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Abstract: High potential toxic element (PTE) concentrations in soils that exceed local regulatory
threshold values have been reported in non-polluted mountainous areas worldwide. However, there
have been few studies that have comprehensively investigated the contribution of natural factors
including the parental material, pedogenesis processes and physiochemical properties of soils on the
distribution of PTEs in these soils. Therefore, in this study, we studied the distribution of 13 PTEs
in sloping farmland soils collected from a mountainous watershed in Guizhou Province, Southwest
China. The contributions of natural influencing factors were analyzed using a geostatistical analysis
and a geographic detector method. All of the PTEs were unevenly distributed, especially Sb, and
the average contents of V, Cr, Co, Ni, Cu, Zn, As, Mo, Cd, Sb, Tl, Pb and Hg were 57.15, 36.20, 4.61,
12.61, 13.36, 63.50, 11.94, 0.78, 0.37, 6.44, 0.48, 27.42 and 0.36mg/kg, respectively. The proportion of
samples with Cd, Hg and As exceeding the screening value of the soil pollution risk of agricultural
land in China was 46.7%, 5.9% and 4.4%, respectively. Except for Cd and Pb, the q values of the PTEs
calculated from the geographical detector were above 0.05, indicating that altitude changes, which
affect the pedogenesis process, have a great impact on the spatial distribution. Stratigraphic factors
contributed greatly to the distribution of Co, Ni and Cu, which indicates their similarity in parental
material. The combined effect of clay content, topographic factors and agricultural land types had the
strongest explanatory power for V, Cr, Mo and Pb. The distributions of As, Sb, Tl and Hg are strongly
associated with a potential source of mercury ore, and their accumulation is also enhanced by the
adsorption on soil clay. Agricultural As also contributes to its distribution.

Keywords: small watershed; natural influencing factors; potential toxic element; sloping
farmland; source

1. Introduction

The sources of potential toxic elements (PTEs) in soil are mainly divided into anthro-
pogenic sources and natural sources [1,2]. Intense anthropogenic activities can usually lead
to extremely high PTE contents in soils, including industrial and mining activities, trans-
portation emissions and agricultural activities [3–6]. Natural sources include parental ma-
terial weathered from bedrock and the atmospheric deposition of volcano eruptions [7–10].
The former may result in a high geochemical background in soils [11,12] which exceeds
the regulatory threshold values of crop production, and this has been reported in many
parts of the world. For example, Agrüello et al. found 45% of young and non-polluted soil
samples exceeded the Cd threshold in Ecuador cacao lands [13]. Extremely high Ni, Cu,
Co, Fe and Cr contents were reported in soils derived from mafic and ultramafic rock in
Greece [14]; California, USA [15]; central Italy [16]; etc. According to the data of the China
Geological Survey, more than 80% of PTEs in southwest China exceeding the standards are
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caused by a high regional geological background [17]. This situation is more often found
in mountainous and hilly areas, which are often rich in mineral resources. Yang et al. [18]
found that various rock layers widely embedded in mountain basins often release a variety
of PTEs in the process of weathering and soil formation and become the potential “natural
source” of the soil pollution of PTEs through secondary enrichment. A clear understanding
of the formation and sources of PTE pollution in the soil within a given watershed is a
necessary condition for the risk prevention and control of PTE pollution [19,20].

Sloping farmland is widely distributed in mountainous small watersheds in southwest
China and is the main agricultural land resource. Due to the complex geological structure
and abundant mineral resources, the distribution of PTEs is strongly influenced by the
regional geochemistry and soil formation process. It has the characteristics of a high
loss risk, a wide range, a difficult governance and a high potential ecological risk, and it
easily poses a threat to both the soil of sloping farmland and to human health [21]. Some
studies on large-scale regions and watersheds (such as urban areas and counties) have
gradually revealed the accumulation, anthropogenic sources and ecological risks of PTEs
from agricultural sources [22]. However, the previous emphasis was on soil and water
conservation and the risk of the loss of nitrogen, phosphorus and other nutrients in sloping
farmland at the small watershed scale [23,24], and there are relatively few studies on the
effects of natural factors on the distribution of PTEs in the watershed.

