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Abstract Understanding the precise sources of 
heavy metals (HMs) in soil and the contribution of 
these sources to health risks has positive effects in 
terms of risk management. This study focused on 
the HMs in the soil of five land uses in an industrial 
and mining city. The sources of HMs in soils were 
identified, and the soil mineralogical characteristics 
and health risks of HMs were discussed. The results 
showed that the HMs (Cu, Zn, Ni, Cd, Pb) found in 

the soil of the five land uses were affected by human 
activities. For example, the Cu in grassland, gobi 
beach, woodland, green belt, and farmland is 22.3, 
3.5, 22.5, 16.7, and 21.3 times higher than the soil 
background values in Gansu Province, respectively. 
The Positive Matrix Factorization model (PMF) 
results revealed that traffic emissions and industrial 
and agricultural activities were the primary sources 
of HMs in the soil, with industrial sources account-
ing for the largest share at 55.79%. Furthermore, 
various characteristics proved that the studied HMs 
were closely related to smelting products. Concen-
tration-oriented health risk assessments showed that 
HMs in the different soil types held non-carcinogenic 
and carcinogenic risks for children and adults. Con-
tamination source-oriented health risk assessments 
of children and adults found that industrial activities 
controlled non-carcinogenic and carcinogenic risks. 
This study highlighted the critical effects of smelt-
ing on urban soil and the contribution of pollution 
sources to health risks. Furthermore, this work is sig-
nificant in respect of the risk control of HMs in urban 
soils.
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Abbreviations 
HMs  Heavy metals
HM  Heavy metal
PMF  Positive Matrix Factorization model
Igeo  Geoaccumulation index
EF  Enrichment factor
PI  Nemerow pollution index
CSI  Contamination safety index
PCA  Principal component analysis
CA  Cluster analysis
APCS  Absolute Principal Component Scores
MLR  Multiple Linear Regression
HAR  Human health risk
EC  Electric conductivity

SOM  Soil organic matter
XRD  X’Pert Pro diffractometer
STEM  Scanning transmission electron 

microscopy
HRTEM  High-resolution transmission electron 

microscopy
EDS  Energy-dispersive spectrometer
XPS  X-ray photoelectron spectroscopy
HI  Total exposure hazard index
TCR   Total carcinogenic risk
CV  Coefficient of variation
AF  SkinAdherence factor
BW  Average body weight
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Introduction

Heavy metal (HM) pollution in soil has inspired 
worldwide concerns owing to its toxicity, persistence, 
non-biodegradable nature, and the ability to accumu-
late in the food chain (Ağca & Özdel, 2014; Anaman 
et al., 2022). According to the first national soil pol-
lution survey results, contaminant concentrations in 
16.1% of the soil samples exceeded the standard limit 
of China’s Ministry of Environmental Protection and 
Ministry of Land and Resources, being mainly inor-
ganic, especially HM pollution (MEPPRC and MLR-
PRC, 2014). HM accumulation in soil causes tremen-
dous damage, such as soil function degradation, soil 
nutrient loss, and food chain contamination, affecting 
vegetation growth and human health (Fei et al., 2020; 
Gopinathan et al., 2022b; Xu et al., 2017; Zang et al., 
2017b).

Heavy metals (HMs) in soil are originally from 
natural and anthropogenic sources. The natural source 
is mainly the parent material (Chen et  al., 2016; Lu 
et  al., 2009). The anthropogenic source is the pri-
mary source of soil pollution, including metallifer-
ous industries, mining and smelting, agricultural 
activities, vehicle exhaust, and atmospheric deposi-
tion (Cai et  al., 2019; Wu et  al., 2022). Many stud-
ies have focused on soil pollution in farmland and in 
mining areas (Anaman et al., 2022; Fei et al., 2022; 
Tian et al., 2022), but rather few studies have inves-
tigated the concentration of HMs in soils subjected 
to different land uses. However, the concentration of 
HMs in soils varies between land-use types, with dif-
ferent possible hazards to human survival, and there 
may be different sources of contamination (Huang 
et al., 2018).

There are many methods used for assessing pollu-
tion and sources of HMs in soils. On the one hand, 
assessments based on geochemical backgrounds such 
as the geoaccumulation index  (Igeo), the enrichment 
factor (EF), the Nemerow pollution index (PI), and 
the contamination safety index (CSI) (Christophoridis 
et al., 2009; Sutherland, 2000) are used to determine 
the impact of human activities on the accumulation 
of HMs in soils. On the other hand, geostatistical 
models based on geographic information systems, 
multivariate statistics analyses (principal component 
analysis, PCA, cluster analysis, CA), and isotopic sig-
natures are often used as qualitative methods to deter-
mine pollution sources (Cai et al., 2017; Huang et al., 

2018; Qu et al., 2013). Quantitative methods used in 
previous source studies have mostly included recep-
tor models, such as PCA-related methods (Absolute 
Principal Component Scores, APCS, Multiple Lin-
ear Regression, PCA-MLR, (A) PCS-MLR, UNMIX 
model), and PMF (Haghnazar et al., 2022; Shen et al., 
2021). In recent years, PMF has been widely used to 
identify the sources of HMs in water, air, sediment, 
and soil (Haghnazar et al., 2022; Shi et al., 2022). To 
better represent the impact of pollution sources on 
human health risk (HAR), this study used PMF com-
bined with a typical health risk modeling approach 
(PMF-HAR) for quantitative assessment. Due to the 
uncertainty of concentrations and evaluation models, 
it is difficult to use specific pair parameters to assess 
the health risk of HMs to humans (Hu et  al., 2017; 
Huang et al., 2021). Fortunately, Monte Carlo simu-
lations have enhanced the understanding of the envi-
ronmental behavior of HMs in terms of health risks 
through the interval distribution of parameters (Gu 
et al., 2022; Lian et al., 2022). Therefore, a combina-
tion of probabilistic assessment and health risk mod-
els was used in this study to assess the concentration-
oriented health risks of HMs in soil.

