <150 low risk 

40-80 moderate risk 150-300 moderate risk 

80-160 considerable risk 300-600 considerable risk 

160-320 high risk ≥600 significant risk 

≥320 very high risk   

 193 

Modified pollution risk index assessment method 194 

 195 

In the process of regional ecological risk assessment, the traditional potential pollution risk index method 196 

only considers the properties of heavy metals in sediments or water environment, that is, its pollution 197 

toxicity, but ignores the properties of receptors in sediments or water environment, such as their tolerance 198 

to pollutants and their own value properties.  199 



 

 

For different land use types, their tolerance degree to heavy metal pollutants is different, for example, 200 

the sensitivity degree to heavy metal pollutants in human activity areas is much higher than that in desert 201 

sandy areas. Similarly, for different ecological functional areas, their value attributes have certain 202 

differences, and their sensitivity to heavy metal pollutants is also different, the higher the value attributes 203 

of the ecological functional area the higher the sensitivity to heavy metals, and vice versa is lower. 204 

Specifically, the properties and spatial structure of the receptors at different spatial and temporal scales 205 

influence their responsiveness (ability to resist, adapt and transform) to heavy metal pollutants (Ortega 206 

et al. 2020; González 2017). 207 

Therefore, on the basis of comprehensive consideration of the toxicity of heavy metals, the value of 208 

ecological function area and the type of land use, the traditional potential pollution risk index method 209 

has been improved. Based on the sampling and survey work carried out in the early stage, the ecological 210 

function areas and land use types in Altay Prefecture were divided, and the levels were divided according 211 

to their tolerance to heavy metal pollutants, and weighted values were assigned. The specific results are 212 

shown in Table 3. 213 

Table 3 Classification and weighting of ecological function value areas and land use types 214 

Ecological function value area Wa Land use type Wb 

Water Conservation Area 5 Human activity area 5 

Ecological Safety Maintenance Area 3 River and Lake District 4 

Ecological Conservation Area 2 Farmland farming area 3 

- - Vegetation coverage area 2 

- - Desert sand area 1 

 215 

Based on the above factors, the improved calculation method of the heavy metal pollution risk index 216 

value can be expressed by the following formula： 217 

1

n
i

M r a b

i

RI E W W


                                                           (3) 218 

Where, RIM refers to the improved risk index value of heavy metal pollution; Wa refers to the weight 219 

value of the ecological function value area corresponding to the i-th heavy metal element; Wb refers to 220 



 

 

the weight value of the land use type corresponding to the i-th heavy metal element; 𝐸𝑟𝑖  refers to the 221 

potential pollution risk index value of the i-th heavy metal element.  222 

  223 

Results and discussion 224 

 225 

Spatial distribution characteristics of heavy metal elements in soil 226 

 227 

The test value of heavy metal content in soil of Altay Prefecture is shown in Table 4. According to the 228 

contents of seven heavy metals in 41 soil sampling points, the spatial distribution maps of seven heavy 229 

metals in soil were drawn (Fig. 2). And the spatial distribution characteristics of 7 heavy metals in the 230 

Altay Prefecture were analyzed and studied. In addition, the soil background value of heavy metals is 231 

selected as the threshold, when the content of heavy metals in the soil is lower than the background value, 232 

it means that the soil environment is not polluted, and vice versa, the soil environment is polluted. 233 

Considering the self-healing capacity of the soil environment, 1.2 times of the background value of soil 234 

heavy metals is selected as the maximum repair capacity of the soil environment in this study: that is, 235 

when the content of heavy metals in the soil is higher than the background value and lower than 1.2 times 236 

of the background value, it means that there is light contamination in the soil environment. When the 237 

content of heavy metals in the soil is higher than 1.2 times of the background value, it means that there 238 

is heavy contamination in the soil environment, which has already caused damage to the self-healing 239 

capacity of the soil environment and will seriously threaten the soil ecological environment. 240 

Table 4 Statistical analysis of test value of heavy metal content in soil (mg/kg) 241 

