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Cadmium (Cd) contamination in soils has become a serious and 

widespread environmental problem, especially in areas with high natural 

background Cd values, but the mechanism of Cd enrichment in these 

areas is still unclear. We have Quantitatively identified main natural 

sources of high background values of Cd in the soils in karst areas and 

main anthropogenic sources of Cd in the soils in mining areas. We 

concluded that the natural sources of Cd in soils in karst areas mainly 

derived from the weathering and deposition processes of carbonatite from 

the Carboniferous system and the anthropogenic sources of Cd in soils 

mainly derived from the mining of lead-zinc ores. We have also identified 

the high-risk regions for Cd in the soils, where should be pay more 

attention. This study provides some resources for other studies and for 

establishing pollution control strategies in Guangxi. 
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Abstract 10 

Cadmium (Cd) contamination in soils has become a serious and widespread environmental 11 

problem, especially in areas with high natural background Cd values, but the mechanism of Cd 12 

enrichment in these areas is still unclear. This study uses the Guangxi Zhuang Autonomous 13 

Region (Guangxi), a typical area with a high background Cd level and Cd pollution related to 14 

mining activities, as an example to explore the source and predict areas with high Cd risk in soils 15 

based on the geographical detector method. The areas with high Cd in Guangxi soils were 16 

classified into non-mining areas and mining areas according to their potential Cd sources. The 17 

results show that the rich Cd content in the soils from the non-mining area of Guangxi was 18 

mainly derived from the soil type (q = 0.34), geological age (q = 0.27), rock type (q = 0.26) and 19 

geomorphic type (q = 0.20). Specifically, the Cd content was derived from the weathering and 20 

deposition processes of carbonatite from the Carboniferous system in the karst area. The high Cd 21 

content in the soils of the mining area of Guangxi was mainly derived from the area mined for 22 

mineral resources (q = 0.08) and rock type (q =0.05). Specifically, the Cd content was derived 23 
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from the mining of lead-zinc ores. The areas in Guangxi with a high risk of Cd soil pollution are 24 

mostly concentrated in karst areas, such as Hechi, Laibin, Chongzuo, southern Liuzhou and 25 

Baise, northern Nanning city and northeastern Guilin city, and some mining areas. These results 26 

indicated that the high Cd concentration in the soils of large areas of Guangxi is probably due to 27 

natural sources, while the high Cd concentration around mining areas is due to anthropogenic 28 

sources. The results will be useful for soil restoration and locating and controlling contaminated 29 

agricultural land. 30 

Key words: Cadmium; Source; High-risk region; Geographical detector; Guangxi 31 

 32 

Capsule abstract 33 

We quantitatively identified the main natural and anthropogenic sources of Cd in the soils and 34 

predicted the high-risk regions. 35 

Corresponding author: Qing Lin, 765649477@qq.com 36 

 37 

1 Introduction 38 

The heavy metal cadmium (Cd) is a highly toxic element with a wide variety of adverse 39 

effects on humans, animals and plants (Waalkes, 2000; Berglund et al., 2015; Benavides et al., 40 

2005; Chou et al., 2005). Cd exerts toxic effects on the lungs, kidneys, bones, prostate, heart, 41 

skin, placenta and gastrointestinal tract (Pinot et al., 2000) and has been clearly shown to be a 42 

carcinogen for humans and experimental animals (Waalkes, 2000; Żukowska and Biziuk, 2008). 43 

Cd is a naturally occurring element and a natural component of rocks; the Cd concentration is 0 44 

~ 11 mg kg-1 in Earth’s crust (Bowen, 1979). Cd is transferred into the environment (e.g., soils) 45 

by both natural and anthropogenic processes and is generally present in the environment at low 46 
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levels. 47 

However, the mean concentrations of Cd in soils with no obvious anthropogenic sources 48 

vary between 0.06 and 1.10 mg kg-1 (Pinot et al., 2000; Kabata-Pendias, 2010). This difference 49 

means that the weathering of parent rocks may produce natural Cd enrichment in soils 50 

(Kabata-Pendias and Dudka, 1991; Naidu et al., 1997; Liu et al., 2013). High background values 51 

of Cd in soils have been reported in many regions worldwide, especially in karst areas mostly 52 

covered by black shake (NEPA, 1990; Pinot et al., 2000; Kabata-Pendias, 2010; Liu et al., 2013; 53 