It is worth noting that PMF is based on statistics 
and the corresponding characteristics of HMs’ pol-
lution sources for identification purposes. In recent 
years, machine learning and artificial intelligence 
have been widely used in a variety of industries, 
and they are mostly based on parameters to predict 
or determine the momentum of the research target 
(Gautam et  al., 2021, 2022; Sharma et  al., 2021). 
Compared with these two emerging methods, PMF 
is based on the idea of dimensionality reduction 
analysis, combined with the environmental chemical 
behavior of pollutants to determine the main sources 
of pollution; relatively then PMF model can be more 
scientific to determine the source of pollutants. How-
ever, PMF cannot provide direct evidence of pollu-
tion sources and thus cannot provide accurate scien-
tific guidance for the risk control scheme of HMs in 
government departments. Therefore, the results of the 
PMF should be combined with the characteristics of 
the soil to progressively identify the main contribu-
tors to the major pollution sources. With the deepen-
ing of people’s understanding of minerals, there has 
also been considerable development relating to the 
smelting process (Gopinathan et  al., 2022a; Zhou 
et al., 2020). The environmental impact of the waste 
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which is released into the surrounding soil during dif-
ferent smelting processes, is a cause for great concern 
(Gopinathan et al., 2022c; Xu et al., 2023). Literature 
shows that by-products from smelters are deposited in 
the soil (Jiang et al., 2022; Zhou et al., 2020). Matte 
smelting, for instance, is currently the most widely 
used copper production process. Firstly, chalcopyrite 
 (CuFeS2) removes impurities such as S and Fe under 
oxygen-rich and high-temperature conditions and 
then further oxidizes to obtain coarse copper (Yong-
Sohn, 2014). However, under high-temperature con-
ditions, HMs will migrate and transform during the 
smelting process with the flue gas in the environment 
(Liu et  al., 2019). In addition, the random dumping 
of waste residue from smelting is also an essential 
source of HMs in mining soil (Zhou et  al., 2020). 
Toxic HMs in slag and waste gas may be re-released 
into the environment when environmental conditions 
(pH, soil organic matter, oxygen reduction potential) 
change (Zhang et al., 2018; Zhuang et al., 2013). In 
farmland soils, toxic or harmful HMs tend to pene-
trate groundwater downward and accumulate in veg-
etables and crops, leading to increase human health 
risks (Sobanska et  al., 2016; Zhou et  al., 2020). In 
arid regions, the HM pollution effect is particularly 
prominent. Because of droughts, farmers use indus-
trial wastewater as irrigation which accumulates 
HMs in the soil (Hu et al., 2011; Huang et al., 2010). 
Therefore, combining source analysis results with the 
distribution and dispersion mechanisms of HMs in 
the soil of industrial cities assists in further identify-
ing the accurate sources of HMs in soil.

Therefore, the main objectives of this study were 
to: (1) investigate the concentration of HMs in top-
soil under different land uses (woodland, grassland, 
farmland, gobi beach, and green belts) in an indus-
trial and mining city; (2) identify and quantify poten-
tial sources of HMs; (3) explore the distribution and 
dispersion mechanisms of typical HMs in soils; and 
(4) assess concentration-oriented and source-oriented 
health risks.

Materials and methods

Study area and sampling

Jinchang city (37°47′–39°00′N, 101°04’–102°43′E) is 
located in northwest China, in the middle of Gansu 

Province, in the eastern section of the Hexi Corri-
dor, in the northern foot of Qilian Mountain, on the 
southern edge of Alashan. The area lies in the tem-
perate continental arid climate zone, with an annual 
average temperature of 4.8–9.2 ℃, a yearly average 
rainfall of 140–350 mm, and potential evaporation of 
about 2100 mm, respectively (Kennedy et  al., 2011; 
Li et  al., 2016). This area’s non-ferrous metal ore 
reserves are relatively abundant, especially the nickel-
based precious metal deposits, so it is known as “Chi-
na’s nickel capital” (Huang et al., 2010). In addition, 
irrigated agriculture has developed significantly in 
Jinchang, making it a critical grain production base 
in northwest China (Xing & Ma, 2021). With the 
“Western Development Strategy” implemented over 
the past two decades, agriculture and industry in the 
region have developed rapidly. However, the soil 
environment is threatened by various pollutants, espe-
cially HM pollution (Guan et al., 2018).

Soil sampling and analysis

One hundred and sixty-two surface soil samples 
(0–20  cm deep) were collected from the study area 
(Fig. 1, in August 2017 and in April 2018), of which 
the land can be roughly divided into five categories: 
gobi beach, green belt, grassland, woodland, and 
farmland, with the number of samples being 55, 41, 
20, 32, and 14, respectively. In addition, the number 
of points used is proportional to the area covered by 
each land-use type, meaning that more soils are col-
lected for land-use types with a larger area to cover. 
Considering that the gobi beach is far from urban 
areas and is less disturbed by human activities, it can 
be used as a field blank sample for the time being. 
Sampling was carried out by first removing debris 
from the soil surface, removing plants and roots, and 
digging up an area of 25 × 25 cm with a sampling tool 
to a depth of 0–20 cm. The soil samples were stored 
in a polyethylene bag and immediately transported to 
the laboratory. The samples were then air-dried for 
two weeks at ambient temperature, fully ground, and 
sieved through a 2-mm mesh to remove coarse debris 
for measuring electric conductivity (EC) and soil 
organic matter (SOM). For the determination of HMs, 
the soil samples were further ground and passed 
through a 100-mesh sieve before laboratory analysis. 
The EC was measured in a 1:2.5 sediment solution 
at room temperature using an EC meter (HI 98,311, 



