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Abstract: Soil heavy metal (HM) control has become a pressing global ecological and environmental
issue, with a significant focus on the western Dabie Mountain in China, a region that is recognized
for its ecological barriers and water sources. We analyzed the concentrations, pollution status, and
potential ecological risks of 10 HMs (i.e., Cu, +Pb, Zn, Cr, Ni, Co, Cd, As, Hg, and Mn) in the topsoil
of different ecosystems in this region. The effects of four soil groups (Anthrosol, Fluvisols, Gleysol,
and Alisols) and three soil texture types (sandy, clayey, and loamy soils) on the above aspects were
also analyzed. Positive Matrix Factorization (PMF) models were performed to identify and quantify
the potential sources and contribution rates of these HMs. Results showed that the level of HM
pollution may be negligible, and there was no potential ecological risk. Of all metals, Pb and Cd
exhibited the highest levels of pollution. The potential ecological risk associated with soil HMs
decreased from croplands to urban and further to forests. Cu and Co were more likely to accumulate
in Anthrosols, while Alisols were more likely to accumulate Pb, Cd, and Hg and had a higher overall
potential ecological risk. The overall risk in clayey and loamy soils is both higher than in sandy soils.
The HM accumulation in topsoil was closely related to the soil organic matter and clay contents.
The potential main sources of HMs in this region can be agricultural activities, soil parent material,
mining, industrial activities, and vehicle emissions. These findings suggest that special attention
should be paid to soil Pb and Cd in western Dabie Mountain. Future efforts can focus on reducing
mining, smelting, and industrial emissions, as well as strengthening the research on the migration
patterns and mechanisms of HMs.

Keywords: source apportionment; forest soil; risk assessment; potential ecological risk; heavy metal;
PMF model

1. Introduction

Soil heavy metal (HM) distribution and pollution is a worldwide environmental and
health issue [1]. The origins of this pollution are classified into natural and human-induced
sources [2]. Natural sources arise from inherent processes of soil formation. In contrast,
anthropogenic sources stem from human activities, including industrial coal combustion,
mining, smelting, application of fertilizers and pesticides, and emissions from vehicles and
electronic devices [3]. HM pollution is characterized by its insidious nature, persistence,
and ability to bioaccumulate, making it challenging to eliminate it from the soil [4]. High
levels of HMs can not only hinder plant growth and development, decreasing crop yields
and the quality of agricultural products, but also enter the human body, potentially causing
a range of health issues [1,5–8]. Consequently, preventing and controlling soil HM pollution
is crucial.
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In recent years, there has been increasing attention to soil HM pollution. Current studies
are often focused on assessing the characteristics of soil pollution, evaluating the risks posed by
HMs, and analyzing the sources of this contamination [3,9–11]. Various indices are commonly
used in the assessments, such as the single factor index, enrichment factor, geoaccumulation
index, and potential ecological risk index [2,5,6]. However, using the single factor index to
assess pollution relies too much on one factor within the formula, and the assessment results
can easily be inconsistent with the actual results [12,13]. Meanwhile, in the current context of
complex metal pollution, this method is not comprehensive enough.

In order to avoid the threats caused by HMs, it is important to identify potential
sources of contamination. Source analysis models are the primary tools for analyzing
pollution sources. These models can qualitatively and quantitatively determine the contri-
bution of various pollution sources. The most commonly used models include the Positive
Matrix Factorization (PMF) model, UNMIX model, and multivariate statistical analysis
models [14–16]. Among these models, PMF is particularly advanced and capable of accu-
rately identifying and quantifying HM pollution in the environment. It does not require a
source component spectrum for data processing, and both factor component spectrum and
source contribution are non-negative. Additionally, it can handle missing data and data
with large errors [17]. Due to these advantages, the PMF model is recommended by the
U.S. Environmental Protection Agency and has been widely used to identify and quantify
the sources of HM pollution [15–18].

Dabie Mountain, situated in East China, straddles the provinces of Anhui, Hubei,
and Henan. It serves as the watershed dividing the Yangtze River and the Huai River.
This mountain range plays a crucial role in water conservation for the middle and lower
stretches of the Yangtze River, with numerous rivers feeding into it. Dabie Mountain
can be categorized into three distinct sections based on its natural terrain: east, middle,
and west. Rugged landscapes and significant soil erosion characterize the western part,
leading to an importance in implementing vegetation restoration and protection measures
to mitigate soil and water loss and uphold ecological equilibrium. On the other hand,
despite being part of China’s historical revolutionary base area, the region’s economic
development lags. However, significant progress has been made in recent years through
industrial transformation and upgrading, distinctive agricultural development, and rural
revitalization. As economic and social development progress, the issue of environmental
pollution, particularly soil pollution, is becoming increasingly apparent. Therefore, it is
crucial to understand the extent of soil pollution, particularly HM contamination, in key
areas and to implement effective prevention and control measures alongside promoting
economic and social growth. However, there is a lack of detailed reports on these aspects,
highlighting the need for comprehensive assessment.

Conversely, variations in the accumulation patterns of soil HMs across different ecosys-
tems, notably between artificial and natural ecosystems, may exist. Although researches
have compared the soil HMs in different ecosystems or land use [3,19], there is a scarcity
of comparative studies focusing on diverse ecosystems in mountains. Given the complex
geology of the Dabie Mountain area, coupled with diverse soil parent materials, physico-
chemical properties, and ecosystems, there is a crucial need for a comprehensive exploration
of soil HM levels within these ecosystems. Investigating the origins and accumulation
patterns of HMs across ecosystems in this area can significantly contribute to regional
ecological preservation, economic development, and restoration efforts.