Heavy metal As Cd Cr Cu Hg Pb Zn 

Maximum 26.00 0.24 182.00 79.20 0.286 91.50 270.00 

Minimum 1.10 0.05 13.50 3.40 0.002 6.13 26.50 

Average value 7.76 0.14 74.01 58.75 0.02 42.59 92.86 

median 6.53 0.15 39.50 27.10 0.02 20.80 76.00 

Standard deviation 5.09 0.05 30.72 12.60 0.01 9.07 53.07 

variation coefficient 65.64% 35.29% 56.87% 43.81% 42.06% 40.13% 57.15% 

 242 

For ease of presentation, the administrative units of the Altay Prefecture are represented by Roman 243 

numerals from northwest to southeast, in that order. And the corresponding relations are as follows: Zone 244 



 

 

I (Habahe County), Zone II (Burqin County), Zone III (Jeminay County), Zone IV (Altay City), Zone V 245 

(Fuhai County), Zone Ⅵ (Fuyun County), Zone Ⅶ (Qinghe County).  246 

From the spatial distribution map of heavy metals, it can be seen that the contamination of heavy 247 

metals Cu and Zn in the soil of Altay Prefecture is the most serious, and their contaminated areas are the 248 

most widely distributed and account for a relatively large proportion. They are followed by heavy metals 249 

Pb, Cr and As, which have smaller contaminated areas, but there are local high value areas. The content 250 

of heavy metals Cd and Hg is the least, both of which are lower than the corresponding soil background 251 

values and are in a non-polluted state. 252 

Among them, the peak value of heavy metal Cu content in soil was 79.20 mg/kg and the mean value 253 

was 58.75 mg/kg, which was higher than the background value of Cu in soil (50 mg/kg). Its overall 254 

spatial distribution characteristics showed a trend of gradual decrease from west to east. Except for Zone 255 

Ⅶ, all other zones have a certain degree of Cu contamination in the soil, and their contaminated areas 256 

are widely distributed, including human gathering places, desert grassland areas and forest vegetation 257 

zones (Fig. 2-a). The contaminated area of heavy metal Cu accounts for 28.76% of the whole area, and 258 

the heavily contaminated area accounts for 3.82% of the whole contaminated area. The overall spatial 259 

distribution of Zn element in soil shows a trend of gradual increase from southwest to northeast. The 260 

contaminated areas are mainly distributed in the northern part of Zone IV, the western part of Zone VI, 261 

the northern and southern parts of Zone VII, and the contaminated areas are mostly close to the river 262 

network, which are influenced by river propagation (Fig. 2-b). The contaminated area of Zn accounts for 263 

19.37% of the whole area, and the heavily contaminated areas accounted for 2.56% of the whole 264 

contaminated area. The most serious Zn contamination was up to 270 mg/kg, much higher than the soil 265 

background value (200 mg/kg). 266 

The pollution degree of heavy metals Pb, Cr and As is relatively light and the pollution area is relatively 267 

small, accounting for 3.43%, 7.62% and 3.51% of the whole area respectively. However, there are local 268 

areas with abnormally high values, such as the abnormally high value area of Pb elements in the north of 269 

Zone Ⅳ, which is located in the mountainous area with high terrain and far from the human activity area 270 

(Fig. 2-c). With reference to Agbenin (2002) sampling and investigation results of the soil in the Nigerian 271 

savanna area, it is speculated that the heavy metal Pb element in this area is absorbed and accumulated 272 

by the surface layer of soil rich in organic matter and humus, which leads to abnormal accumulation of 273 

soil Pb content. The contaminated area of heavy metal Cr is mainly distributed in the central part of Zone 274 



 

 