7259Environ Geochem Health (2023) 45:7255–7274 

1 3
Vol.: (0123456789)

HANNA Instruments, Italy) (Kavdir & Killi, 2008). 
SOM was determined by the potassium dichromate 
oxidation method (Guppy et al., 2005). For HM anal-
ysis, 0.5 g of air-dried soil samples was digested in a 
microwave digestion system (Anton Paar, Multiwave 
PRO, 180–240 ℃) with an acid mixture (3 ml  HNO3, 
1  mL HCl, 1  mL HF, and 1  mL  H2O2) and diluted 
to 10  ml with deionized water (Zang et  al., 2017a). 
The clear solutions were obtained from the diges-
tion, filtered, reconstituted to the desired volume, and 
analyzed by atomic absorption spectrophotometry 
(Thermo Electron, M6MK2, USA).

Positive matrix factorization model

The PMF is a new method developed based on 
factor analysis (Paatero & Tapper, 1993), which 
is widely used in the source identification of envi-
ronmental pollutants (Li et al., 2022b; Wang et al., 
2021). PMF 5.0, recommended by US EPA, was 
used to determine the contribution of single HM 
pollution (USEPA, 2014). The concentration of 

HMs can be regarded as i multiplied by j matrix X. 
Where i is the number of samples, j is the number 
of elements and then can be decomposed into factor 
contribution (G) and factor distribution matrix (F), 
the calculation formula is as follows:

Xij is the concentration of pollutant i observed for 
the kth time; j is the factor; gik is the contribution 
of source k in sample i (mg/kg); fjk is the amount 
of element j from source k; p is the number of HM 
sources; eij is the random error.

The PMF model minimizes the objective func-
tion Q, and the residual  eij and uncertainty  uij of all 
samples are expressed as follows.

where uij is the uncertainty of the j HM in the first 
sample; when the concentration of HMs is greater 

Xij =

P
∑

k=1

gikfkj + eij

Q =

n
∑

i=1

m
∑

j=1

(

eij

uij

)2

Fig. 1  Spatial distribution map of surface soil sample points
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than the detection limit (MDL), the uncertainty (Unc) 
calculation formula is as follows:

S is the error fraction of chemical analysis, and X 
is the concentration of HMs.

When the concentration of HMs is less than or 
equal to MDL, the calculation formula of Unc is as 
follows:

Soil mineralogy analysis

The mineral composition of the mixed soil samples 
was analyzed by X’Pert Pro diffractometer (XRD, 
PANalytical, Netherlands). The sample was measured 
over a range of 5° to 80° (2θ) in steps of 0.002° (2θ) 
with an integration time of 40 s.

Scanning transmission electron microscopy 
(STEM, FEI, Tecnai F30, Netherlands) and high-res-
olution transmission electron microscopy (HRTEM, 
Tecnai F30, Netherlands) were used for morpho-
logical characterization and mineral composition at 
200 kV acceleration voltage. The distribution of ele-
ments was analyzed by an energy-dispersive spec-
trometer (EDS) detector.

X-ray photoelectron spectroscopy (XPS, Kratos, 
Kratos AXIS UltraDLD, UK) was used to determine 
the morphology and atomic valence of HMs in the 
soil. For the tests, 20–30  mg powder samples were 
prepared and sieved over 200 mesh.

Probabilistic health risk assessment

The health risk assessment model proposed by EPA 
has been applied in many studies (EPA, 1996, Huang 
et al., 2018). Ingestion, dermal absorption, and inha-
lation are the exposure pathways of HMs in soil 
affecting the human body. The average daily exposure 
doses (ADDs) of metals in various exposure path-
ways are calculated as follows (EPA, 1996):

Unc =

√

(S × X)2 + (0.5 ×MDL)2

Unc =
5

6
×MDL

C is the concentration of HMs in surface soil, and 
its probability distribution is shown in Table  S1. 
The distribution and meaning of the other param-
eters are shown in Table S2.

The total exposure hazard index (HI) and total 
carcinogenic risk (TCR) are used to calculate the 
non-carcinogenic and carcinogenic risks of HMs 
in soil, respectively. The calculation formula is as 
follows:

where RfD is the reference dose of non-carcinogenic 
pollutants, SF is the slope factor of carcinogenic pol-
lutants, and its value is listed in Table S3. HQ is the 
non-carcinogenic risk of a single element, and HI is 
the sum of non-carcinogenic risks of a single element. 
Non-carcinogenic risk exists when HQ or HI > 1, 
whereas non-carcinogenic risk is considered small 
or negligible (Wang et  al., 2019). CR and TCR are 
carcinogenic risks of a single element and total carci-
nogenic risks, respectively. Cancer risk is acceptable 
when  10–6 < CR or TCR <  10–4 (Dutta et  al., 2022). 
When CR or TCR >  10–4, there is a significant can-
cer risk (Dutta et al., 2022). When CR or TCR <  10–6 
there is no potential cancer risk (Başaran, 2022).