Hence, this study deeply explores the features and source elucidation of 10 prevalent
HM elements in soils across diverse terrestrial ecosystems in western Dabie Mountain.
Considering that soil properties (especially soil type and texture) affect the migration
and transformation of HMs in soil [20], the impact of soil properties on HM was also
analyzed. Moreover, the top layer in the soil profile is most closely related to external
changes and humans; thus, we only analyzed the topsoils at the 0–20 cm layer. We focused
on (i) discerning the variations in accumulation traits and pollution levels of soil HMs
across diverse ecosystems and (ii) identifying their potential origins. Given the brief
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span of socio-economic advancement in the examined locale, we hypothesized that in
western Dabie Mountain, (i) the distribution of HMs are together influenced by soil type,
texture, and ecosystem; (ii) HM pollution levels are relatively minimal, particularly in
natural ecosystems are significantly lower than in artificial ones; and (iii) natural factors
predominantly contribute to HM sourcing.

2. Materials and Methods
2.1. Study Area Description

The study area is located in the western region of the Dabie Mountain (116◦14′–116◦41′ E,
30◦27′–31◦04′ N), spanning parts of Henan and Hubei provinces in China (Figure 1). The
region falls within the warm and humid monsoon climate belt of the northern subtropical
zone, characterized by typical mountain climate features, including mild temperatures, ample
rainfall, and the simultaneous occurrence of rain and hot seasons. The average annual
temperature in the area hovers around 17–18 ◦C, while the yearly precipitation stands at
approximately 1100 mm. Most of the rainfall occurs during the period from May to July. The
region boasts a diverse array of vegetation types, including evergreen broad-leaved forests,
deciduous broad-leaved forests, and coniferous forests. As for land use, cropland and forest
dominate, accounting for 51.57% and 34.46%, respectively, as of 2020, with construction land
and scattered industrial areas making up the remainder.
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Figure 1. Geographical location of the study area.

According to the World Reference Base for Soil Resources (WBS) 2022, the study area’s
soils are classified into four groups: Anthrosols, Fluvisols, Gleysols, and Alisols. Remote
sensing and local statistical data indicate that Henan Province has a rich variety of mineral
resources, comprising 10 metallic and 14 non-metallic minerals. The province boasts
73 mineral deposits, including 3 large, 4 medium, and 29 small deposits, as well as
37 mineral occurrences. In contrast, Hubei Province is primarily known for its non-metallic
mineral resources, with smaller deposits that are more concentrated, such as phosphate



Forests 2024, 15, 1116 4 of 18

and granite. The industrial and agricultural activities in the research area occasionally lead
to pollution discharge, sewage irrigation, and the use of fertilizers and pesticides.

2.2. Soil Sampling

Between 2020 and 2022, soil sampling was carried out within the study area at a
depth of 0–20 cm. Sampling units were established on a grid measuring 1 km × 1 km,
with sampling points strategically placed in alignment with ecogeological classifications.
Sampling efforts encompassed cropland, urban, and forest ecosystems. Cropland ecosys-
tems primarily consist of regions where crops are cultivated continuously (ranges from
1–10 acres) and characterized by ongoing clearing, the removal of above-ground biomass
(crop residue), and the levelling of farm fields. Urban ecosystems are mainly situated
within cities, including residential areas, public management and service land, park green
spaces, industrial zones, commercial service facilities, and road and transportation fa-
cilities. Forest ecosystems are comprised of biotic communities primarily consisting of
trees, with the exception of urban forests. Initially, the basic sampling density was set at
9 samples/km2, with adjustments made to accommodate varying levels of ecogeological
complexity. Consequently, the sampling density across the entire area ranged from 4 to
16 samples/km2.

At each sampling site, GPS coordinates were recorded during the sampling process.
Following the removal of debris such as roots, fallen leaves, and gravel, soil samples were
carefully mixed and transported to the laboratory for air drying. In the case of cropland
soil, sampling took place after the harvest of the preceding crop and before the application
of base fertilizer for the subsequent crop, with precautions taken to avoid the rainy season.
In total, 702 soil samples were collected, comprising 252 from Henan and 450 from Hubei
provinces, respectively.

2.3. Determination of Soil Physico-Chemical Properties and Heavy Metal Concentrations

Following air drying, the soils underwent grinding through 2 mm sieves to measure
soil texture and pH value and through 0.149 mm sieves to ascertain organic matter and
HM concentrations. During the soil texture determination, soil particle size was tested
by using a laser particle size analyzer [21]. The percentage of soil clay (<0.002 mm), silt
(0.002–0.05 mm), and sand (0.05–2 mm) were then calculated based on the soil particle size
followed the USDA particle size classification system and were employed as indicators of
soil texture. Soil pH value was determined with a compound electrode (MP551, China) in
a water suspension with a 1:2.5 (w/w) soil: water ratio, and organic matter content was
determined by the potassium dichromate oxidation method. According to the soil texture,
the samples are divided into sandy, clayey, and loamy soil.

Except for Hg, the soil HMs’ concentrations (i.e., Cu, Pb, Zn, Cr, Ni, Co, Cd, As, and
Mn) were determined according to the National Standard: Soil and sediment—Determination
of 19 total metal elements—Inductively coupled plasma mass spectrometry (HJ 1315-2023).
Briefly, approximately 0.1 g of each soil sample was weighed and transferred to a 50 mL
polytetrafluoroethylene crucible. Subsequently, digestion was carried out using a mixture of
“HNO3-HCl-HClO4”, and then to determine the HM concentrations, an inductively coupled
plasma mass spectrometer (XSeries-2 ICP-MS, ThermoFisher, Waltham, MA, USA) was used.
As for Hg, which is a volatile metal, its concentration was determined by a direct mercury
analyzer (DMA-80, Milestone, Sorisole, Italy) and atomic fluorescence spectrometry (AFS)
though measuring Hg vapor according to the National Standard: Soil quality—Determination
of total mercury—Cold atomic absorption spectrophotometry (GB/T 17136-1997).