Traditional multivariate statistical analysis methods, such as correlation analysis,
cluster analysis and principal component analysis, etc. can determine the natural or anthro-
pogenic sources of PTEs in a watershed qualitatively or quantitatively by identifying PTEs
with similar distribution characteristics [25–27]. Geostatistical analysis includes spatial
autocorrelation analysis, spatial interpolation analysis, etc., which can further identify
the sources of PTEs by studying the spatial distribution and variation characteristics of
PTEs [28]. Jamil et al. [29] used diverse statistical tools such as cluster analysis and principal
component analysis, along with geo-statistical approaches, to highlight the geogenic and
anthropogenic sources of pollution in agriculture soil irrigated with industrial effluents.
Dragovic et al. [30] found that geostatistical analysis could reveal the spatial distribution of
PTEs in soil and their correlation with prevailing winds in Smederevo (Serbia). Although
the methods have been widely used, these statistical methods are not sufficient to reveal
how these factors affect the formation/distribution of PTEs. Geographical detectors, based
on spatial differentiation theory and the spatial statistics method, are used to detect and
quantitatively analyze the interaction between the influencing factors. These have been
used in the analysis of PTEs in soil and sediment [20,31–33]. Huang et al. [33] identified
the key factors of PTE pollution in the soils of Zhangzhou City, China and found that
the landscape pattern and slope aspect explained 31% of the overall soil contamination
geodetector analysis. Dong et al. [20] compared the results of geographical detectors with
those of principal component analysis (PCA) and correlation analysis (CA) and concluded
that geographical detectors can identify many more of the influencing factors of PTEs.
Therefore, the combined application of the two analysis methods can provide important
support for revealing the driving forces behind the formation of PTE pollution caused by
natural factors in the basin.

Based on the above geostatistical analysis and geographic detector method, this study
took a typical small watershed in Guizhou Province, Southwest China and analyzed various
factors affecting the distribution of PTEs in the soil of sloping farmland. Meanwhile, this
study focused on exploring the natural factors and sources of the spatial distribution of PTEs
with the aim of providing a scientific basis for the prevention and control of PTE pollution
and the delineation of key prevention and control areas at the small watershed scale.

2. Materials and Methods
2.1. Study Area and Sampling

The study area was the Caidi River Watershed, located in Duyun City, Guizhou
Province, China. The terrain is higher in the northwest and lower in the southeast. The
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landform of the watershed is dominated by low-medium mountains, with mountainous
areas accounting for more than 80% of the area and the hilly area accounting for about
10% of the area. The late Paleozoic Devonian and Carboniferous carbonates are widely
distributed in the watershed. The soil in the basin is mainly distributed in the zonal yellow
soil developed from sand shale. Influenced by the parent rock, lime soil developed from
limestone is embedded between the zonal yellow soil.

In view of the fact that the study watershed is mostly mountainous, with large altitude
differences, a complex terrain and sloping farmland mainly distributed along the roads
and both sides of the river, the sampling sites were reasonably arranged on different types
of farmland. A total of 134 soil samples at a 0–20 cm tillage layer were collected in July and
August of 2020, including 47 samples of rice soil, 55 samples of corn soil, 13 samples of tea
garden soil and 19 samples of the other dry land soil. The distribution of the sampling sites
is shown in Figure 1. Mixed samples were collected at each sampling site according to the
quincunx dot method, and 1 kg samples were taken by the quarto method and then put
into numbered polyethylene sealed bags for storage until further processing.
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2.2. Laboratory Analysis