In order to avoid overestimating or underestimat-
ing health risks, this study adopted the probabilis-
tic risk method (Monte Carlo simulation) to assess 
the uncertainty of health risk results (Huang et al., 
2021). To furthermore understand the contribution 
of HM pollution sources in the soils with different 
land uses to human health risks, the results of PMF 
were quantified. Specifically, the health risk assess-
ment value was multiplied by the contribution value 

ADDing =
C × IRing × EF × ED

BW × AT
× 10−6

ADDinh =
C × IRinh × EF × ED

BW × AT × PEF

ADDdermal =
C × EF × ED × AF × SA × ABS

BW × AT
× 10−6

HI =
∑

HQi =
∑ ADDij

RfDij

TCR =
∑

CRi =
∑

ADDij × SFij
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of each pollution source to calculate the source-ori-
ented health risk (Huang et al., 2018).

Quality control and quality assurance

All glassware and plastic containers were soaked 
in 10% (v/v)  HNO3 for at least 24 h and thoroughly 
cleaned with deionized water before utilization. All 
reagents and chemicals were of the guaranteed rea-
gent. For quality control and assurance, reagent 
blanks, the standard reference soil samples (GSS-
8) from the Center of National Standard Reference 
Material of China, and duplicate samples were meas-
ured. The mean recoveries of total concentration were 
91–108%, and for Cu, Zn, Cd, Pb, and Ni, the rela-
tive standard deviation was below 5%. Blank samples 
were also applied in all the experiments. Duplicate 
samples were performed simultaneously for 20% of 
soil samples, and the analytical precision for replicate 
samples was within ± 10%.

Statistical analysis

The normality and homoscedasticity of the data 
was verified prior to statistical analysis. The means 
and standard deviations in this paper were calcu-
lated using Microsoft Office Excel for 2016 (Micro-
soft, USA). Pearson correlation coefficient was 
performed by SPSS 23.0 version (International Busi-
ness Machines Corporation, USA). Origin 2021 
(OriginLab, USA) was used to draw box plots, cor-
relation heat maps, bar charts, and line plots. Monte 
Carlo simulations were performed using Crystal Ball 
v11.1.24 (Oracle, USA, Website: https:// www. oracle. 
com/ cn/ appli catio ns/ cryst alball/) software by consid-
ering 10,000 iterations at a 95% confidence level to 
obtain stable risk output (Anaman et al., 2022).

Result

The statistical analysis of heavy metals in soil

The average values of Cu, Zn, Ni, Pb, and Cd in the 
soil of five land uses exceeded the soil background 
values of Gansu Province and Hexi Corridor (Guan 
et al., 2018), indicating that the soil in the study area 
was affected by human activities (Table 1). As shown 
in Fig S1, the enrichment of Cu and Ni was higher 

than that of other elements. For example, the Cu of 
grassland, gobi beach, woodland, green belt, and 
farmland was, respectively, 22.3 ± 28.6, 3.5 ± 1.2, 
22.5 ± 21.0, 16.7 ± 11.2, and 21.3 ± 21.4 times higher 
than the soil background value in Gansu Province. 
The distribution of HM pollution in soil with different 
land uses was distinctive. For example, the distribu-
tion of the average value of Cu was woodland > grass-
land > farmland > green belt > gobi beach. Zn was 
woodland > green belt > farmland > grassland > gobi 
beach, indicating that the distribution of HM pollu-
tion was related to soil utilization. It is worth noting 
that there was little difference in the exceeding rate 
of HMs in soil, which was between 40 and 100%. For 
example, in all soil samples of grassland, Cu (100%), 
Zn (90%), Ni (95%), Pb (100%), and Cd (95%) 
exceeded the corresponding soil background values in 
Gansu Province.

Source apportionment of heavy metals

The results showed a significant correlation between 
HMs in the soil of five land uses (Table  S4). For 
instance, Cu from grassland and farmland signifi-
cantly correlated with Ni and Pb; Cu from gobi beach 
and the green belt significantly correlated with Zn, 
Ni, Pb, and Cd; and woodland’s Cu significantly cor-
related with Ni, Pb, and Cd. The correlation between 
these elements indicated that they might share the 
same source (Huang et al., 2018; Luo et al., 2022). It 
is noteworthy that the correlation of HMs in the soil 
of each land use was not the same (Table S4). In addi-
tion to farmland, SOM in other land-use soils had a 
significant indigenous correlation with HMs.

The HMs in the soil for different land uses may 
have the same pollution sources, and the study area 
can be used to analyze the sources of HMs in all soil 
samples. As shown in Fig. S2, Cu and Ni, Pb and Cd 
in the soil had significant correlations, Zn and Ni had 
significant correlations with Pb and Cd, and Pb and 
Cd also had substantial correlations. A model was 
needed to validate the hypothesis to identify pollution 
sources accurately.

Three pollution sources and the factor distribu-
tion determined by the model are shown in Fig.  2. 
PMF model data sources included concentration data 
(162 soil samples, five HMs) and uncertainty files. 
The signal-to-noise ratio (S/N) of all elements in 
the model was greater than 1, and the categories of 

https://www.oracle.com/cn/applications/crystalball/
https://www.oracle.com/cn/applications/crystalball/


7262 Environ Geochem Health (2023) 45:7255–7274

1 3
Vol:. (1234567890)

Cu, Zn, Ni, Pb, and Cd were set to ‘Strong.’ When 
the pollution source factor was set to 3, the Q value 
was the smallest and most stable, and the results of 
selecting the minor Q (Robust) value were analyzed 
20 times. The model fitting (R2) of Cu, Zn, Ni, Pb, 
and Cd was 0.8052, 0.9910, 0.9225, 0.9994, and 
0.8124, respectively—all higher than 0.8. Therefore, 
the model parameter setting was reliable.