Luo, 2018; Zhang et al., 2018). Compared to other shales or the average crust, black shales are 54 

commonly highly enriched in Cd because Cd generally occurs in sulfides in black shale and is 55 

easily released when exposed to oxygen and water (Kabata-Pendias and Dudka, 1991; Liu et al., 56 

2017). 57 

On the other hand, anthropogenic Cd found in atmospheric emissions, which is mostly due 58 

to mining and smelting of nonferrous metals that account for 73% of all anthropogenic sources 59 

(Pacyna and Pacyna, 2001), is thought to be a primary source of environmental Cd because it 60 

accounts for 70% of the total cadmium (Pinot et al., 2000; Cheng et al., 2014). Approximately 80% 61 

~ 90% of anthropogenic Cd ultimately enters soils (Zhang et al., 2015; Liao et al., 2015). 62 

According to an assessment of Cd in China based on 486 studies (Zhang et al., 2015), the 63 

average cadmium concentration in soils was ranked as follows: mining and smelting areas (8.27 64 

mg kg-1) > wastewater irrigation areas (1.91 mg kg-1) > urban and suburban areas (0.46 mg kg-1) > 65 

remote areas (0.16 mg kg-1). Specifically, the high soil Cd concentration surrounding mining 66 

areas was mainly due to mineral excavation, ore transportation, smelting and refining, and the 67 

disposal of tailings and wastewater, which can allow Cd to enter and accumulate in the soil 68 

(Salomons 1995; Shao et al., 2013). The soils surrounding mining areas are more severely 69 

polluted by Cd than those far from mining activities (Li et al., 2014). In general, the total Cd 70 

concentration in soils comes from volcanic activity and geological weathering of parent rocks 71 



(Liu et al., 2013), together with inputs from anthropogenic sources, such as mining, smelting, 72 

sewage irrigation, fertilizers (phosphate fertilizers), manures and other agricultural materials 73 

(Alloway and Steinnes, 1999; Razo et al., 2004; Luo et al., 2009). 74 

High background Cd levels in soils are mainly controlled by high Cd values in regional 75 

rocks and the process of rock weathering (Naidu et al., 1997; Liu et al., 2013; Wen et al., 2020). 76 

To explore the leading factors of Cd accumulation is very important to understand the anomalies 77 

in the high levels of Cd in soils. The impacts of rocks with high Cd on the background values of 78 

Cd in soils are well known. For example, the level of Cd in soils is very high and exhibits large 79 

anomalies in black shale, phosphorite (Liu et al., 2017) and cadmiferous Pb-Zn ore areas. 80 

However, the anomalies in the levels of high Cd in the soils of karst areas most likely involve 81 

many factors. 82 

Intensive geochemical studies can explore the sources of Cd anomalies in soils and can help 83 

reveal the mechanisms of Cd enrichment in soils (Wang et al., 2019). However, it is important to 84 

determine the factors that play a key role in the enrichment of Cd in soils before carrying out 85 

geochemical studies. Spatial statistical analysis may be a beneficial complement to traditional 86 

experimental methods for identifying natural sources and the mechanisms of Cd enrichment in 87 

soils (Liu et al., 2013; Shi et al., 2020). The traditional experiments used to study Cd in soils 88 

would be greatly improved by including pertinent factors, such as rock type (Luo, 2018; Zhang 89 

et al., 2018; Ministry of Land and Resources, 2014), total phosphorus (McDowell et al., 2013; 90 

Jia et al., 2019) and mining-related activities (Zhang et al., 2015; Liu et al., 2013), which can be 91 

determined based on the driving factors and high-risk areas identified by spatial 92 

statistical models. In addition, spatial statistical analyses can be used to determine the overall 93 

spatial configuration and general condition of large areas. 94 
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Compared with traditional statistical methods, such as correlation analysis, geostatistical 95 

techniques (Lv, 2019), multiple regression analysis (Qiu et al., 2016), principal component 96 

analysis (Ordonez et al., 2003) and geographically weighted regression (Liu et al., 2013), a 97 

growing number of studies have applied the geographical detector method (GDM) in recent 98 

years to quantify the influence of the factors controlling the spatial patterns of geographical 99 

phenomena. The GDM has been applied to many topics, such as heavy metal pollution (Shi et al., 100 