The collected samples were placed in the laboratory, and removed debris such as
stones, leaves and animal and plant residues were air dried for 2 weeks. The particle size
was measured by a laser particle size analyzer (BT-9300Z, Bettersize, Dandong, China)
after grinding with agate mortar through a 10-mesh (2 mm) nylon sieve. The pH value
was determined with a pH meter (FE-20, METTLER TOLEDO, Columbus, OH, USA) by
referring to the potentiometric method (HJ962-2018). The remaining air-dried samples were
then sampled by the quartering method, grinded and passed through a 200 mesh (0.075 mm)
nylon sieve for potential toxic element analysis and organic matter determination. The
soil digestion and determination of Cd, Co, Cu, Cr, Ni, Pb, Zn, V, As, Mo, Sb, Tl in the
soil samples were carried with a microwave digester (Multiwave PRO, Shanghai, China)
and coupled plasma-mass spectrometry (ICP-MS, PE, NexIon 300X, Waltham, MA, USA),
respectively. The Hg content in the samples was determined by a mercury analyzer (Mile
Stone, DMA80, Bergamo, Italy). The TOC contents of the soil were tested by a total organic
carbon tester (XperT-TOC /TNb, Shanghai, China), referring to HJ 695-2014.
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2.3. Quality Control

Blank samples were set for the determination of the properties and PTE contents of the
soil samples. Parallel samples were set with the relative errors within 13%. In the process
of PTEs digestion, the standard materials of GBW07455 (GSS-26) and GBW07453 (GSS-24)
were used as references for quality control, and the recoveries ranged from 77.9% to 108.2%.
Ge (10 µg/L), In (5 µg/L) and Bi (5 µg/L) were used as internal standard materials for
signal correction to eliminate instrument signal drift and matrix interference.

2.4. Statistical Methods

The influence factors of the spatial distribution of 13 PTEs in the study area were
quantitatively analyzed using the factor detector and interaction detector within the geo-
graphic detector model. The factor detector is used to explore the explanatory power of
each variable’s influence on the dependent variable, which is quantified by the q value. The
calculation formulas are as follows [34]:

q = 1 − ∑L
h=1 Nhσ2

h
Nσ2 = 1 − SSW

SST
(1)

SSW =
L

∑
h=1

Nhσ2
h (2)

SST = Nσ2 (3)

where: h = 1, 2 ..., L represents a stratum; Nh and N are the number of units in the h stratum
and the whole region, respectively; σ2

h and σ2 represent the variance of the h stratum and
the whole region, respectively; SSW represents the sum of variance within the strata; SST
represents the total variance of the whole region. The q value indicates that the factor X
explains 100 × q% of the variable Y, with a range of [0, 1]. The q value indicates the degree
of spatial heterogeneity of Y: the larger the q value, the stronger the explanatory power of
the factor X to the variable Y, and vice versa.

The interaction detector is used to detect whether there is an interaction between
various influencing factors and is based on the detector of the individual factors and their
combination. By comparing the combinative explanatory power of two factors and the
individual influencing powers (q values), it can be judged whether the two factors will
increase or decrease their effect on the dependent variable when they act at the same time.
Furthermore, according to the relationships, the interactive collusion can be organized
into five categories: the nonlinear-enhance, independent, bi-enhance, uni-weaken and
nonlinear-weaken [35,36].

Excel 2019 and SPSS22.0 were used for the descriptive statistics, correlation analysis,
principal component analysis and cluster analysis. RStudio and Origin2019 were used
to draw correlation analysis graphs and other graphs, respectively. The geostatistical
analysis module within ArcGIS 10.6 was utilized to draw the spatial distribution map of
the sampling sites of PTEs.