2.4. Evaluation Methods for Heavy Metal Pollution

The Enrichment factor (EF) and Geoaccumulation index (Igeo) [1] were employed to
evaluate the extent of HM pollution. Additionally, the Potential Ecological Risk Index was
utilized to gauge the ecological risk associated with these HMs [2,22]. When calculating
the EF, the background value of metal concentration unaffected by human activity served
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as a reference point. Given the stable geochemical characteristics of Mn, it was designated
as the reference metal. Furthermore, the Igeo developed by Muller was employed to
comprehensively assess the influence of both natural processes and human interventions
on sediment and soil. Meanwhile, the Potential Ecological Risk Index devised by Hakanson
considers various factors, including the types of HMs, their concentrations, and their
respective toxicity levels, making it a classic approach for evaluating the ecological risks
associated with HM contamination. This method primarily involves the calculation of the
Potential Ecological Risk Index (Ei) of each HM, as well as the Comprehensive Potential
Ecological Risk Index (RI) considering multiple HMs [22]. The calculations for EF, Igeo, Ei,
and RI are represented in Equations (1)–(4) [1,22–24].

EF =
(Ci/CMn)s
(Ci/CMn)b

(1)

Igeo = log2[Ci /( k × Bi)] (2)

Ei = Ti ×
Ci
Bi

(3)

RI = ∑n
i=1 Ei (4)

where Ci represents the actual measured concentration of the target HM i, while CMn
denotes the concentration of the reference metal Mn. The ratios (Ci/CMn)s and (Ci/CMn)b
signify the concentrations of metal i and Mn in the target and background soil, respectively.
Bi represents the background value of metal i, and K is a constant (typically k = 1.5)
introduced to account for regions that might lead to fluctuations in background values [23].
Ti represents the toxicity coefficient of HM i, where the value is referenced from previous
studies [22,25]. The coefficients for metal Cu, Pb, Zn, Cr, Ni, Co, Cd, As, Hg, and Mn are 5,
5, 1, 2, 5, 5, 30, 10, 40, and 1, respectively. In the above Equations, n = 10, denoting the total
number of HMs considered.

The evaluation criteria for each index are represented in Table 1, and the evaluation
of individual metal’s content is referred to National Standards: (1) Environmental quality
standard for soils (GB 15618-1995); (2) Soil environment quality risk control standard for
soil contamination of agriculture land (GB 15618-2018); and (3) Soil environment quality
risk control standard for soil contamination of development land (GB 36600-2018).

Table 1. Classification criteria for heavy metal pollution and potential ecological risk index.

EF Pollution Status Igeo Pollution Status Ei RI Risk Level

≤1 No ≤0 No <40 <150 Low
1~2 No to moderate 0–1 Slight 40–80 150–300 Moderate
2~5 Moderate 1–2 Slight to moderate 80–160 300–600 Moderate to high

5~20 Moderate to strong 2–3 Moderate 160–320 600–1200 High
20~40 Strong 3–4 Strong >320 >1200 Very high

>40 Extremely strong 4–5 Strong to very strong
≥5 Extremely strong

2.5. Performance of PMF

The PMF model utilizes factor analysis and least squares methods to discern and
quantify the sources of HMs [26,27]. Initially, the model factorizes the original matrix
X(m × n) into factor matrices of F(p × n) and G(m × p), along with a residual matrix
E(m × n) (Equation (5)). Subsequently, the model defines an objective function Q, which
iteratively minimizes its value (Equation (6)) [27].

X(m × n) = G(m × p) × F(p × n) + E(m × n) (5)
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Q =
n

∑
i=1

m

∑
j=1

(
eij/sij

)2 (6)

where X(m × n), F(p × n), and G(m × p) denote the receptor matrix (the concentration of
each component in each sample), factor spectrum matrix, and source contribution matrix,
respectively. E(m × n) represents the residual matrix. Here, m, n, and p represent the
number of samples, components, and sources, respectively. Sij signifies the standard
deviation or uncertainty of the j-th chemical component in the i-th sample.

2.6. Statistical Analysis

Mixed linear models were employed to assess the differences in HM concentration and
evaluation indices across various ecosystems and soil types (i.e., soil groups based on WBS
2022 and soil types based on texture). The ecosystem served as a fixed effect in the analysis.
Before conducting the analysis, normality tests (Shapiro–Wilks) and tests for homogeneity
of variances (Hartley’s F test) were carried out. Subsequently, Duncan’s multiple range
test was utilized to assess the differences between the means. Additionally, Principal
Component Analysis (PCA) and Pearson correlation analysis were employed to examine
the relationships among the concentrations of the ten HMs and soil physico-chemical
properties. PMF models were used to identify potential sources of HMs. Statistical analyses
were conducted using R (v. 4.3.1), while PMF was implemented with EPA PMF v. 5.0.
Significance was set at p < 0.05 for all tests unless explicitly stated otherwise.