Ⅰ and the local area in the southern part of Zone Ⅶ (Fig. 2-d). The contaminated area of heavy metal As 275 

in soil is distributed in the northeastern part of Zone Ⅱ and part of the southern part of Zone VI, while all 276 

other areas are in the state of no pollution (Fig. 2-e).  277 

The content of heavy metals Cd and Hg in the soil of Altay Prefecture is the smallest and both are 278 

lower than the soil background value, which is negligible to the regional ecological environment (Fig. 2-279 

f, Fig. 2-g). 280 

 281 

Fig. 2 Spatial distribution map of heavy metals in soil in Altay Prefecture (𝐵𝑛 is the soil background 282 

value of heavy metal) 283 

The polluted areas of the above seven heavy metals were extracted and superimposed on them, and 284 

the results showed that the contaminated area of soil heavy metal in the Altay Prefecture accounted for 285 

32.58% of the whole area. In addition, there are different degrees of heavy metal compound pollution in 286 

the crowded areas, desert grassland areas and forest vegetation zones in the Altay Prefecture, such as 287 

areas A, B, a, b, c and d in Fig. 3. The compound pollution area of heavy metals accounts for 15.21% of 288 

the whole area of Altay Prefecture, among which the compound pollution area of b (Cu+Zn) accounts 289 

for the largest area of 7.58%. The effect of compound pollution of heavy metals on the ecology is 290 

different from the pollution of single heavy metal elements, because the occurrence forms of various 291 

heavy metals in soil environment are subject to the mutual restriction of physical and chemical effects of 292 



 

 

heavy metals (Shute and Macfie 2006; Rosen and Chen 2018). Therefore, the area of compound pollution 293 

of heavy metals should arouse the attention of relevant departments in the Altay Prefecture, and the 294 

relevant research on compound pollution of heavy metals will also become the focus of our future 295 

research work. 296 

 297 

Fig. 3 Distribution map of contaminated areas and area proportion of seven heavy metals 298 

Assessment of potential ecological risks of heavy metals 299 

 300 

In this study, the traditional potential pollution risk index method was improved based on the 301 

comprehensive consideration of factors such as the toxicity of heavy metals, land use types and the value 302 

attributes of ecological function areas. According to the differences of ecological function area value and 303 

land use types in Altay Prefecture, it is divided into three ecological function areas and five land use 304 

types.  305 

The main ecological function areas are: the northern water conservation area, the central ecological 306 

security maintenance area and the southern ecological conservation area (Fig. 4-a). The water 307 

conservation area is the source area of the river system in Altay Prefecture, which mainly plays the 308 

functions of water conservation, biodiversity maintenance, and soil and water conservation. The 309 

distribution range mainly includes mountainous and hilly areas in the north of Altay Prefecture, 310 

accounting for 36.68% of the whole area. The ecosystem is dominated by grassland and forest. The 311 

ecological security maintenance area mainly plays the role of ecological buffer regulation. This area is 312 



 

 

not only the concentrated area of human activities, but also the key area of the survival and reproduction 313 

of the Altay people. At the same time, it is also the main area for the supply of ecological products such 314 

as water, animal husbandry and agriculture. It is located in the central area of the Altay Prefecture, 315 

accounting for 33.67% of the whole area. The area is dominated by mountains, hills and piedmont alluvial 316 

plains, supplemented by desert and grassland ecosystems. Ecological conservation area is the key area 317 

of desertification control and biodiversity protection. The main range is the low mountain and hilly desert 318 

area in the southern part of Altay Prefecture, accounting for 29.65% of the whole area. The population 319 

density in the area is low, and the desert ecosystem is the dominant type. The ecological environment in 320 

this area is very fragile, but the mineral resources are well-preserved. The land use types in the Altay 321 

Prefecture are mainly in the following five categories: human activity areas, river and lake areas, farming 322 

areas, vegetation coverage areas, and desert sand areas (Fig. 4-b). 323 

 324 

Fig. 4 Ecological function zone and land use type map of Altay Prefecture 325 

Based on the improved potential pollution risk index method, the risk value of potential heavy metal 326 

pollution in the soil is calculated (Eq. 3). Classify the calculation results and draw the pollution risk map 327 

of heavy metals in Altay Prefecture. Among them, when the risk value of heavy metal pollution is less 328 

than 300, it is a no risk area. When it is between 300 and 1,000, it is a low risk area. When it is between 329 