The altitude information was accessed by the Geospatial Data Cloud (http://www.
gscloud.cn/sources, accessed on 30 May 2021), with DEM data of 30 m resolution. The
slope and aspect data were extracted from the DEM data by the surface analysis module
of the spatial analyst tool within ArcGIS. The soil type data were from the national earth
system science data sharing platform (http://nnu.geodata.cn:8008, accessed on 20 June
2021). The geological data was acquired from the National Geological Archive (http:
//www.ngac.org.cn/DataSpecial/geomap.html, accessed on 26 November 2021).

http://www.gscloud.cn/sources
http://www.gscloud.cn/sources
http://nnu.geodata.cn:8008
http://www.ngac.org.cn/DataSpecial/geomap.html
http://www.ngac.org.cn/DataSpecial/geomap.html


Separations 2022, 9, 149 5 of 15

3. Results and Discussion
3.1. Physicochemical Properties of Soil Samples

The pH values in the soil ranged from 3.96 to 8.04, with an average value of 6.23,
showing slight acidity (Table 1). The soil pH value of the tea garden was lower than
that of the other agricultural land, which may be related to the cultivation method of tea
planting and the natural properties of tea trees, which are more suitable for growing under
acidic conditions [37,38]. Among the four geological types, the samples of Silurian had the
lowest pH value, with an average of only 5.14. In the collected soil samples, clay particles
accounted for 0.03–29.34%, with an average ratio of 6.88%, silt particles accounted for
2.60–73.0%, with an average ratio of 40.84%, and sand particles accounted for 12.14–97.37%,
with an average ratio of 52.81%. On the whole, the soil samples are dominated by the
silt particles.

Table 1. pH values of different agricultural land types, soil types and geological types.

Agricultural
Land Type pH SD * Soil Type pH SD Geological

Type pH SD

Rice 6.48 ±0.52 Yellow soil 6.08 ±0.86 Devonian 6.25 ±0.78
Corn 6.38 ±0.75 Lime (rock) soil 6.39 ±0.71 Silurian 5.14 ±0.38

Tea garden 5.09 ±0.85 Paddy soil 6.4 ±0.56 Permian 7.04 ±0.45
Other land 5.96 ±0.74 Triassic 6.52 ±0.61

* SD: Standard Deviation.

The soil organic matter content ranged from 2.11% to 18.99%, with an average of 6.88%
and a small variation coefficient of 38%. The organic matter contents of the soil samples in
different agricultural land types are shown in Table 2.

Table 2. Statistics of organic matter content in soils of different agricultural lands.

Agricultural Land Type Max Min Average SD CV * (%)

Rice 11.90 2.52 7.32 2.27 31.0
Corn 13.66 2.11 7.22 2.43 33.7

Tea garden 18.99 3.23 7.77 4.55 58.5
Other land 18.62 3.23 8.08 3.65 45.2

* CV: Coefficient of variation.

3.2. Content of PTEs in Soil

The statistical results of the contents of 13 PTEs in the soil are shown in Table 3. The
average content of each PTE was higher than the corresponding median value, and the
average value of Sb was nearly four times higher than the median value. The contents
of different PTEs varied greatly. According to the Soil Environmental Quality—Risk
Control Standard for Soil Contamination of Agricultural Land (GB-36600-2018, Table 3), the
proportions of samples with Zn, As, Cd, Pb and Hg exceeding the screening values were
2.2%, 4.4%, 46.7%, 0.7% and 5.9%, respectively.

As shown in Table 3, the coefficient of variation (CV) of each PTE varied greatly. The
CV values of V, Cr and Cu were between 0.25 and 0.5, showing moderate variation, and the
coefficient of the variations of Co, Ni, Zn, Mo, Cd and Tl ranged from 0.50 to 1.00, showing
strong variation. The values of As, Sb, Pb and Hg all exceeded 1.00, and Sb in particular
was as high as 3.22, showing abnormally strong variation, which implied the heterogenous
sources of these PTEs.
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Table 3. PTE contents in the topsoil of the study area and the values from other studies (mg/kg,
n = 134).