2018; Luo et al., 2019; Qiao et al., 2018), precipitation changes (Zhao et al., 2017), and endemic 101 

disease patterns (Wang et al., 2010). The GDM can capture the spatial relationship between the 102 

driving factors and the concentration of heavy metals and the interactions among the driving 103 

factors, and it does not require the data to meet strict assumptions. Based on the spatially 104 

stratified heterogeneity of geographical phenomena, the GDM assumes that if a geographical 105 

phenomenon (Y; e.g., the spatial distribution of Cd) is consistent with the spatial distribution of 106 

another geographical factor (X; e.g., rock type), then factor X will have a definite determinant 107 

power on the occurrence and development of phenomenon Y (Wang et al., 2010; Wang et al., 108 

2016; Zhao et al., 2017). The free software for executing the GDM was downloaded from 109 

http://www.geodetector.org. 110 

The Guangxi Zhuang Autonomous Region (Guangxi) of China has a high geochemical 111 

background (Wen et al., 2019) and a background Cd value in the soils of 0.27 mg kg-1, which is 112 

2.75 times the national average of China (NEPA, 1990). In the karst regions of Guangxi, the 113 

background values of Cd in limestone and limestone soils are 0.22 mg kg-1 and 1.12 mg kg-1, 114 

respectively, which are the highest in China (NEPA, 1990). Although previous studies have 115 

explored some findings based on the analysis of limited samples from some small karst areas 116 
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(Ministry of Land and Resources, 2014; Wang et al., 2019; Wen et al., 2020), the sources and mechanisms 117 

of Cd enrichment in soils are still unclear. In contrast, high Cd concentrations in soils have been 118 

reported in mining-related areas in Guangxi (Zhang et al., 2008; Zhang et al., 2009; Guo et al., 119 

2018; Liu et al., 2016; Wang et al., 2018). 120 

Based on the high Cd background values and the major anthropogenic sources of Cd 121 

(mining-related activities) identified in Guangxi, we assumed that the high background value of 122 

Cd in the soils comes from a natural source (i.e., the geological weathering of parent rocks in the 123 

karst area) and that the anthropogenic source of the high Cd levels in Guangxi soils is mainly 124 

related to mining. This study was designed to test the above assumptions. The high Cd levels in 125 

Guangxi soils can be categorized into two types: non-mining areas (corresponding to the natural 126 

sources of Cd in the soils) and mining areas (corresponding to the anthropogenic sources of Cd 127 

in soils). Longzhou County, a karst area with few mining-related activities, and the Diaojiang 128 

River basin, a karst area highlighted by mining activities, were selected as the non-mining area 129 

and mining area, respectively, to identify the driving factors behind the high Cd concentrations in 130 

the soils using GDM. Mashan County, which has relatively limited mining-related activity, and 131 

Huanjiang County, a lead-zinc (Pb-Zn) ore area, were selected as test areas to validate the 132 

findings. Finally, we identified and predicted the regions with a high risk of a high Cd 133 

concentration in the soils in Guangxi. This study provides resources for other studies and for 134 

establishing pollution control strategies in Guangxi. 135 

2 Materials and Methodology 136 

2.1 Study area 137 

Guangxi is located in Southwest China, sharing its southwestern border with Vietnam (Fig. 138 
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1). The karst area in Guangxi, which accounts for 37.80% of the whole region (236,700 km2), 139 

belongs to the central karst geomorphology of eastern Asia, which is one of the largest karst 140 

areas in the world (Liu et al., 2008). The plain accounts for only 26.90% of the region. Guangxi 141 

has diverse and large-scale mineral resources, such as Pb-Zn ores and manganese ores and is one 142 

of the ten nonferrous metal-producing areas in China. The leading reserves of some mineral 143 

resources in China, and even the world, are found in Guangxi. Based on the development of the 144 

mining industry, Guangxi was identified as one of fourteen key provincial regions for the 145 

integrated control of heavy metal pollution in the “Twelfth Five-Year Plan”. 146 



 147 

Fig. 1. Basic information related to the study area. 148 

The Diaojiang River basin (approximately 3,580 km2) is located in the northwest of 149 

Guangxi, and its main branch is 229 km. This basin has the largest Zn-Sn mine in China. From 150 

upstream to downstream, there is a tin-polymetallic ore field near the town of Dachang, a 151 

Zn-Pb-Sn mine near the town of Wuxu and a Mn mine near the town of Laren (Liu et al., 2016; 152 

Wang et al., 2018). Mining activities have occurred for several decades and have released a large 153 
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amount of heavy metals (e.g., Cd) into the soils (Wang et al., 2018). Longzhou County is mostly 154 

covered by karst areas and has few mining activities. The Diaojiang River basin and Longzhou 155 