1,000 and 2500, it is a moderate risk area. When the value is between 2500 and 5000, it is a high risk 330 

area. When the value is greater than 5000, it is a very high-risk area. 331 



 

 

As shown in Fig. 6-a, the area of no risk area accounts for 12.33%, which is mainly distributed in the 332 

southwest of Altay Prefecture. The low risk area has the largest range, accounting for 34.06%. It is mainly 333 

located in the southern part of Altay, with low ecological function value. The land use type is mainly 334 

desert and sandy land, and its tolerance to heavy metal pollutants is relatively high. The area of the 335 

moderate risk area accounts for 28.63%. This risk area has the highest ecological function value, and the 336 

land use type is mainly vegetation. The proportions of high risk area and extremely high risk area are 337 

20.87% and 4.11%, respectively, which are mainly distributed in the central of Altay Prefecture. They 338 

are obviously affected by human activities, and the pollutants are strongly affected by the propagation 339 

effect of surrounding rivers. To a certain extent, the risk level in Altay Prefecture is positively correlated 340 

with population density. The greater the human density is, the higher the risk level will be. 341 

 342 

Comprehensive evaluation of ecological sensitivity in Altay Prefecture 343 

 344 

Based on the geological and climatic conditions in Altay Prefecture, the main influencing factors of 345 

ecological environment damage and ecological function degradation in the region were investigated, and 346 

the following eight indicators were selected: topography, precipitation, soil type, soil media, vegetation 347 

types, lithology, geological disasters, heavy metal pollution, as the index layer of the comprehensive 348 

evaluation system of ecological sensitivity in Altay Prefecture. The sensitivity grades of the above eight 349 

indicators were divided and given a scores and weights, and weighted summation was carried out to 350 

obtain the comprehensive evaluation value of ecological sensitivity in Altay. The ecological sensitive 351 

areas in Altay were divided into four grades: low sensitive area, moderate sensitive area, high sensitive 352 

area and extremely sensitive area. 353 

For the determination of the weight values of the above evaluation indicators, this study mainly 354 

adopted the analytic hierarchy process and combined a number of experts engaged in ecology, geography 355 

and other disciplines to judge the relative importance of the evaluation factors. After passing the 356 

consistency check, the combined weight value of each evaluation index is calculated. The grade division 357 

and weight value of each evaluation factor are shown in Table 5. Then the comprehensive evaluation 358 

result of ecological sensitivity can be calculated by the following formula: 359 

1

n

i i

i

ES DW



                                                                   

(4) 360 



 

 

Where, ES refers to the comprehensive evaluation result of ecological sensitivity, Di refers to the 361 

ecological sensitivity score value of the i-th evaluation factor, and Wi refers to the weight value of the i-362 

th evaluation factor. 363 

Table 5 Ratings, weights and classes, for the comprehensive evaluation system of ecological sensitivity 364 

parameters 365 

Parameter Rating Weight Ranges/Classes 

Topography 

(%) 

1 

0.221 

0～2 

2 2～6 

3 6～12 

4 12～18 

5 >18 

Annual 

precipitation 

(mm) 

1 

0.061 

<400 

2 401～800 

3 801～1500 

4 1501～2000 

5 >2000 

Soil type 

1 

0.092 

Frozen soil, rock soil, alpine meadow soil 

2 Dark brown soil, yellow cinnamon soil, Brown coniferous soil 

3 
Brown earth, gray cinnamon soil, Dry red soil, lime soil, brick 

red soil, cinnamon soil, latosolic red soil 

4 skeletal soil, red soil, Yellow soil, yellow brown soil 

5 Purple soil 

Soil media 

1 

0.064 

Gravel, sand 

2 Coarse sand, fine sand, clay 

3 loamy soil 

4 Sandy loam, silt clay, Loam clay 

5 Sand silt, silt 

Vegetation 

types 

1 

0.039 

Water body, swamp 

2 
Shrub, coniferous forest, meadow, broad-leaved forest, 

coniferous and broad-leaved mixed forest 

3 Economic forest, grass, alpine vegetation, grassland 

4 desert 

5 No vegetation 

Lithology 

1 

0.319 

Noncarbonate rock 

2 Interbedded carbonate rocks 

3 Dolomite carbonate rock 

4 interlayered carbonate rock 

5 Pure limestone, limestone and dolomite interbedded 

Geological 

disasters 

1 
0.116 

/ 

2 Small geological hazards 



 