3. Results
3.1. Soil Physico-Chemical Properties and Accumulation Characteristics of Heavy Metals

Similar to the land use situation in the study area, a large number of soil samples
come from cropland and forest and dominated with Anthrosols (68.80%) and loamy soils
(59.97%) (Table 2). The soil was neutral to slightly acidic, with an organic matter content of
1.88% (Table 3). The metals with the highest concentrations were Mn (693.67 mg/kg), Zn
(79.36 mg/kg), and Cr (61.59 mg/kg). When compared to the background values, the
average concentrations of these metals in Henan were significantly higher (p < 0.05). Cd
in Henan was present at a concentration 2.04 times the background value. In contrast,
in Hubei, only the concentrations of Pb, Zn, and Mn surpassed the background values,
with Pb being 1.61 times higher than the background value. Across the study area, the
concentrations of Pb and Cd were 1.68 and 1.27 times the background values, respectively.

Table 2. Distribution of soil types in the study area. Numbers in parentheses are the percentages in
the corresponding ecosystem.

Anthrosols Fluvisols Gleysols Alisols Sandy Clayey Loamy

Cropland (n = 350) 350 (100%) 0 0 0 104 (29.71%) 36 (10.29%) 210 (60.00%)
Urban (n = 32) 32 (100%) 0 0 0 8 (25.00%) 8 (25.00%) 16 (50.00%)
Forest (n = 320) 101 (31.56%) 140 (43.75%) 57 (17.81%) 22 (6.88%) 117 (36.56%) 8 (2.50%) 195 (60.94%)
Total (n = 702) 483 (68.80%) 140 (19.94%) 57 (8.12%) 22 (3.13%) 229 (32.62%) 52 (7.41%) 421 (59.97%)

Ecosystem or soil type significantly affected the soil pH and organic matter content, as
well as the concentrations of HMs except As (p < 0.05, Table 4). Forests had higher organic
matter content and lower pH values. The clay content and Cu and Cr concentrations
were higher in cropland compared to urban and forest ecosystems (p < 0.05). For Ni, the
concentration followed the trend cropland > urban > forest, while Co showed the trend
cropland > forest > urban. There was no significant difference in the concentrations of Cu,
Cr, Ni, and Co between urban and forest ecosystems (p > 0.05). However, the concentrations
of Pb, Cd, and Hg were higher in forests than in cropland and urban ecosystems (p < 0.05).
Among the four soil groups, pH and Cu, Zn, Cr, Co contents were higher in Anthrosols,
but lowest in Alisols.
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Table 3. Heavy metal concentrations and physico-chemical properties in the study area topsoil.
The background values are derived from the book “Background Values of Chinese Soil Elements”
compiled by the China Environmental Monitoring Station [28], and those in the whole study area are
the mean of that in Henan and Hubei. CV, variation coefficient.

Province Soil
Properties Mean Min. Max. Std.

Deviation CV (%)

Background
Value

for Soil
Heavy Metal

Henan Cu (mg/kg) 35.35 5.35 484.00 47.44 134.20 19.70
Pb (mg/kg) 32.06 6.62 107.00 16.54 51.59 19.60
Zn (mg/kg) 70.04 18.20 204.00 31.12 44.42 60.10
Cr (mg/kg) 71.54 5.37 723.00 57.91 80.96 63.80
Ni (mg/kg) 29.07 2.88 178.00 20.24 69.62 26.70
Co (mg/kg) 16.13 0.70 84.00 12.33 76.43 10.00
Cd (mg/kg) 0.15 0.03 0.48 0.10 65.44 0.07
As (mg/kg) 20.15 1.51 1130.00 99.88 495.74 11.40
Hg (mg/kg) 0.04 0.01 0.15 0.02 51.88 0.03
Mn (mg/kg) 609.53 88.60 2080.00 368.17 60.40 579.00

Hubei Cu (mg/kg) 24.63 3.85 436.00 26.43 107.28 30.70
Pb (mg/kg) 41.74 4.09 1280.00 102.15 244.72 26.00
Zn (mg/kg) 84.57 28.70 756.00 47.23 55.85 83.60
Cr (mg/kg) 56.03 5.48 309.00 47.70 85.14 86.00
Ni (mg/kg) 21.87 2.21 170.00 19.67 89.98 37.30
Co (mg/kg) 15.20 1.04 71.80 11.39 74.95 15.40
Cd (mg/kg) 0.16 0.00 2.38 0.17 103.77 0.17
As (mg/kg) 4.25 0.53 40.80 3.71 87.36 12.30
Hg (mg/kg) 0.04 0.00 0.90 0.06 156.93 0.08
Mn (mg/kg) 740.79 133.00 7880.00 641.10 86.54 712.00

Study area Cu (mg/kg) 28.48 3.85 484.00 35.77 125.60 25.20
Pb (mg/kg) 38.27 4.09 1280.00 82.48 215.55 22.80
Zn (mg/kg) 79.36 18.20 756.00 42.71 53.82 71.85
Cr (mg/kg) 61.59 5.37 723.00 52.10 84.58 74.90
Ni (mg/kg) 24.45 2.21 178.00 20.16 82.46 32.00
Co (mg/kg) 15.53 0.70 84.00 11.73 75.55 12.70
Cd (mg/kg) 0.16 0.00 2.38 0.14 92.75 0.12
As (mg/kg) 9.96 0.53 1130.00 60.33 605.97 11.85
Hg (mg/kg) 0.04 0.00 0.90 0.05 131.13 0.06
Mn (mg/kg) 693.67 88.60 7880.00 561.92 81.01 645.50

pH 5.99 4.12 8.78 0.78 12.95 -
Organic

matter (%) 1.88 0.35 9.86 1.53 81.14 -
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Table 4. Soil properties and heavy metal concentrations (mean ± SE) as affected by ecosystem and soil types. Bold numbers with different letters indicate significant
differences (p < 0.05).