PTEs V Cr Co Ni Cu Zn As Mo Cd Sb Tl Pb Hg

Min 24.75 14.32 0.51 2.06 2.09 8.26 0.1 0.19 0.06 0.15 0.16 6.02 0.013
Max 180.29 102.15 14.77 54.9 52.96 418.83 71.97 3.07 1.54 205.17 2.57 475.86 4.02

Average 57.15 36.2 4.61 12.61 13.36 63.5 11.94 0.78 0.37 6.44 0.48 27.42 0.36
Median 50.13 33.31 4.04 11.68 11.88 54.59 8.12 0.65 0.34 1.75 0.41 19.92 0.19
CV (%) 44 36 59 50 48 73 105 67 55 322 57 161 171
RSVs * 150 70 85 200 40 0.3 90 0.5

European [39] 25 20 7.5 15 15 45 5.5 0.42 0.18 0.23 0.12 16 0.03
USA [40] 64.1 12 66.9 36.1 95.2 0.32 30 0.19

China [41] 82.4 61 12.7 26.9 22.6 74.2 11.2 2 0.097 1.21 0.62 26 0.065
Guizhou Province [41] 138.8 95 19 39 32 99 20 2.4 0.66 2.24 0.712 35.2 0.11
Jiangsu Province [42] 71.49 29.68 29.68 75.87 0.18 28.8 0.07

Zhejiang Province [43] 52.9 24.6 17.6 70.6 9.2 0.07 23.7 0.09

* Risk screening values (RSVs) refer to the screening values when the pH is 5.5–6.5, regulated by the Soil
Environmental Quality—Risk Control Standard for Soil Contamination of Agricultural Land (GB-36600-2018).

The PTE concentrations in the samples from the study area were generally lower than
the background values of the soil in Guizhou Province, while the Sb and Hg concentrations
were nearly three times those of the background. The contents of V, Cr, Co, Ni, Cu, Zn, Mo
and Tl in this study were relatively low compared with the average values of soils in China
reported in 1990 [41], which may be due to the low contents of the aforementioned elements
in the parent materials of the soil in the study watershed. The contents of As and Pb were
similar, while the contents of Cd, Sb and Hg were obviously higher. When compared with
other regions, the contents of Cr, Ni, Cu, Zn and Pb in this study area were relatively low,
while the content of Hg was much higher than that in other regions. Therefore, Cd, Sb and
Hg should be the key elements for the risk control of PTEs in the study areas.

3.3. Influencing Factors of PTE Distribution in the Soil
3.3.1. Selection and Stratification of Impact Factors

Referring to the factor selection methods of Liang et al. [44] and Huang et al. [33]
combined with the actual situation of the Caidi River watershed, 10 potential influencing
factors were selected for the subsequent detection from three levels (topographic and geo-
morphological factors, soil characteristic factors and socioeconomic factors). The 10 factors
were altitude, slope aspect, slope gradient, strata, soil type, pH, organic matter, clay con-
tent, agricultural land type and distance to settlements. In order to meet the operational
requirements of the geographic detector, the continuous data in the influencing factors
were converted into stratified data. In this study, according to the hierarchical method of
Cao et al. [45], the altitude, organic matter, clay content and distance to settlements were
divided into six strata by using the natural discontinuous classification method in ArcGIS.
The pH data were divided according to the pH classification standard of the Specification
of Land Quality Geochemical Assessment (DZT0295-2016), and the slope gradients were
classified according to the International Geographic Society Geomorphology Survey and
Field Mapping Committee. The slope aspects were divided into four strata—sunny slope,
semi-sunny slope, semi-shady slope and shady slope—according to the orientation. The
stratification of the 10 influencing factors used in the geographic detector are listed in
Table 4, and the distribution of the influencing factors is mapped in Figure 2.
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Table 4. The stratification of the influencing factors used in the geographic detector.