County were selected as typical examples of mining and non-mining areas, respectively, to build 156 

two models. 157 

2.2    Sample collection and measurement 158 

A total of 100 soil samples were randomly collected in Longzhou County in July 2016 (Fig. 159 

1), and 17 soil samples were collected along a road in Mashan County in April 2017. All the soil 160 

samples were air-dried, ground in a stainless-steel grinder chamber, and then sieved through a 161 

100-mesh grid sieve (0.15 mm) to remove impurities (Shi et al., 2018). The soil Cd content was 162 

measured using inductively coupled plasma-mass spectrometry (ICP-MS). Another 837 records 163 

of the Cd contents in soil samples from the Diaojiang River basin (from September 2013) were 164 

provided by the Chinese Research Academy of Environmental Sciences and processed by 165 

standard procedures (Bai et al., 2017). 166 

2.3 GDM 167 

The GDM proposed by Wang et al. (2010) was reviewed to measure the spatially stratified 168 

heterogeneity of the Cd concentration (H) and explore how a factor (D) explains the spatial 169 

pattern of H in this research context. The four components of the GDM (the factor detector, 170 

ecological detector, risk detector and interaction detector) are detailed below. 171 

We assume that the Cd concentrations have a spatial distribution similar to that of an impact 172 

factor if the impact factor leads to the observed distribution of Cd concentrations based on the 173 

factor detector. All the impact factors are quantified by power values as follows: 174 

� = 1 − �
���

	 ∑ (�
,� ∙�
��� ���,�

� )                                         (1) 175 
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where D represents a driving factor layer (e.g., soil type), which must already be categorized; 176 

m is the number of zones (categories) of factor D (D={D1, D2, D3, …, Dm}); H layer represents 177 

the spatial distribution of the Cd concentration; q represents the power of determinant D on H; n 178 

and ��
� represent the total number of samples and the global variance in H over the entire study 179 

area, respectively; and �
,� and ���,�
�  represent the number of samples in the i-th subregion of 180 

factor D and the variance in H over the i-th subregion of factor D, respectively. In general, the 181 

value range of q is [0, 1] (Wang et al., 2010). A high q means that the driving factor category 182 

explains more of the spatial variation in the Cd concentration. 183 

The ecological detector compares the potential driving factors (e.g., C factor) and 184 

determines the one that is more significant than the others (e.g., D factor) in causing the spatial 185 

pattern of the Cd concentration. This is measured using the F-test: 186 

                      � = ��,�(��,���)��,�
	

��,�(��,���)��,�
	          (2) 187 

where F is the test value of F; � ,! and �
,! denote the number of samples of impact 188 

factors C and D in sample unit p, respectively; and � ,�
�  and �
,�

�  are the dispersion variances 189 

of the impact factors C and D, respectively. 190 

The risk detector compares the difference of the average values of different types or ranges 191 

of a driving factor on the Cd accumulation in the soils through a t-test. The larger the difference 192 

is, the greater the contribution to Cd accumulation in soils. 193 

"�# = $��$%

&��
	/��(�%

	/�%)
*/	                             (3) 194 

where "�# is the test value of t; R, and -# are the average values of the spatial pattern of the 195 

Cd concentration over property i and property j of the driving factor R, respectively; ��
� and �#

� 196 

are the variances in the spatial pattern of the Cd concentration from property i and property j, 197 

respectively; and �� and �# are the sample sizes of the two properties. 198 

The interaction detector shows that when two different factors (x1 and x2) are combined, 199 

they weaken, enhance, or are independent of each other in their impact on Cd accumulation. The 200 
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effect is determined by comparing q(x1∩x2) with the values of q(x1) and q(x2), where the '∩' 201 

symbol denotes a new layer created by overlaying the x1 layer and the y layer (Wang et al., 202 

2010). If q(x1∩x2) < min (q(x1), q(x2)), the variables nonlinearly weaken each other; if min 203 

(q(x1), q(x2)) < q(x1∩x2) < max (q(x1), q(x2)), the variables weaken each other uniformly; if 204 

q(x1∩x2) > max (q(x1), q(x2)), the variables enhance each other bidirectionally; and if q(x1∩x2) 205 

> q(x1) + q(x2), the variables nonlinearly enhance each other. If q(x1∩x2) = q(x1) + q(x2), then 206 

the variables are independent of each other (Wang et al., 2010; Zhao et al., 2017). 207 