 

3 Medium-sized geological hazards 

4 Large geological disasters 

5 Extremely large geological hazards 

Heavy metal 

pollution 

1 

0.088 

RIM≤300 

2 300＜RIM≤1000 

3 1000＜RIM≤2500 

4 2500＜RIM≤5000 

5 RIM＞5000 

 366 

Topography: The topography is less affected by external factors such as time and climate, and is one 367 

of the relatively stable basic geological conditions. For greater slopes, the greater probability of soil and 368 

water loss, debris flow and other natural disasters, the greater impact on the regional ecological 369 

environment, resulting in more sensitive ecological environment. Mountain areas in Altay have a wide 370 

coverage, and the slope changes obviously, and southern regions are mostly desert areas with gentle 371 

slopes. According to the size of the slope, the Altay Prefecture is divided into five-level ecologically 372 

sensitive areas (Table 5), and draw the sensitivity map of terrain slope (Fig. 5-a).  373 

Precipitation: Precipitation is the direct driving factor of soil erosion. The greater the amount of 374 

precipitation, the stronger the erosion force on the surface. In particular, heavy precipitation will 375 

accelerate the erosion of the ground surface and cause soil and water loss, which is reflected in higher 376 

ecological sensitivity. The precipitation in the Altay Prefecture is mainly concentrated in the mountains, 377 

while the precipitation in the piedmont plains and desert areas is less. According to the size of 378 

precipitation, it is divided into 5 levels, and the sensitivity of precipitation to regional ecology is drawn 379 

(Fig. 5-b). 380 

Soil type: Soil is the basic condition for ecological and environmental problems. Under the action of 381 

external forces such as hydraulic, wind, freezing and thawing, and gravity, the surface soil will be subject 382 

to different erosion forces such as destruction, separation, transportation and deposition (Troeh and 383 

Thompson 1993). Different soil types will also show different ecological sensitivities. According to the 384 

"Soil Erosion Classification and Grading Standard" (SL 190-2007), the industry standard established by 385 

the Ministry of Water Resources of China in 2007, the soil types in the Altay Prefecture are divided into 386 

different ecologically sensitive zones (Fig. 5-c). 387 

Soil media: The soil media affects the anti-interference ability of the area. The regions with loose soil 388 

media structure are more significantly affected by surface runoff and human activities, and their 389 



 

 

ecological sensitivity is relatively higher (Montero 2005). According to the size of soil media particles, 390 

the Altay Prefecture is divided into different ecologically sensitive zones (Fig. 5-d). 391 

Vegetation types: Vegetation plays a very important role in protecting regional biodiversity and 392 

improving the quality of the ecological environment. It has the effect of retaining water and soil, and to 393 

a certain extent can improve the soil structure, physical and chemical and hydrogeological properties of 394 

the topsoil, as well as micro-topography, and increase the soil's anti-erosion ability (Davidson et al. 2000; 395 

Song et al. 2021). The interception of vegetation can also resist the erosion of precipitation on the ground 396 

(Iida et al. 2017; Wei et al. 2020). In areas with rich vegetation coverage, soil and water conservation 397 

and ecological adjustment capabilities are strong, and its ecological sensitivity is weak. The ecological 398 

sensitivity map of vegetation is shown in Fig. 5-e. 399 

Lithology: The soil formed after weathering of parent rocks with different lithology has different 400 

material components, and the soil fertility and thickness are also different, which will affect the growth 401 

of vegetation (Ott 2020). Among them, carbonate rock is the most unfavorable to the growth of vegetation, 402 

because carbonate will dissolve and make the distribution of soil thin, thus affecting the ecological 403 

sensitivity (Hou and Gao 2020). Carbonate rock covers a wide area in the Altay, the pure carbonate rock 404 

or carbonate rocks with a certain proportion, its distribution area accounts for 34.8% of the whole area. 405 