Ecosystems Soil Groups Soil Texture

Cropland Urban Forest Anthrosols Fluvisols Gleysols Alisols Sandy Clayey Loamy

pH 6.71 ± 0.01 b 7.96 ± 0.09 a 5.50 ± 0.02 c 6.29 ± 0.03 a 5.42 ± 0.03 b 5.47 ± 0.05 b 4.35 ± 0.02 c 6.00 ± 0.05 b 6.40 ± 0.07 a 5.93 ± 0.04 b
Organic

matter (%) 1.70 ± 0.11 b 1.46 ± 0.22 b 2.03 ± 0.10 a 1.89 ± 0.50 a 2.20 ± 0.43 a 2.02 ± 0.38 a 1.69 ± 0.36 a 1.51 ± 0.10 a 1.74 ± 0.57 a 2.13 ± 0.10 a

Clay (%) 24.61 ± 2.71 a 20.55 ± 0.61 b 18.66 ± 0.48 b 20.41 ± 0.52 a 18.47 ± 0.63 a 19.10 ± 1.25 a 19.12 ± 2.15 a 12.14 ± 0.32 c 41.59 ± 1.99 a 21.40 ± 0.36 b
Cu (mg/kg) 23.30 ± 1.36 a 16.93 ± 1.66 b 25.95 ± 1.92 b 30.71 ± 1.71 a 23.94 ± 3.16 ab 25.52 ± 2.19 ab 16.11 ± 1.45 b 20.28 ± 1.05 b 21.88 ± 0.62 b 33.76 ± 2.14 a
Pb (mg/kg) 29.45 ± 1.71 b 25.21 ± 1.83 b 50.58 ± 8.07 a 29.98 ± 0.89 b 66.04 ± 14.93 a 41.30 ± 5.76 ab 35.45 ± 2.13 ab 36.68 ± 2.39 a 24.80 ± 0.77 a 40.79 ± 5.02 a
Zn (mg/kg) 84.83 ± 4.54 a 76.64 ± 5.38 a 84.89 ± 2.42 a 79.52 ± 2.02 a 79.62 ± 3.63 a 86.19 ± 3.94 a 56.38 ± 4.92 b 73.58 ± 2.09 ab 63.54 ± 2.23 b 84.45 ± 2.38 a
Cr (mg/kg) 58.42 ± 4.12 a 43.44 ± 4.65 b 55.26 ± 2.76 b 65.51 ± 2.48 a 48.61 ± 3.72 ab 67.19 ± 6.44 a 43.83 ± 7.09 b 44.57 ± 2.49 b 67.81 ± 2.68 a 70.09 ± 2.88 a
Ni (mg/kg) 22.36 ± 1.54 a 16.42 ± 1.75 ab 21.88 ± 1.23 b 25.91 ± 0.89 a 20.46 ± 1.91 a 24.11 ± 2.50 a 18.82 ± 3.04 a 18.49 ± 1.10 b 29.11 ± 1.06 a 27.12 ± 1.08 a
Co (mg/kg) 15.86 ± 0.90 a 10.02 ± 0.89 b 15.09 ± 0.70 ab 16.46 ± 0.53 a 12.74 ± 1.00 ab 17.11 ± 1.59 a 8.79 ± 1.28 b 12.55 ± 0.73 b 14.38 ± 0.44 ab 17.29 ± 0.60 a
Cd (mg/kg) 0.14 ± 0.01 ab 0.12 ± 0.02 b 0.17 ± 0.01 a 0.15 ± 0.01 a 0.16 ± 0.01 a 0.19 ± 0.01 a 0.19 ± 0.02 a 0.13 ± 0.01 b 0.10 ± 0.01 b 0.18 ± 0.01 a
As (mg/kg) 4.21 ± 0.35 a 5.75 ± 0.66 a 4.18 ± 0.19 a 12.21 ± 3.30 a 5.14 ± 0.55 a 4.09 ± 0.22 a 6.28 ± 1.36 a 4.54 ± 0.30 a 10.38 ± 0.53 a 12.85 ± 3.79 a
Hg (mg/kg) 0.03 ± 0.00 b 0.03 ± 0.00 ab 0.04 ± 0.00 a 0.03 ± 0.00 a 0.05 ± 0.01 a 0.04 ± 0.00 a 0.04 ± 0.00 a 0.03 ± 0.00 a 0.03 ± 0.00 a 0.04 ± 0.00 a
Mn (mg/kg) 725.86 ± 30.50 a 617.44 ± 66.78 a 757.75 ± 47.33 a 689.76 ± 17.77 a 724.51 ± 83.92 a 768.26 ± 49.69 a 390.09 ± 29.40 b 587.66 ± 24.65 b 680.33 ± 21.80 ab 752.98 ± 32.28 a
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3.2. Pollution Status and Ecological Risk Assessment of Heavy Metals