2.4 Data processing of the driving factors 208 

According to a literature review, expert consultation and access to research data, all the 209 

potential driving factors related to the spatial pattern of Cd concentrations, such as the 210 

geomorphic type (GT), area mined for mineral resources (AMMR), soil type (ST), vegetation 211 

type (VT), total phosphorus in the soil (TP), land use type (LUT), rock type (RT), geologic age 212 

(GA) and soil context, including silt content (STC), sand content (SDC) and clay content (CYC) 213 

in soils, were considered. RT and GA were derived from a geologic map of Guangxi at a scale of 214 

1:1750,000. GT was derived from a geomorphic map of Guangxi at a scale of 1:1000,000. ST, 215 

VT, LUT and soil texture (SDC, STC and CYC) were provided by the Data Center for Resources 216 

and Environmental Sciences (RESDC), Chinese Academy of Sciences (http://www.resdc.cn). 217 

AMMR was derived from the General Mineral Resources Planning of Guangxi (2008~2015), 218 

which was released by the Bureau of Land and Resources of Guangxi (Fig. 1). All the driving 219 

factors were mapped and categorized using original categories, expert knowledge or a 220 

categorization algorithm (Fig. 1, 2), such as equal interval, quantile and k-means, which depend 221 

on the improvement of the q value (Wang and Xu, 2017). 222 



 223 

Fig. 2. Spatial distribution of the paired factors driving Cd enrichment in the Diaojiang River basin 224 

(left) and Longzhou County (right) soils. 225 

 226 
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3 Results and Analysis 227 

3.1 Cd concentration in soils 228 

Table 1 shows the descriptive statistics for the Cd concentrations in Longzhou County and 229 

Diaojiang River basin soils. The Cd concentrations in the rocks and soils varied, with ranges of 230 

0.02~2.10 and 0.03~49.29 mg kg-1, respectively. Rocks from the Carboniferous system had the 231 

highest average Cd content (0.89 mg kg-1). The Cd contents in the rocks in Longzhou County 232 

(average values varying from 0.29-0.89 mg kg-1) largely exceeded the Cd content in the Earth’s 233 

crust (0.11 mg kg-1) (Bowen, 1979). The Cd contents in 92% of the soil samples from Longzhou 234 

County exceeded the background value of Cd in the soils from Guangxi (0.267 mg kg-1), and the 235 

maximum was 184.59 times the background value. Similarly, the Cd contents in the soils in the 236 

Diaojiang River basin varied greatly, ranging from 0.01 ~ 178.30 mg kg-1. 237 

Table 1. Cd concentrations in rocks with different geological ages and soils from Longzhou County and 238 

the Diaojiang River basin (mg kg-1). 239 

Study area Type 

Average 

value 

Standard 

deviation 

Maximum Minimum 

Longzhou  

Rock 

(n=86) 

Devonian system 0.29 0.32 1.37 0.02 

Carboniferous system  0.89 0.44 1.81 0.20 

Permian system 0.79 0.57 2.10 0.25 

Cambrian system 0.38 0.21 0.52 0.23 

Soil (n =100) 6.54 8.15 49.29 0.03 

Diaojiang 

River basin 

Soil (n = 837) 5.33 13.48 178.30 0.01 



 240 

Fig. 3. Spatial distribution of Cd concentrations in the Diaojiang River basin (a) and Longzhou County 241 

(b). 242 

Fig. 3 shows the spatial distribution of Cd in the soils from the two study areas based on an 243 

inverse distance weighted interpolation map. Most of the study area had a high Cd content (> 0.3 244 

mg kg-1), which means that Cd pollution is commonly found in the soils throughout the study 245 

regions. The high Cd contents were relatively organized. These findings suggest that the entire 246 

study area has a high risk of Cd pollution, especially in some clustered areas with high Cd 247 

concentrations. 248 

3.2 The dominant factors driving high Cd concentrations 249 

Based on the factor detector model, all the driving factors were ranked by their impact on 250 

the Cd concentrations in the soils of Longzhou County and the Diaojiang River basin (Table 2). 251 

In Longzhou County (the non-mining area), all the driving factors were statistically significant at 252 

the 0.05 level, which means that all the driving factors have significant impacts on the spatial 253 

distribution of Cd in the soils. Among the driving factors, the q value of ST was the highest 254 