Poor soil conditions, low nutrient content, vegetation growth environment is relatively poor. Ecological 406 

sensitivity based on lithology factors is generally high (Fig. 5-f). 407 

Geological disasters: Geological disasters can destroy the structure of ecological land, affect the 408 

material and energy cycle within the system, and thus affect the ecological function of ecological land 409 

(Ambrosi et al. 2018; Ouyang et al. 2019). Regions with high frequency of geological disasters have 410 

higher ecological risks and unstable ecosystems, so ecological sensitivity is high. According to the 411 

"Geological Hazard Classification and Grading Standard (T/CAGHP 001-2018)" issued by the China 412 

Geological Hazard Prevention Engineering Industry Association in 2018, the Altay Prefecture is divided 413 

into 4 levels: small, medium, large, and extra large geological disasters. The ecological sensitivity map 414 

based on geological disasters factors is shown in Fig. 5-g. 415 



 

 

 416 

Fig. 5 Rating maps of ecological sensitivity evaluation system parameters 417 

Heavy metal pollution: The heavy metal elements in the soil will be absorbed and enriched by 418 

vegetation. When the content of heavy metal elements exceeds the self-purification capacity of the plant 419 

itself, it will have an adverse effect on the growth and development of the plant. Therefore, the more 420 

serious the heavy metal pollution is, the more severe the damage to the ecological environment will be, 421 

and the higher the ecological sensitivity will be. According to the pollution risk level of heavy metals, 422 

from low to high corresponds to different ecological sensitivity degree, to get the ecological sensitivity 423 

zoning map based on heavy metal pollution factors in Altay Prefecture (Fig. 6-a).  424 

According to the calculation result of the comprehensive evaluation value of ecological sensitivity 425 

(ES), the ecological environment of the Altay Prefecture is divided into 4 sensitive areas, among which, 426 

when the ES value is between 1 and 2, it is a low sensitive area; when the ES value is between 2 and 3, 427 

it is the moderate sensitive area; when the ES value is between 3 and 4, it is the high sensitive area; when 428 

the ES value is greater than 4, it is the extremely sensitive area. 429 

From the ecological sensitivity zoning map (Fig. 6-b), it can be seen that the ecological environment 430 

of the Altay Prefecture is mainly moderately sensitive, and its area accounts for the largest proportion of 431 

59.74%, which is more than half of the study area. The second is the low-sensitive area, which accounts 432 

for 18.79% of the whole area. The area of highly sensitive area and extremely sensitive area accounted 433 

for 12.09% and 9.38% respectively, and their total area exceeded 1/5 of the study area. Comparing Fig. 434 

6-a and Fig. 6-b, we can find that the high and very high-risk areas of heavy metal pollution coincide 435 



 

 

with the high and extremely sensitive areas of ecologically sensitive zoning to some extent (Red box 436 

area). The coincident areas are mainly distributed in the areas with frequent human activities in Altay 437 

Prefecture, so we speculate that heavy metal pollution due to unreasonable human activities is the main 438 

cause of ecological fragility in Altay Prefecture, and the surrounding developed river network system 439 

intensifies the diffusion and release of heavy metal pollution from point to surface. 440 

 441 

Fig. 6 Heavy metal pollution risk map and ecological sensitivity zoning map of Altay Prefecture 442 

 443 

Conclusions 444 

 445 

In order to explore the damage degree of soil heavy metals to the regional ecological environment, the 446 

soil in Altay Prefecture of Xinjiang was sampled. Based on the tested contents of heavy metals in soil, 447 

the spatial distribution of heavy metals was mapped, and the pollution risk of regional heavy metals was 448 

assessed by applying the improved potential pollution risk index method. Finally, the indicators that have 449 

a significant impact on the ecological sensitivity of the Altay Prefecture are selected to construct a 450 

comprehensive evaluation system of ecological sensitivity, and the ecological sensitivity of the Altay 451 