The EF of HMs followed the order Pb > Cd > Cu > Zn > Co > As > Mn > Hg > Cr >
Ni. According to Table 1, Hg, Cr, and Ni were considered pollution-free, while the other
six metals were classified as mildly polluted. The type of ecosystem did not significantly
affect the EF of Pb, Zn, Cd, Hg, and Mn (p > 0.05, Figure 2). However, the EF of Cu, Cr,
and As was highest in cropland > urban > forest (p < 0.05). For Ni, the EF was similar in
cropland and urban > forest (p < 0.05). For Co, the EF was highest in cropland > urban
and forest (p < 0.05). The EFs of Pb, Ni, Cd, and Hg were also significantly affected by soil
groups (p < 0.05), with the highest observed in Alisols. In addition, the influence of soil
texture on EF was mainly manifested in cropland. The EFs of Cr, Ni, Co, and Cd in clay
and loamy soils were higher than those in sandy soils, but those of Pb and Zn in sandy
soils were the highest (p < 0.05).
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The average Igeo of soil HMs in the study area were all <0, following the order:
Pb > Cd > Zn > Co > Mn > Cu > Cr > Ni > Hg > As. The Igeo of Pb, Zn, and Mn did not
significantly differ among ecosystems (p > 0.05, Figure 3). However, the Igeo for Cu and Cd
were cropland > urban > forest (p < 0.05); Cr, Ni, and Hg were cropland > urban > forest
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(p < 0.05); and Co was cropland > urban > forest (p < 0.05), while As was urban > cropland
> forest (p < 0.05). However, the soil group significantly affected the Igeo of Cu, Pb, Ni, Co,
Cd, Hg, and Mn (p < 0.05). Among them, Cu, Ni, Co, and Mn were higher in Anthrosols,
whereas Pb, Cd, and Hg were the highest in Alisols. Overall, except for Pb, the Igeo of the
other HMs were significantly lower in sandy than in clay and loam soils (p < 0.05) and were
widely present in various ecosystems.
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All the Ei values of soil HMs were <40. The highest Ei values were for Cd (39.72) and
Hg (26.99), followed by As (8.56) > Pb (8.08) > Co (6.06) > Cu (5.79) > Ni (3.83) > Cr (1.64) >
Zn (1.07) > Mn (1.04). The ecosystem type significantly affected the Ei of Cu, Pb, Cr, Ni, and
Co (p < 0.05, Figure 4). Specifically, the Ei of Cu and Co were higher in cropland than in
urban and forest ecosystems (p < 0.05). The Ei for Cr and Ni followed the trend cropland >
urban > forest (p < 0.05). However, the Ei for Pb was higher in forest compared to cropland
and urban areas (p < 0.05). In addition, the Ei of Cd and Hg in Alisols were significantly
higher than in other three soil groups (p < 0.05). Except for Pb and As, the Ei of other HMs
in sandy soil were the lowest among the three soil texture types. Especially, its Ei of Cr, Ni,
Co, Hg, and Mn were lower than those of clayey and loamy soils (p < 0.05).
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The overall risk index (RI) in the study area was mostly <150 (Figure 5a), indicating a
low ecological risk. Generally, the risk level of soil HMs in Henan was higher than in Hubei.
The proportion of samples with an RI < 150 was 62.30% in Henan, 96.00% in Hubei, and
83.90% across the whole study area. The ecological risk level of HMs decreased in the order
of cropland, urban, and forest ecosystems. Meanwhile, the RI of Alisols and sandy soils
were higher and lower than other soil types, respectively (p < 0.05), while no significant
differences were detected between other soil types (p > 0.05, Figure 5b,c).

3.3. Analysis of Heavy Metal Sources

PCA indicates that PC1 and PC2 contributed 24.7% and 12.8%, respectively, to the
variation in soil properties in the study area (Figure 6a). Clay and organic matter contents
closely related to HMs. Ni, Co, Cr, and Mn had higher positive loadings in PC1, while
Pb had a higher positive loading in PC2. The samples from urban ecosystems are mainly
distributed in the left half of the graph, whereas those from forest ecosystems are primarily
located in the right half.
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The correlation analysis shows that the concentrations of most HMs in the soils had
significant positive correlations (p < 0.05, Figure 6b). Specifically, Mn exhibited a significant
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positive correlation with all other metals (except Hg) (p < 0.05). Pb showed a significant
positive correlation with Zn, Cd, As, Hg, and Mn (p < 0.05). Organic matter showed
significant positive correlations with Cu, Pb, Cd, A, and Hg (p < 0.05). Clay showed
significant positive correlations with metals other than Cu, Co, Cd, and Hg (p < 0.05).
However, pH only significantly correlated with Cd (p < 0.05).

Based on the PMF model, a total of six comprehensive factors were identified as the
sources of metal pollution (Figure 7). Factors 1–4 collectively accounted for 86.61% of
the total sources. The main contributors for each factor were as follows: factor 1 was Cu
(67.90%); factor 2 was Co (63.74%); and factor 3 was Mn (75.28%), Cd (51.73%), and Zn
(45.36%). Factor 4 was Cr (95.29%) and Ni (75.54%). Factor 5 was mainly contributed by As
(96.40%), while Pb (85.06%) and Hg (42.31%) contributed more to factor 6.
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4. Discussion
4.1. Pollution Status and Ecological Risk of Heavy Metals

The analysis results based on our 702 samples indicate that the majority of soil in
the western Dabie Mountain is not polluted by HMs (Figures 2–4), and the proportion of
samples with an ecological RI < 150 in the whole region was 83.90% (Figure 5), suggesting
that the level of HM pollution can be negligible, and there is no potential ecological risk
in this region. However, the average concentration of HMs (Table 3) and RI (Figure 5a)
in Henan topsoil were all higher than in Hubei. Furthermore, all HM concentrations in
Henan were higher than the background value, while only Pb, Zn, and Mn concentrations
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were higher than background values in Hubei (Table 3). These indicate a relatively low
HM pollution in Hubei than in Henan. This discrepancy can be attributed to differences in
human activities and environmental factors between the two provinces. First and foremost,
according to our investigation, the mineral resources and mines in Henan are denser and
larger, and mining activities are increasingly frequent. Consequently, this has resulted in
more pronounced atmospheric deposition and soil HM accumulation in Henan. Secondly,
Henan’s central location in China exposes it significantly to southwest winds [29], which
transport particles laden with HMs from distant industrial regions and agricultural areas.
This contributes to a broader distribution and higher contamination of HMs in soil.