Stratification 1 2 3 4 5 6

Altitude (m) 780–880 880–953 953–1060 1060–1120 1120–1262 1262–1474

Slope aspect (◦) shade
(337.5–67.5)

semi–shady
(67.5–112.5;
292.5–337.5)

semi–sunny
(112.5–157.5

and
247.5–292.5)

sunny
(157.5–247.5)

Slope gradient (◦) gentle slope
(0–5)

mid slope
(5–15)

steep slope
(>15)

Strata Devonian Silurian Permian Triassic
Soil type yellow soil lime soil paddy soil

pH <5.0 5.0–6.5 6.5–7.5 >7.5
Organic matter (%) 2.11–4.50 4.50–6.44 6.44–8.33 8.33–10.4 10.4–13.66 13.66–18.99

Clay content (%) 0.03–2.07 2.07–4.56 4.56–7.46 7.46–11.31 11.31–
20.05 20.05–29.34

Type of agricultural land rice corn tea other dry land
Distance to settlements (m) 0~92 92~220 220~452 452~708 708~1116 1116~1915

3.3.2. Factor Detector

In this study, the factor detectors in the geographic detector were used to evaluate
the relative contributions of environmental factors to the spatial distribution of PTEs. The
explanatory powers (q values) of each factor on different PTEs are shown in Figure 3.
Different factors have greatly varied associations with different PTEs. The contribution of
clay content was great, with the contributions of V, Cr, Co and Ni above 0.23. This indicated
that these elements were strongly associated with clay minerals [46,47]. The altitude factor
had a homogenous effect on all 13 PTEs, with a relatively strong explanatory power, except
for Cd and Pb. This indicated that the altitude changes in the Caidi River watershed have
a great impact on the spatial distribution of these PTEs. There was a similar contribution
trend between the altitude and clay content, indicating that the contribution of PTEs may
be affected by both altitude and viscosity.
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In addition, the stratigraphic factors had a great contribution to the contents of Co, Ni
and Cu; the explanatory powers of Ni and Cu were 0.42 and 0.41, respectively, indicating
that the distribution of the three elements is greatly affected by stratigraphic factors. The
contribution of organic matter content to Cd was larger (0.12) than that of other factors,
indicating that the distribution of Cd may be more affected by organic matter. For Sb, Tl
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and Hg, the q values of the other factors were not strong, except for the altitude and the
slope aspect. Therefore, it was speculated that these three elements are not only affected by
topographic factors, but they also may be affected by factors other than the above 10 factors.
In addition, the factor of land type had a strong explanatory power on V, Cr, As and Mo.
The altitude and slope aspect also contributed a lot, indicating that topographic factors are
also one of the factors affecting the distribution of As content.

3.3.3. The Interaction of the Detector Results

The interactive analysis of the 10 factors was carried out by the interaction detector of
the geographic detector. The interactive results (Table S1) showed that the interaction types
were nonlinear enhance or bi-enhance, indicating that the contribution of two factors to soil
PTEs after interaction increased compared with that of a single influencing factor. Taking
Pb as an example (Figure 4), the contribution of the single factor was not obvious, while
the q value can be as high as 0.416 after the interaction of both organic matter and pH. This
can be explained by the fact that a high organic matter content and high pH can favor Pb
accumulation [48]. However, there was a negative correlation between these two factors,
i.e., high organic matter leads to low pH, which makes the effect unable to be detected
by the single factor analysis rather than the interactive analysis. Moreover, the effect of
the slope aspect on the soil pH [49] resulted in a high q value (0.427), indicating that the
distribution of Pb content may be mainly influenced by both of them.
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The interaction results of V, Cr and Mo were similar, in which the interaction between
clay and farmland type, organic matter and pH also had a strong explanatory power, whose
q value can reach above 0.4. Cultivation can strongly affect the texture and chemistry
of soils, which can further alter the accumulation of these elements [50]. Moreover, the
explanatory power of the interaction between the land type and the distance to the settle-
ment reached 0.51 for V, and the explanatory power for Mo also exceeded 0.4, indicating
that the two elements may be affected by the combined effect of topographic factors and
agricultural activities.