The weights of factor 1, factor 2, and factor 3 were 
32.58, 55.79, and 11.63%, respectively (Fig.  2b). In 
factor 1, Pb was the main load element and the con-
tribution rate was 93.24%. The contribution rates 
of Cu and Ni in factor 2 were 69.24 and 68.80%, 

respectively. In factor 3, Zn and Cd were the main 
load elements, with 64.42 and 46.05% contribution 
rates, respectively.

Mineralogical characterization

According to the results of XRD (Fig. 3), the main 
mineral phases of soil in five land uses were mus-
covite, gypsum  (CaSO4), quartz  (SiO2), calcite 
 (CaCO3), cuprite  (Cu2O), and hematite  (Fe2O3), and 
the diffraction peak intensity of  SiO2 was higher 
than that of other mineral phases. To determine the 

Table 1  Statistical 
summary of heavy metals 
and physicochemical 
properties of different land 
use (HMs: mg/kg; SOM: g/
kg; EC: mS/m)

a (CNEMC (China National 
Environmental Monitoring 
Center), 1995); bAverage 
background value of Hexi 
Corridor (Guan et al., 
2018, 2019); NA: Data not 
available

Land use SOM EC Cu Zn Ni Pb Cd

Grassland, n = 20 Max 61.66 1200.00 3349.85 427.70 1607.51 88.46 0.88
Min 8.25 133.00 44.11 54.56 35.05 19.75 0.11
Mean 32.12 331.20 537.29 122.57 313.85 38.34 0.36
SD 16.07 286.90 688.98 78.40 346.12 18.58 0.20
CV (%) 50.04 86.63 128.23 63.96 110.28 48.46 57.19

Gobi beach, n = 55 Max 31.36 2120.00 793.56 251.41 1337.29 29.61 0.45
Min 3.55 93.00 24.40 49.98 20.83 15.65 0.08
Mean 9.97 411.78 83.79 76.10 92.70 19.67 0.15
SD 2.88 382.48 30.07 18.13 25.64 1.42 0.05
CV (%) 28.85 92.88 35.89 23.82 27.66 7.20 33.72

Woodland, n = 32 Max 84.91 3725.00 1735.87 630.62 2603.89 171.85 6.09
Min 8.58 124.00 42.64 57.75 36.99 9.61 0.08
Mean 32.24 789.66 541.90 163.57 522.26 35.08 0.69
SD 17.37 958.30 505.09 139.42 592.49 28.31 1.04
CV (%) 53.88 121.36 93.21 85.24 113.45 80.69 149.81

Green belt, n = 41 Max 67.57 3999.00 1148.63 654.58 941.59 95.32 1.68
Min 10.24 100.00 55.36 69.29 58.69 13.94 0.09
Mean 28.43 756.22 402.04 157.13 319.02 31.23 0.36
SD 13.14 1234.45 270.77 147.73 237.81 17.30 0.32
CV (%) 46.22 163.24 67.35 94.02 74.55 55.40 87.70

Farmland, n = 14 Max 67.89 3999.00 1464.73 881.09 2178.17 29.43 1.81
Min 7.40 118.00 52.90 52.38 49.07 2.35 0.14
Mean 24.96 1100.00 513.97 156.69 539.07 20.56 0.42
SD 16.28 1340.46 515.59 209.59 641.57 6.45 0.47
CV (%) 65.25 121.86 100.32 133.76 119.01 31.39 111.85

Study area, n = 162 Max 84.91 3999.00 3349.85 881.09 2603.89 171.85 6.09
Min 3.55 93.00 24.40 49.98 20.83 2.35 0.08
Mean 23.07 623.12 347.99 126.59 300.71 28.02 0.36
SD 15.93 880.95 438.28 121.56 418.81 18.00 0.54
CV (%) 69.05 141.38 125.95 96.03 139.28 64.25 151.32

Background  valuea NA NA 24.10 68.50 35.20 18.80 0.12
Hexi  corridorb NA NA 35.20 75.34 24.45 5.54 NA
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pollution of HMs, STEM-EDS analysis was per-
formed on typical contaminated soil. The distribu-
tion of Cu, Ni, O, and Fe in the soil of woodland 
and farmland was similar to micron-level particles, 
and the distribution in farmland was more obvious 
(Fig.  4). In addition, the contents of Cu, Ni, and 
Fe were highly abundant. Further analysis by fast 
Fourier transform (FFT) and high-resolution trans-
mission electron microscopy (HRTEM) showed 
that soil mineral phases in woodland and farmland 
included  Cu2O and  Fe2O3 (Fig.  4). XPS spectra of 
Cu 2p and Ni 2p in the soil samples from wood-
land and farmland are shown in Fig. 5. The results 
showed that the binding energies of Cu in the wood-
land and farmland soil samples were 932.51  eV 
and 932.41 eV, respectively, and the corresponding 
binding energies of  Cu2O and Ni were 853.91  eV 

and 853.81  eV, respectively, corresponding to 
 Ni2O3.

Probabilistic health risks assessment

The non-carcinogenic probability risk of HMs in soils 
with different uses was evaluated by means of Monte 
Carlo simulation (Fig.  6). The results showed that 
adults and children had non-carcinogenic risks for 
HMs in all land-use soils. The average HI values of 
children and adults followed the following patterns: 
woodland > farmland > grassland > green belt > gobi 
beach. In addition, the non-carcinogenic risk of chil-
dren was higher than that of adults. The non-carcino-
genic probability of HMs in gobi beach was 10%, and 
the other four land uses were about 30% (Table S5). 
Therefore, the HMs in grassland, woodland, green 
belt, and farmland soil had a greater non-carcinogenic 

Fig. 2  Heavy metal source 
apportionment and fac-
tor contribution ratios in 
soils, a: the figure shows 
the results of PMF source 
apportionment, b: the figure 
shows the contribution of 
each factor
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risk and needed to be measured to control. It is worth 
noting that Cd, Cu, Zn, and Pb had low non-carcino-
genic risks for children and adults, and Ni was the 
main contributor to non-carcinogenic risks.