(0.34), and the q values of ST, SDC, CYC, GA, RT and TP were larger than 0.20. This result 255 
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indicates that these factors could be regarded as leading factors (Li et al., 2013; Liu et al., 2013) 256 

that strongly explain the spatial pattern of the Cd concentration, i.e., ST, SDC, CYC, GA, RT, TP 257 

and GT are potential leading factors that may have a relatively strong influence on the patterns of 258 

high Cd concentrations in this non-mining area, while the q values of VT, LUT and STC are 259 

comparatively small, and these factors likely have a relatively weak influence on the spatial 260 

pattern of high Cd concentrations. According to the ecological detector, ST, a potential leading 261 

factor, was statistically significant when paired with SDC and CYC (Table S1). That is, ST 262 

clearly had a greater impact than SDC and CYC on the enrichment of the Cd concentration. Thus, 263 

SDC and CYC were eliminated from the list of potential dominant factors. The same analysis 264 

was conducted for the other potential leading factors (Table S1). We concluded that ST, GA, RT 265 

and GT were the leading factors that had the greatest impact on the enrichment of the Cd 266 

concentration, and the remaining factors may have had a relatively weak influence on the Cd 267 

concentration. 268 

In the Diaojiang River basin (the mining area), all the selected factors except SDC were 269 

statistically significantly associated with the Cd concentration at the 0.05 level. All the driving 270 

factors can be easily categorized into a group with high q values (AMMR and RT) and a group 271 

with low q values (the remainder of the factors) because of clear clustering in the q values (Table 272 

2). AMMR and RT were identified as potential leading factors. There was not a statistically 273 

significant difference between AMMR and RT according to the ecological factors, which means 274 

that they both have a great impact on the enrichment of the Cd concentrations in the soil of the 275 

Diaojiang River basin. We concluded that AMMR and RT were the leading factors for the 276 

enrichment of the Cd concentration in the soil of the Diaojiang River basin. 277 



Table 2. q values of the factor detector in the mining area and non-mining area 278 

Study area Driving factor q value Study area Driving factor q value 

Longzhou 

County  

(Non-mining area) 

ST 0.34***  

Diaojiang 

River basin  

(Mining 

area) 

AMMR 0.08***  

SDC 0.30***  RT 0.05***  

CYC 0.30***  GA 0.03***  

GA 0.27***  TP 0.03***  

RT 0.26***  VT 0.02***  

TP 0.23***  GT 0.01***  

GT 0.20***  LUT 0.01**  

VT 0.20***  ST 0.00***  

LUT 0.13***  STC 0.00***  

STC 0.02***  CYC 0.00***  

   SDC 0.00 

Note: *** and ** indicate statistical significance at 1% and 5%, respectively. 279 

 280 

3.3 The effect of the interaction of the driving factors 281 

Each pair of driving factors had a greater impact than single factors according to the 282 

interaction detector (Table S2). The results clearly show that the q values of the two dominant 283 

factors (ST and GA) enhanced all the other factors. The q values of 29 pairs exceeded the largest 284 

q value found for a single factor (q = 0.34). For example, GA and TP alone each had low q 285 

values (0.27 and 0.23, respectively), but their interaction explained 49% (i.e., q (GA∩TP) = 0.49) 286 

of the spatial distribution of the Cd concentration in Longzhou County, and their combined q 287 

value was much greater than the largest q value for a single factor (q = 0.34). In addition, the q 288 

values between ST and other factors were enhanced (Table S2). The same interaction effects 289 

were found in the Diaojiang River basin. The q values of 11 pairs exceeded the largest q value, 290 

which was found for AMMR. AMMR enhanced the impact of all the other factors on the 291 

accumulation of Cd in soils (Table S3). 292 
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3.4 Prediction of areas with a high risk of Cd in Guangxi soils 293 

According to the risk detector, we compared the effect of the type or range of each 294 

dominant factor on the high Cd concentrations. For the non-mining area, limestone soils (of the 295 

ST factors), the Carboniferous system (of the GA factors), carbonatite (of the RT factors) and the 296 

karst landform (of the GT factors) had the highest mean Cd concentration among all types or 297 

ranges of each dominant factor and had a significantly greater impact than the other types or 298 

ranges of each dominant factor on the enrichment of the Cd concentration (Table 3). Thus, those 299 

types or ranges (of each dominant factor) were used to determine the threshold values of high 300 

risk (Table 3). In general, the highest Cd concentrations in the soils of the non-mining area 301 

mostly originated in limestone soils, which were possibly derived from the geological 302 

weathering of carbonatite of the Carboniferous system located in the karst area; therefore, areas 303 

with these characteristics had the highest risk of Cd contamination. In the mining area, we 304 

concluded that Pb-Zn ore contributed the most to the input of Cd into the surrounding soils, and 305 

granite porphyry and granite are ore-forming materials that are the sources of Pb-Zn ore (Table 306 