For Co, Ni and Cu, the interactions between the stratum, altitude and clay content
had high q values, and the interactions between the clay content and other factors also
showed high q values. For Zn, the interaction impacts between the altitude and other
factors had high q values. Hence, it was speculated that the distribution of the four PTEs
(Co, Ni, Cu and Zn) is mainly dominated by natural factors including parental material
and pedogenesis.
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The q values of the organic matter interactions with the altitude, pH and clay particles
on Cd were relatively high; the value of the organic matter interaction with clay was as
high as 0.439, indicating that Cd may be affected by the combined effect of topographic
factors and physicochemical properties [51]. In addition to the interaction of natural factors
such as altitude, the interaction between the organic matter and agricultural land type
had a significant impact on the distribution of As. Thus, it was conjected that agricultural
activities also have a certain impact on the distribution of As.

3.4. Source Analysis of PTEs

Generally, the greater the correlation between PTEs in the soil, the more likely it is that
the two PTEs have similar sources. The correlation analysis results between 13 PTEs are
shown in Figure 5. V, Cr, Co and Pb showed significant correlations at the level of p < 0.01.
There were significant correlations between Co, Ni, Cu, Zn and Cd. Meanwhile, As, Sb, Tl
and Hg also showed positive correlations.
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** represents a significant correlation at the 0.01 level (bilateral), * represents a significant correlation
at the 0.05 level (bilateral).

The principal components of 13 PTEs in the soil samples were analyzed, and the
factor analysis matrix of the PTE contents in the soil was obtained. The coefficient of
Kaiser–Meyer–Olkin (KMO) and Bartlett’s test of sphericity satisfied the suitability analysis
(KMO > 0.6, sig. < 0.05); thus the principal component analysis could be performed. The
orthogonal rotation of the Kaiser normalized factors was carried out by the maximum
variance method, which makes factor analysis more accurate. In this study, the eigenvalue
greater than 1 was selected as the extraction standard of the principal components, and
a total of three principal components were extracted, which could explain 66.803% of the
total variance of the 13 PTEs. The above PCA analysis results are shown in Table 5.



Separations 2022, 9, 149 11 of 15

Table 5. Varimax rotated matrix of the principal component factors on the PTE contents in the soil.

Principal Component Factor

PC1 PC2 PC3

V 0.962 0.136 0.029
Cr 0.911 0.223 0.035
Co 0.003 0.835 0.018
Ni 0.357 0.804 0.026
Cu 0.250 0.809 0.077
Zn 0.052 0.713 0.288
As 0.363 0.093 0.751
Mo 0.815 0.110 0.153
Cd 0.008 0.593 0.225
Sb 0.078 0.045 0.681
Tl 0.064 0.286 0.831
Pb 0.549 0.057 0.147
Hg 0.012 0.094 0.824

The eigenvalue 3.055 3.043 2.587
Variance contribution % 23.499 23.407 19.897

Cumulative variance contribution % 23.499 46.906 66.803

The variance contribution rate of principal component 1 (PC1) was 23.499%. The
PTEs with heavy loads on PC1 were V, Cr, Mo and Pb, whose loads were 0.962, 0.911,
0.815 and 0.549, respectively. In view of the correlation analysis result showing that V, Cr,
Mo and Pb were significantly correlated in pairs, it was indicated that the sources of the
four elements might be similar. Combined with the results of the geographical detector
analysis, the altitude, clay and agricultural land type all had a great influence on the four
elements, and it was speculated that the sources of the four elements could be influenced
by natural factors and agricultural activities. Among them, the contents of V, Cr and Mo
in the soil collected in the tea gardens were significantly higher than those in the other
agricultural lands, and the pH values of the tea garden soil were significantly lower than
the others. Studies have proposed that the accumulation of Mo in soil is often attributed to
the combination of Fe and Mn oxides [52]. Gustafsson et al. [53] showed that the adsorption
of molybdate on ferromanganese oxides increased with the decrease in pH and reached a
maximum value at 4–5. Therefore, it may be related to the decrease in the pH value in the
soil caused by nitrogen fertilizer such as ammonium sulfate applied in the process of tea
planting. In addition, PTEs such as Cr and Pb can be associated with chemical fertilizer
production [54,55], and the excessive input of chemical fertilizers in agricultural activities
may lead to the enrichment of Cr, Pb and other PTEs in the soil. Further, As presented
a loading of 0.3 on principal component 1, suggesting that As may also be affected by
agricultural activities such as fertilizer and pesticide application.