The average TCR values of children and adults 
were greater than 1.0E-04 (Fan et  al., 2021), which 
was not within the acceptable range of risk (Fan 
et  al., 2021), indicating that HMs in the soil of five 
land uses all had carcinogenic risks. In addition, the 
average TCR values of children and adults adhered 
to the following order: farmland > woodland > grass-
land > green belt > gobi beach (Fig. 7), which is con-
sistent with the distribution order of non-carcinogenic 
risk. Cd and Pb in the soil of five land uses did not 
pose carcinogenic risks to humans. In addition to 
gobi beach, the carcinogenic probability of Ni to chil-
dren and adults in other land-use soils exceeded 90% 
(Table S5). The results of the Monte Carlo simulation 
for the total carcinogenic risk showed that Ni is the 
main source of human carcinogenic risk for both chil-
dren and adults. Although gobi beach is less disturbed 
by human activities, the carcinogenic risk of HMs 
cannot be ignored.

Discussion

Pollution and source apportionment of heavy metals 
in soil

Coefficient of variation (CV) is normally used to 
reflect the degree of human disturbance to the envi-
ronment (Jing et  al., 2018). Except for gobi beach, 
Cu, Zn, Ni, Pb, and Cd in other land uses seem to 
be affected by severe human activities (Table  1). 
Although the HMs in gobi beach were less affected 
by human activities, the average concentration still 
exceeded the soil background value in Gansu Prov-
ince (Table  1). It is worth noting that the reserves 
of Cu and Ni in Jinchang ranked first and second in 
China, respectively. Therefore, it can be inferred that 
HMs in gobi beach may mainly stem from the soil’s 
parent material layer. From a global perspective, the 
concentrations of Cu and Ni in the soil in this study 
were equivalent to those in Ezhou city, which was 
also a copper mine city, and other elements were at 
a medium pollution level (Table  S6). However, lon-
gitudinally, in addition to Pb, the concentrations of 
HMs in green belt and farmland in this study were 
higher than those indicated in Ding et al. (2008) and 
Huang et al. (2010), especially Cu and Ni (Table S6). 
Jinchang city is located on the edge of the Tengger 
Desert and Badain Jaran Desert, where dust events 
occur frequently. Guan et al. (2017) showed that the 
concentration of  PM10 in the region caused by a dust 
storm was 43 times that of non-dust storm areas. In 
addition, from 2017 to 2018, Luo et al. (2022) studied 
HM pollution in key cities in northwest China. The 
results showed that the concentrations of Cu, Zn, Ni, 
and Pb in dust storms in Jinchang city were 172.1, 
116.9, 157.9, and 42.0  mg/kg, respectively, and the 
concentrations of Cu and Ni were the highest in Jin-
chang city. It has been reported that smelting flue gas 
is the main source of atmospheric particulate matter 
in Jinchang city during dust storms, and the dustfall 
is 2–3 times that of the non-dust storm periods (Zhao, 
2012). Concentrations of particulate matter increase 
significantly during the dust period, coupled with its 
large specific surface area, which makes it easier to 
adsorb HMs and then settle on the surface of the land, 
lakes, plant leaves, and buildings under the action 
of gravity and airflow (Bisht et  al., 2022; Gautam, 
2020). Therefore, the exchange of HMs between the 
atmosphere and soil caused by dust storms in this 

Fig. 3  XRD-based mineralogy of soil samples from five land-
use types
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area is more frequent and intense, which is also an 
essential reason for the increase of Cu and Ni concen-
trations in the soil of Jinchang city.

The results of the PMF model showed that there 
were three primary sources of HMs in the study area, 
and Pb was the main load element of factor 1 (Fig. 2). 
In the past few decades, tetraethyl lead was added 
to fuel to reduce the engine knock, and Pb was dis-
charged into the environment with traffic emissions 
(Liu et  al., 2014). Despite the introduction of lead-
free gasoline in recent years, Pb has a longer half-life 
in the environment (Lee et al., 2006), and brake wear 
is considered to be the primary source of Pb in the 
environment (Smichowski et  al., 2007). Transpor-
tation is also more frequent in Jinchang city. As of 
2018, the total mileage of highway traffic in the city 
was 2975.287  km, the freight volume was 1660.37 
million tons, and the freight turnover was 332.74 mil-
lion tons (JCBS, 2018). Therefore, factor 1 is identi-
fied as a traffic pollution source. Factor 2 accounts 
for the largest proportion of Cu and Ni, the main 

load elements. Studies have shown that agricultural 
activities are an important source of Cu in soil and 
are often used as feed additives to prevent diseases in 
livestock and poultry (Gupta et al., 2014; Zhang et al., 
2021b). In addition, Ni in soil mainly flows from the 
crust (Chen et al., 2016). However, in this study, Cu 
and Ni were highly enriched in soil samples. Jinchang 
is the main city of Cu and Ni mining and smelting in 
China, and Cu and Ni have a significant correlation 
(Fig. S2). It can be inferred that factor 2 is an indus-
trial pollution source, which differs from the conclu-
sions of other researchers (Huang et  al., 2018; Liu 
et  al., 2022; Zhang et  al., 2021b). Therefore, when 
using PMF to analyze the source of HMs, we should 
not only consider the unique source of characteristic 
elements but also combine it with the local economic 
and social development to determine the source of 
pollution. Factor 3 has a minor proportion and Zn 
and Cd are the main load elements. Literature shows 
that Zn has been widely used as a heat stabilizer in 
pesticides, fungicides, and plastic films (Shao et  al., 

Fig. 4  STEM-EDS characterization of soils collected from woodland soil (left) and farmland soil (right)
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2016; Wang et  al., 2020). Cd is a characteristic ele-
ment of phosphate fertilizer (Kratz et  al., 2016; Liu 
et  al., 2022). In addition, in this study, there was a 
significant correlation between Zn and Cd (r = 0.576, 
P ≤ 0.05, Fig.S2). Therefore, factor 3 can be consid-
ered as an agricultural source.