3). In addition, the areas with the characteristics of the main types or ranges of the dominant 307 

driving factors have very high Cd contents, ranging from 4.84 ~ 9.75 mg kg-1 (Table 3). 308 

Table 3. Main influential types (ranges) of the dominant factors and their impacts on the 309 

enrichment of the Cd concentration 310 

Study area 
Dominant 

factor 

Main type (range) of the dominant 

factor 

Mean Cd concentration 

(mg kg-1) 

Longzhou County 

(Non-mining area) 

ST Limestone soil 4.84 

GA Carboniferous system 5.27 

RT Carbonatite 5.98 

GT Karst landform 4.25 

Diaojiang River 

basin  

(Mining area) 

AMMR Metal ores related to Pb-Zn 9.75 

RT 
Granite porphyry 7.89 

Granite 5.38 

 311 



We extrapolated the conclusions of the GDM in Longzhou County and the Diaojiang River 312 

basin, two typical experimental areas, to all of Guangxi. Fig. 4 shows the main types (ranges) of 313 

the dominant driving factors (Table 3) for all of Guangxi; there is a higher risk of Cd in the soils 314 

where these factors occur than in the soils without influential factors. These high-risk areas for 315 

Guangxi soils are mostly concentrated in Hechi, Laibin, Chongzuo, southern Liuzhou and Baise, 316 

northern Nanning city and northeastern Guilin city and some mining areas. Fig. 4 also indicates 317 

where many of the abovementioned driving factor types overlapped (i.e., where the risk was 318 

high). The cities of Hechi, Laibin and Chongzuo should be the highest priority areas for soil 319 

restoration because these areas had the highest number of influential driving factor types or 320 

ranges. 321 

 322 

Fig. 4. Areas of Guangxi with a high risk of Cd in the soils. 323 
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4 Discussion 324 

In this study, GDM was employed to measure the contribution of various driving factors to 325 

the enrichment of Cd in Guangxi soils and then predict the high-risk areas. The GDM performed 326 

well and had advantages; for example, (1) it revealed the causal relationship between the Cd 327 

concentration and driving factors; (2) it easily processed categorical variables, which is rare for 328 

statistical analysis methods; and (3) it worked with input data that were either relatively easy to 329 

obtain or free, such as remote sensing data, geological maps and geomorphological maps (Shi et 330 

al., 2018). 331 

Our findings showed that ST, GA, RT and GT were the dominant factors driving Cd 332 

accumulation in soils through the natural weathering of parent rocks. This finding is consistent 333 

with the findings of other studies (e.g., Wen et al., 2020; Zhang et al., 2018). Zhang et al. (2018) 334 

reported that in an area of southwestern China (e.g., Guangxi) with a high regional geochemical 335 

background value of Cd, the excessive accumulation of Cd in soils is substantially attributable to 336 

natural pedogenic processes, such as the biogeochemical weathering of metal-enriched carbonate 337 

rocks (e.g., limestone). Carbonate rock is the main parent rock in karst areas. During the process 338 

of soil formation, calcium carbonate, the main chemical constituent of the rock, is dissolved and 339 

leached, while Cd is retained and gradually accumulates in the topsoil, which makes the Cd 340 

concentration in the topsoil 10-20-fold higher than that in the parent rocks (Ministry of Land and 341 

Resources, 2014; Zhang and Song, 2018). 342 

Our findings also show that most areas with a high risk of Cd accumulation in the soils were 343 

distributed in northwestern Guangxi (Fig. 4). As shown in Fig. 4, Mashan County, with few 344 

mining areas, and Huanjiang County, with Pb-Zn ore mining, were selected as test areas to 345 



validate the accuracy of the high-risk areas for the non-mining and mining areas, respectively. A 346 

total of 17 soil samples were collected from the high-risk areas in Mashan County (Fig. 5), and 347 

their Cd concentrations varied from 0.49 to 2.68 mg kg-1 (Table S4). All samples were higher 348 

than the background value of Cd in Guangxi soils (0.27 mg kg-1). This result indicates 349 

the accuracy of the high-risk areas that were delimited based on the main influential types of the 350 

dominant factors. 351 

 352 

 353 

Fig. 5. High-risk regions in Mashan County (i.e., non-mining validation area) and the locations of 354 

the sample points 355 

The area planned for mining Pb-Zn ore in Fig. 6 (approximately 256.34 km2), including the 356 