The variance contribution of principal component 2 (PC2) was 23.407%, and the loads
of Co, Ni, Cu, Zn and Cd were 0.835, 0.804, 0.809, 0.713 and 0.593, respectively. Meanwhile
the correlation analysis showed that Co, Ni, Cu, Zn and Cd were significantly correlated.
Based on the analysis results of the geographic detector, the five PTEs were all greatly
affected by the altitude and clay content, and the stratigraphic factors also contributed
greatly to Co, Ni and Cu. Studies have shown that, Ni, Cu, Zn and other PTEs are mainly
controlled by the geological backgrounds such as the parent material and soil formation
process [56]. Guizhou Province, where this study was conducted, has widely distributed
karst landforms, and it has generally been believed that the weathering of carbonate rocks
leads to the enrichment of Cd [57]. Therefore, it could be inferred that the main sources of
the above five PTEs are natural sources.

The variance contribution rate of principal component 3 (PC3) was 19.897%. The PTEs
with larger loads on PC3 were As, Sb, Tl and Hg, with contributions of 0.751, 0.681, 0.831
and 0.824, respectively. The correlation analysis also showed that there are significant
correlations between the four PTEs. Moreover, according to the spatial distributions of As,
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Sb, Tl and Hg, similar distribution features were observed—that is, the high contents of
As, Sb, Tl and Hg were almost only concentrated in the south of Maojian Town. Viewed
from the geological map, it has been ascertained that this region is a potential source of
mercury ore. Studies have shown that, in the process of soil formation, the enrichment of
ore-forming elements in ore-bearing rock would be enriched in the soil, and mercury mines
are often associated with PTEs such As, Sb and Tl [58]. Therefore, it can be inferred that
principal component 3 might be dominated by potential mercury sources and may also be
attributed to natural sources.

4. Conclusions

(1) In this study, we studied the distribution of 13 PTEs in sloping farmland soils collected
from a mountainous watershed in Guizhou Province, Southwest China. All of the
PTEs were unevenly distributed, especially Sb. The proportion of samples with Cd,
Hg and As exceeding the screening value of the soil pollution risk of agricultural land
in China was 46.7%, 5.9% and 4.4%, respectively.

(2) The results of the factor detector showed that the factor of altitude contributed a lot
to the 13 PTEs, indicating that the spatial distribution may be impacted by the local
pedogenesis process. In addition, the stratigraphic factors contributed greatly to the
distribution of Co, Ni and Cu, which implied their similarity in the parental material.

(3) The interaction of the detector results showed that V, Cr, Mo and Pb are affected by
the nonlinear interaction result from the combined effect of clay content, altitude and
agricultural land type.

(4) Based on the results of the geographic detectors and multivariate statistical analysis,
V, Cr, Mo and Pb were significantly correlated in pairs, indicating that the sources of
the four PTEs were similar and might be affected by natural factors and agricultural
activities. Co, Ni, Cu, Zn and Cd were mainly affected by natural sources, and their
migration and enrichment may be influenced by the combined action of both regional
geology and altitude factors. Furthermore, the distribution of As, Sb, Tl and Hg was
associated with potential sources of mercury ore, and As may also be affected by local
agricultural activities.
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