Soil mineralogical characteristics

The PMF model results reflected that the main 
sources of HMs in soil were traffic emissions and 
industrial and agricultural activities. It is worth not-
ing that the industrial pollution source right is more 
than 50%, indicating that the HM pollution in the 
study area is mainly related to industrial activities 
such as mining, smelting, and coal burning. With 
researchers’ deepening understanding of HM pol-
lution, the distribution of HMs in micron-sized 
particles plays an important role in earth catalysis 

and dynamics (Lefticariu et  al., 2017; Zhou et  al., 
2020). The existence of hematite  (Fe2O3) was found 
at (3,0,0), (1,2,5), and (2,1,5) (Fig. 4). Interestingly, 
cuprite  (Cu2O) was found at (1,1,1) and (2,0,0) dif-
fraction points. XRD results also showed the exist-
ence of these two minerals (Fig.  3). It has been 
reported that micron hematite  (Fe2O3) is important 
in non-ferrous metal smelting (Jiang et  al., 2022). 
Xu et al. (2022) also found  Fe2O3 in the soil around 
the lead (Pb)/zinc (Zn) smelting area. It is worth 
noting that  Cu2O is usually the intermediate prod-
uct of refined smelting copper with chalcopyrite 
 (CuFeS2) as raw material (Sohn et al., 2005). Thus, 
intensive smelting activities lead to the accumula-
tion of iron oxides and smelting intermediates in 
soil, which can also reflect the pollution of HMs 
from the side (Vodyanitskii & Shoba, 2015). Cur-
rently, the main raw material for smelting Cu and 
Ni is sulfide ore, which is smelted by means of a 

Fig. 5  XPS spectra (Cu, Ni) of soil samples collected in woodland a, b and farmland c, d 
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matte smelting process (Crundwell et  al., 2011, 
2014). Combined with the XPS results of Cu and Ni 

(Fig. 5), the mechanism can be explained by the fol-
lowing chemical equations:

Fig. 6  The probability distribution for hazard index (HI) and hazard quotient (HQ), and the dotted line in the graph is the mean line
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The smelting temperature of Cu and Ni is 1250 
and 700  °C, respectively, which produces Cu and 
Ni deposits in the soil with the emission of dust in 
the smelting process. Therefore, it can be concluded 
that HMs from smelter waste are transferred to soil. 

2CuFeS2 + O2 = Cu2S + 2FeS + SO2

Cu2S + 1.5O2 = Cu2O + SO2

Ni4.5Fe4.5S8 + 12.5O2 = 4.5NiO + 4.5FeO + 8SO2

2NiO + 0.5O2 = Ni2O3

2FeO + 0.5O2 = Fe2O3

Combined with the results of the PMF model, it can 
be further proved that ore smelting via industrial 
activities is an essential source of HM accumulation 
in soil. In addition, the complexity and reactivity of 
soil systems lead to the migration of HMs to deep 
soil, which causes irreversible damage to the polluted 
groundwater environment in arid areas.

Environmental effects of heavy metals

Overall, HMs in this study area have not only non-
carcinogenic but also carcinogenic risks. In addi-
tion, the health risk of children is higher than that of 
adults, since children are in a stage of rapid devel-
opment and have weak resistance, and are therefore 
more vulnerable to external influences (Chen et  al., 

Fig. 7  The probability distribution and the percentage surpassed 1E-06 for total carcinogenic risk (TCR) and carcinogenic risk (CR) 
index; the dotted line in the graph is the mean line
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2022). Ni is an essential trace element for the human 
body. Exceeding the standard will cause liver injury, 
cardiopulmonary function injury, and contact derma-
titis (Kulikowska et  al., 2015; Shentu et  al., 2022). 
Thus, the risk control of soil Ni should be strength-
ened and measures such as optimizing the industrial 
structure, strictly controlling the emission of new 
pollutants, and improving the comprehensive man-
agement of HM pollution sources should be imple-
mented. The exposure uptake biodynamics model 
was combined with the health risk probability model 
to further explore the impact of the exposure risk 
model on health risk assessment results. The sen-
sitivity analysis results are shown in Fig. S4. It was 
found that the non-carcinogenic and carcinogenic 
risks to children and adults were mainly controlled by 
the SkinAdherence factor (AF) and the concentration 
of Ni. Furthermore, there was a significant correla-
tion between the two and the risk value (Table  S7), 
reflecting the parameters’ influence on the model 
results. Therefore, local residents can use wireless 
devices and masks to reduce direct contact with soil 
HMs (Ren et al., 2021). Usually, average body weight 
(BW) has a negative impact on health risk assessment 
(Chen et al., 2022; Pirsaheb et al., 2021; Zhang et al., 
2021a), and the effect of BW in this study can thus 
be ignored due to the high concentration of Ni. Gobi 
beach is a potential source of dust, and according to 
the analysis in Sect. Probabilistic health risks assess-
ment, the health risks posed by HMs in the soil can-
not be ignored. Jinchang city is located in the Hexi 
Corridor of China in an area with a high incidence of 
sandstorms. Numerous studies have been conducted 
worldwide on the relationship between dust and 
human health, indicating that long-term exposure to 
dust can lead to respiratory problems, conjunctivitis, 
skin irritation, and other diseases (Luo et  al., 2022; 
Tao et al., 2012). Pesticides, HMs, organic pollutants, 
and radioisotopes carried by industrial park emissions 
and automobile exhaust cannot only be adsorbed on 
the surface of particulate matter under the action of 
atmospheric circulation (Almeida-Silva et  al., 2013; 
Khuzestani & Souri, 2013). Photochemical reactions 
between pollutants and active substances on the sur-
face of particulate matter pose health risks to people 
along the way (Li et  al., 2022a). Therefore, the dust 
in gobi beach potentially impacts human health and 
this can be addressed by planting protective forests 
on the edges of the gobi beach. Studies have shown 