Prefecture is evaluated and analyzed. The main conclusions are as follows: 452 

Among the heavy metal elements in the soil environment of Altay, Cu and Zn exceeded the soil 453 

background value most seriously, with a large coverage area. The contaminated area of Cu accounted for 454 

28.76%, and that of Zn accounted for 19.37%. The content of heavy metal elements Cd and Hg is the 455 



 

 

smallest, which is within the soil background value, and the harm to the regional ecological environment 456 

can be ignored. The heavy metals Pb, Cr and As were slightly polluted in some areas, and the proportions 457 

of contaminated areas were 3.43%, 7.62% and 3.51%, respectively. Therefore, the relevant departments 458 

in Altay Prefecture should focus on the prevention and control of heavy metal pollution, mainly Cu and 459 

Zn, supplemented by Pb, Cr and As. In addition, it can be seen from the spatial distribution of heavy 460 

metals that they are mainly distributed in human settlements and areas with dense river systems. 461 

Therefore, under the influence of surface runoff and river, the diffusion of heavy metal pollutants in soil 462 

is more likely, and preventive measures should be taken in advance. 463 

Based on the improved potential pollution risk index method, the potential heavy metal pollution risk 464 

in Altay Prefecture was evaluated. Among them, the area of the risk-free zone accounts for 12.33%. The 465 

area of the low-risk zone accounts for 34.06%. The area of the medium-risk zone accounts for 28.63%. 466 

The area of high-risk zone accounted for 20.87%. The area of extremely high-risk zone accounted for 467 

4.11%. The range of low-risk zone is the largest, mainly distributed in desert and sandy areas. The high-468 

risk and extremely high-risk zones account for 24.98% of the total area, which is about 1/4 of the total 469 

area, and basically covers all areas of human activities.  470 

In the comprehensive evaluation of soil eco-environmental sensitivity in Altay Prefecture, topography, 471 

precipitation, soil type, soil media, vegetation types, lithology, geological disasters, heavy metal 472 

pollution were selected as influencing factors and weighted, and then divided into different levels of 473 

ecological sensitive areas. Among them, the proportion of eco-environmental sensitive area in Altay 474 

Prefecture from high to low is as follows: medium sensitive area (59.74%)＞low sensitive area (18.79%)475 

＞high sensitive area (12.09%)＞extremely sensitive area (9.38%). 476 

In this study, the occurrence forms and physical and chemical effects of heavy metals were not 477 

considered in the potential pollution risk assessment of heavy metals and the comprehensive evaluation 478 

of regional ecological sensitivity. The compound pollution risk and impact on ecological sensitivity of 479 

heavy metals were different from single heavy metals. Therefore, the conclusions of this study can only 480 

be used as a preliminary proposal for the prevention and control of heavy metal pollution and ecological 481 

protection in Altay Prefecture, and further investigation is needed in order to better guide the relevant 482 

government agencies. 483 
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Figure captions 636 

Fig. 1 Sketch map of the study area and layout of the sampling points 637 

Fig. 2 Spatial distribution map of heavy metals in soil in Altay Prefecture (𝐵𝑛 is the soil background 638 

value of heavy metal) 639 

Fig. 3 Distribution map of contaminated areas and area proportion of seven heavy metals 640 

Fig. 4 Ecological function zone and land use type map of Altay Prefecture 641 

Fig. 5 Rating maps of ecological sensitivity evaluation system parameters 642 

Fig. 6 Heavy metal pollution risk map and ecological sensitivity zoning map of Altay Prefecture 643 
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 645 

 646 

 647 

Table captions 648 

Table 1 Toxicity response coefficient and background reference value of heavy metal elements 649 

Table 2 Potential pollution risk index value (RI) and ecological risk level (Haknson et. al, 1980) 650 

Table 3 Classification and weighting of ecological function value areas and land use types 651 

Table 4 Statistical analysis of test value of heavy metal content in soil (mg/kg) 652 

Table 5 Ratings, weights and classes, for the comprehensive evaluation system of ecological sensitivity 653 

parameters 654 