In our study site, the soil HMs with the highest concentrations were Mn, Zn, and Cr
(Tables 3 and 4). Despite having high concentrations, their pollution level and risk level
were low (Figures 2–4). On the one hand, this indicates that using element concentration
directly to represent pollution is one-sided, as there is a large amount of co-pollution in
soils [11]. On the other hand, as an essential trace element in biological processes, for
Mn, even if its concentration is high, as long as it does not surpass the level required
by organisms, its potential ecological risk remains low. Also, Mn has relatively high
environmental stability. Under certain environmental conditions, such as mild redox and
low pH, Mn is not easily released from soil or water, which minimizes its direct impact on
the environment [30].

Among the HMs analyzed, Pb and Cd exhibited the highest levels of pollution
(Figures 2–4). Notably, the concentration of Cd in Henan was 2.04 times the background
value, while the concentration of Pb in Hubei was 1.61 times the background value
(Table 3). This suggests that Pb and Cd were significantly enriched in the soil of the
study area. Additionally, the Ei indicates that Cd and Hg present the highest risk lev-
els (Figure 4) primarily because of their high toxicity coefficients. Both Cd and Hg can
pose serious threats to human health and natural environment [1,31]. Nevertheless, when
assessing their ecological risks, it is essential to take into account their different forms
and transformation properties [1]. Therefore, future efforts to remediate and prevent HM
pollution in the western Dabie Mountain should prioritize Cd, Pb, and Hg. However, given
that Hg ranks 10th or 9th in concentration, EF, and Igeo among the 10 HMs detected, the
immediate focus should be on Cd and Pb, while Hg does not require urgent attention at
this moment.

4.2. Effects of Ecosystem and Soil Type on Heavy Metal Pollution Status and Ecological Risk

Ecosystem, soil type, and texture significantly affected the concentration (Table 4),
pollution status, and ecological risk (Figures 2–5) of most topsoil HMs in the study area.
This confirms our hypothesis 1. Similar to our hypothesis 2, the pollution levels and eco-
logical risks of most HMs were lower in natural ecosystems (i.e., forest) than in artificial
ecosystems (i.e., cropland and urban ecosystems). Human activities, particularly agricul-
tural practices such as the use of fertilizers and pesticides, along with industrial production,
have elevated soil HM levels in these artificial ecosystems [19]. Wastewater irrigation
and atmospheric deposition also contributed significantly to the accumulation of HMs
in soil. In economically developing regions of Dabie Mountain, the absence of effective
management measures coupled with prolonged agricultural activities can degrade soil
structure and function, facilitating the migration and accumulation of HMs. Conversely,
soil in natural ecosystems possesses better structure and fertility, eliminating the need for
chemical fertilizers to support plant growth. In these environments, HMs can be degraded
or transformed through absorption, microbial activity, and chemical reactions, assisting in
mitigating potential environmental risks [19,32]. The high risk of topsoil HM in cropland
and urban ecosystems is closely related to HM inputs resulting from agricultural and
industrial activities.

Generally, among the four soil groups, Anthrosols were more likely to accumulate Cu
and Co, while Alisols had a higher ability to accumulate Pb, Cd, and Hg and had a higher
overall ecological risk. The concentration and potential risk of Cu, as well as the pollution
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level and potential risk of Co in cropland, were higher than in urban and forest ecosystems
(Figures 2–5). This suggests that Cu and Co tend to accumulate more easily in cropland,
and then indirectly explains why Anthrosols are prone to accumulate Cu and Co, since
Anthrosols in the study area were mainly distributed in cropland (Table 2). The primary
sources of Cu in soil are chemical fertilizers, pesticides, fungicides and insecticides [33].
Agricultural activities, especially the application of fertilizers and pesticides containing Cu,
elevate the soil Cu content. Higher concentrations in Cu and other metals are observed in
soils and sediments of agricultural basins [34,35]. Because Co is an essential micronutrient
for plant growth [36], Co-containing fertilizers are commonly used in agriculture to enhance
crop yield and quality. In addition, Anthrosols, especially paddy soils, often undergo
an alternation of redoxes. This leads to the changes in the solubility, migration, and
precipitation behavior of metal elements in the soil [37,38]. Cu and Co may be more easy to
accumulate in an insoluble form under certain redox conditions. The higher clay content
(Table 4) and lower permeability in Anthrosols and cropland can also increase the soil’s
ability to adsorb HMs. Altered soil pores and structures caused by artificial cultivations
and higher organic matter content from litter and plant residuals may be other reasons for
the higher HM pollution and risk in Anthrosols and cropland, as shown from the positive
correlations between organic matter and HM (Figure 6). Similarly, the higher RI in clay
and loamy soils than in sandy soils (Figure 5) is mainly because their high organic matter
and clay content easily adsorb HM. However, as for the individual HM, it may be more
directly attributed to the relations with other environmental and meteorological factors
such as emission sources and wind. This requires further research.

We also found that the type of ecosystem did not influence the concentrations, pollu-
tion levels, or potential risk of Zn and Mn in the soil of the study area, and they neither
affected by soil groups In China, Mn primarily enters the soil naturally through geological
processes and rock weathering [39], whereas the composition of soil parent material largely
determines the presence of Zn [40]. Therefore, the relatively same parent rocks in the study
area are likely a key factor. This is supported by our findings of low variation coefficients
(Table 3) and significant positive correlation between Zn and Mn (Figure 6).