that plant and animal uptake of HMs depends mainly 
on bioavailability (Adamo et al., 2014; Zhang et al., 
2018). The HMs carried by the surface dust enter the 
lungs and stomach of the human body and transform 
into bioavailability. Different animal evaluation mod-
els, evaluation indexes, bioavailability, and ground 
praise dust affect the study of soil HM and health 
risks in Jinchang city. Therefore, the use of the Monte 
Carlo simulation method in this study, considering 
uncertainties, is crucial to determine the real health 
risks of HMs. The main point to note is that waste 
from smelters can be transferred to the surrounding 
soil in a variety of ways, which means that minerals 
carried by smelter fumes can enter the body directly. 
Secondly, minerals deposited on the ground surface 
can also enter the human body in the presence of 
surface dust. However, unlike HMs in environmental 
media such as water and soil, HMs in minerals are 
more concentrated and toxic (Xu & Fu, 2022), posing 
an even greater threat to human health.

A PMF-HRA comprehensive evaluation model 
was developed (based on PMF and HRA models) to 
understand the contribution of pollution sources to 
the health risk sources of HMs in soil with different 
land uses. The normalized contribution value of HM 
pollution sources based on the PMF model is shown 
in Fig. S3. The hazards of three pollution sources 
(traffic emissions, industrial activities, and agricul-
tural activities) to human health under different land 
uses are outlined in Fig. S5. The contribution of dif-
ferent sources to health risk was similar in children 
and adults, which is consistent with the findings of 
other studies (Huang et al., 2021; Ma et al., 2018). In 
five land use, the non-carcinogenic risks of children 
and adults are mainly affected by industrial activities. 
Furthermore, industrial activities were the main carci-
nogenic risk factors for adults and children (Fig. S5). 
This indicates that industrial activities have a signifi-
cant impact on human health risks. It is worth noting 
that the analysis in Sect.  The statistical analysis of 
heavy metals in soil shows that Cu and Ni far exceed 
the background values for soils in Gansu Province. 
In addition,  Ni2O3 and  Cu2O can be observed at the 
micron level of soil particles, which is a greater threat 
to human health and ecology. Thirdly, Cu and Ni are 
the main load elements of factor 2 (industrial activi-
ties) and are major contributing element to health 
risk. Finally, combined with the results of other 
researchers’ studies on HMs in soils (agricultural, 
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residential, mining, etc.) and atmospheric particulate 
matter from different areas of the district area (Tong, 
2012; Xiaohu et al., 2009; Xiaona et al., 2011; Yuan 
et  al., 2009), both Cu and Ni were found to be the 
most dominant contaminating elements. Therefore, 
Cu and Ni can be identified as priority contaminants 
for further risk control.

In summary, quantifying the contribution of differ-
ent pollution sources to health risks is conducive to 
risk control of HMs for different land uses. However, 
the health risks of HMs in the study area cannot be 
ignored. If timely measures are not applied, it will 
threaten human health in the region for a long time.

Conclusion and environmental impact

This study analyzed the pollution characteristics, 
sources, and health risks of HMs in soils with differ-
ent land uses in a typical industrial and mining city in 
the Hexi Corridor of China. The main conclusions are 
as follows:

Due to long-term industrial activities such as min-
ing and smelting, Cu, Zn, Ni, Pb, and Cd accumu-
lated in the soil, among which Cu and Ni were the 
most polluted.

The PMF model divided the sources of HMs in 
the study area into three pollution sources: Pb—traf-
fic emissions (32.58%), Cu and Ni––industrial activi-
ties (55.79%), and Zn and Cd––agricultural activities 
(11.63%).

The combined characterization techniques of 
XRD, STEM-EDS, and XPS proved that the HMs 
from smelter waste were transferred to soil.

Monte Carlo simulation of health risk assessment 
results showed that HMs in all land-use soils held 
non-carcinogenic and carcinogenic risks for children 
and adults, and measures were needed to control HM 
health risk pollution. Of concern is that Ni in the soils 
of farmland, woodland, grassland, and green belt con-
tributes more than 90% of the cancer risk to children 
and adults.

Finally, the PMF and HAR models were combined 
to explore the contribution of pollution sources to 
the health risk posed by HMs in the soils with dif-
ferent land uses. It was found that industrial activities 
mainly controlled the non-carcinogenic and carcino-
genic risks to children and adults.

With the rapid development of urbanization, the 
results of this study have guiding significance for risk 
control of HMs in soils with different land uses from 
the source and can better prevent and reduce the risk 
of HMs to human health. In addition, at the level of 
urban soil HM prevention and control, parks, primi-
tive forests, and other areas can be considered HM 
background points.
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