Beichuan and Yamai mining points, was identified as an area with high risk of Cd pollution in 357 

Huanjiang County. This region was derived from Fig. 4 and overlaid with the spatial distribution 358 
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of Cd in soils reported by Liu (2017) to validate the accuracy of the high-risk regions. Fig. 6 359 

clearly shows that the minimum Cd concentration in soils is greater than the background value of 360 

Cd in Guangxi (0.27 mg kg-1). The Cd concentrations in the soils of the mining area in this 361 

region are significantly higher than those in farmland and natural soils (Liu, 2017). Qiao et al. 362 

(2017) reported that the mining activities at the Beichuan and Yamai mining points have polluted 363 

nearby and downstream soils with heavy metals (e.g., Cd), and mining activities were the 364 

primary influencing factor for Cd pollution (Qiao et al., 2019). Therefore, Cd concentrations in 365 

soils in this region were dominated by mining-related activities even if we considered the 366 

contribution of natural sources of Cd in soils because this region is located in a karst area. Cd 367 

pollution in soils due to Pb-Zn exploitation has been previously demonstrated and is widely 368 

distributed (Asami, 1984; Zhang et al., 2002; Pérez-Sirvent, 2009) because Cd principally occurs 369 

as a byproduct of Zn refinement (Pinot et al., 2000). Fluvial transportation and atmospheric 370 

dispersion are the key pathways of the movement of Cd from mining sources to the environment 371 

(Razo et al., 2004). Soils adjacent to mining areas are heavily polluted by Cd (Asami, 1984; 372 

Zhang et al., 2002). This study also confirmed that mining activities, especially Pb-Zn 373 

exploitation, are the dominant reason for the high Cd concentrations in soils of mining areas. 374 



 375 

Fig. 6. High-risk region planned for mining Pb-Zn ore in Huanjiang County and its spatial distribution of Cd in 376 

soils mapped by Liu (2017) 377 

The results shown in Fig. 4 are important to managers, as these results indicate that soil 378 

restoration should be conducted in Guangxi as soon as possible. Moreover, the areas with the 379 

highest Cd concentrations, such as Hechi, Laibin, Chongzuo, southern Liuzhou and Baise, 380 

northern Nanning, northeastern Guilin and some mining areas, should receive the most attention. 381 

The risk area is large; thus, from the perspective of food safety, locating and controlling 382 

contaminated agricultural land may be urgent and necessary. 383 

There are three limitations in this study. First, we cannot be sure that the parent rocks of the 384 

soils in the study area were near rocks. Second, we extrapolated the results from Longzhou 385 

County and the Diaojiang River basin to all of Guangxi, which may have introduced uncertainty. 386 

Third, the mechanisms behind the natural sources of high Cd in the soils of the Guangxi karst 387 

area require further study. 388 
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5 Conclusions 389 

This study explored the leading factors driving Cd accumulation in Guangxi soils and 390 

identified high-risk areas using GDM. The results show that the GDM performs well and 391 

provides a new framework for exploring the driving factors that control the spatial patterns of 392 

high Cd concentrations in soils and identifying high-risk areas. The high Cd concentrations in 393 

Guangxi soils were divided into two types (non-mining area and mining area) to explore their 394 

respective enrichment mechanisms. For the soils from the non-mining area of Guangxi, the 395 

enrichment of Cd was mostly driven by ST, GA, RT and GT, and Cd was derived from the 396 

weathering processes of carbonatite from the Carboniferous system in the karst area. Regarding 397 

the soils from the mining area in Guangxi, the high concentrations of Cd were mostly driven by 398 

AMMR and RT and derived mainly from the mining of Pb-Zn ores. The combined action of 399 

multiple factors on the enrichment of Cd in the soils of Guangxi was greater than the effect of 400 

single factors. The areas at a high risk for Cd soil pollution in Guangxi are mostly concentrated 401 

in Hechi, Laibin, Chongzuo, southern Liuzhou and Baise, northern Nanning city, northeastern 402 

Guilin city and some mining areas. The high risk of Cd soil pollution in these relatively large 403 

areas was mainly due to the widespread natural sources of Cd. 404 
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� The geographical detector method provides a new integrated analysis framework. 

� The natural and anthropogenic Cd and Cd sources in Guangxi soils were detected. 

� The natural Cd came from the weathering of carbonatite of the Carboniferous 

system. 

� The main anthropogenic Cd was derived from the mining of lead-zinc ores. 

� The high-risk regions for Cd in the soils were mostly concentrated in karst areas. 
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