4.3. Main Sources of Heavy Metals

According to the PMF model, six factors have been identified as sources of HMs
(Figure 7), with factors 1–4 being more clearly defined. The primary contributor to factor 1
was Cu, which accounted for 67.90%. As previously mentioned, the main anthropogenic
sources of Cu in soils are Cu-containing fertilizers and pesticides, as well as wastewater
irrigation. Thus, factor 1 can be attributed to agricultural activities. This aligns with our
findings that the concentration, pollution, and potential ecological risk of Cu are highest in
croplands among the three ecosystems. As for factor 2 in the PMF, its primary contributor
was Co. The Co in Chinese soil primarily originates from soil parent material and rock
weathering [19]. Therefore, factor 2 can be attributed to the natural processes of soil parent
material and rock weathering.

Similarly, Mn, Cd, and Zn were the primary contributors to factor 3. Mn in the soil
primarily originates from the parent material; in particular, in rocks rich in Mn oxides, Mn
is released into the soil through natural oxidation and weathering [39]. On the contrary, in
central, southern, and southwestern China, where mining is prominent, the distribution
of Cd in the environment is influenced by industrial activities [3], with mining being the
primary source of Zn pollution in soil [41]. Therefore, factor 3 can be attributed to both soil
parent material and mining as sources.

Cr and Ni primarily contributed to factor 4. Chromite serves as the primary mineral
source of Cr [42], with the majority of global chromium ore production originating from
chromite. Human activities like industrial emissions, leather tanning, electroplating, steel
manufacturing, and other domestic issues are significant contributors to Cr levels in the
environment [3,43]. Conversely, mining, combustion of fossil fuels, application of pesti-
cides and fertilizers, emissions from vehicles, and atmospheric deposition are the primary
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factors contributing to soil Ni enrichment [10,19]. Under the influence of urbanization and
industrialization, man-made sources have emerged as the primary contributors to HM
pollution. Therefore, factor 4 can be regarded as encompassing anthropogenic sources,
including industrial activities, vehicle emissions, and similar human-related activities.

Additionally, PCA indicates that Ni, Co, Cr, and Mn exhibited high positive loads in
PC1, and they positively correlated with each other (Figure 6), implying they share similar
origins. Based on the previous discussions, we may conclude that PC1 is dominated by
natural factors such as soil parent material and rock weathering. This is basically consistent
with the larger proportion of factors 2 and 3 representing natural sources in the PMF.
Since PC1 contributed 24.7% in the study area (Figure 6), natural factors predominantly
contributed to HM sourcing in our study. These validate our hypothesis 3. Also, samples
from the natural ecosystem which are clustered on the right side of the PCA plot further
reinforce our inference. Conversely, Pb exhibited a higher positive load in PC2 (Figure 6).
The impact of human activities on soil Pb pollution outweighs that of natural factors [41].
Mining, smelting, municipal waste incineration, and industrial and vehicle emissions can
directly release substantial amounts of Pb into the environment [3,41]. Thus, PC2 is related
to human activities. Based on our results, special attention needs to be paid to Pb and
Cd in the soil of western Dabie Mountain. Considering the potential sources indicated by
PMF models, future endeavors to prevent and control HM pollution is recommended to
concentrate on mitigating the impact of mining, smelting, and industrial emissions.

Although we have assessed the HM pollution status and ecological risk in the topsoils
of various ecosystems and soil types in western Dabie Mountain, there are still numerous
areas for future exploration. For instance, the accumulation and migration pathways of
HMs are diverse, including industrial emissions, urban waste, pesticide use, atmospheric
deposition, and others. The lack of specific data on HM input sources related to agriculture
and industry, such as HM species and concentrations in fertilizers and insecticides, as
well as emissions, along with meteorological factors, hinders the accurate determination
of HM sources. Existing data only allow for the general analysis of potential sources
of HMs using PMF, rather than identifying sources for each individual HM. Moreover,
as soil depth increases, particularly in forest soils, the forms and concentrations of HMs
undergo significant changes [44]. Their transformation in soil is closely linked to soil colloid
properties, oxide adsorption capacity, redox state, and other factors. Therefore, additional
relevant data are necessary to pinpoint the sources of HMs, enabling a better understanding
of their migration patterns and mechanisms.

5. Conclusions

Extensive soil sampling was conducted in the western Dabie Mountain to investigate
the distribution, pollution status, and potential ecological risks of ten HMs across various
ecosystem and soil types. Our findings indicate that HM pollution in the topsoil can be
disregarded, with minimal potential ecological risk observed. Ecosystem, soil type, and
texture jointly affected the distribution and potential ecological risks of topsoil HM. The
potential ecological risk of topsoil HMs decreased from croplands to urban and further
to forests. The risk of overall HMs in Alisols was higher than in Anthrosols, Fluvisols,
and Gleysols, while in sandy soil, the risk was lower than in clayey and loamy soils. The
HMs were very likely primarily originate from natural factors like soil parent material
and rock weathering, with additional contributions from anthropogenic sources, including
agricultural activities, mining, industrial activities, and vehicle emissions. These further
imply that the accumulation pattern and potential ecological risk of HMs are affected by
diverse sources in different ecosystems in the western Dabie Mountain. Notably, Pb and Cd
are HMs that warrant particular attention due to their high concentrations and potential
ecological risks. To mitigate HM pollution in the region, future efforts are recommended
to focused on reducing mining, smelting, and industrial emissions, as well strengthening
research on the migration and transformation of co-pollutant in different systems.
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