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Abstract: In order to determine the key influencing factors, risk areas, and source pathways of heavy
metals in the sediment of the Yellow River, 37 samples were collected in the surface sediment (0–5 cm)
of the Inner Mongolia section of the Yellow River main stream for the determination of heavy metals
copper (Cu), nickel (Ni), zinc (Zn), chromium (Cr), lead (Pb), and cadmium (Cd). Based on the
geographical detector model (GDM) and ArcGIS 10.2 software, this paper selected 6 heavy metals
and 15 influencing factors, including 8 natural factors and 7 anthropogenic factors, to detect key
influencing factors, risk areas, and sources of heavy metals. The results showed that: (1) The average
contents of heavy metals Cr and Cd in the sediments exceeded the average value in soil, the world
average concentration in the shales, and the first-level standard of soil environmental quality in China,
and they were the main risk metals; (2) Vegetation coverage (VC) was the largest influencing factor for
the spatial distribution of heavy metals in the sediment, followed by per capita income (PI), and land
use type (LUT) and road network density (RD) were smaller influencing factors. The interactions
of the factors were enhanced; (3) The Wuhai section for a risk area was mainly polluted by Cd and
Pb, which were caused by atmospheric deposition and industrial emission. The Baotou section
for a risk area was mainly polluted by Cr, which mainly originated from river transportation and
industrial discharge. The conclusions can provide a scientific basis for the environmental protection
and management of the different areas in the Inner Mongolia section of the Yellow River.

Keywords: sediment; heavy metal; geographic detector; source; risk area; Yellow River

1. Introduction

Heavy metals are toxic [1] and can accumulate within the bodies of humans, endan-
gering health [2]. At present, heavy metals Cu, Ni, Zn, Cr, Pb, and Cd have been listed as
environmental pollutants of priority control in China [3]. Sediments are sources and sinks
of river heavy metals. When environmental conditions such as pH, electrical conductivity
(EC), chemical oxygen demand (COD), and organic matter change, heavy metals fixed in
sediments can be released from sediments again and cause secondary river pollution [4];
therefore, sediments act as indicators of heavy metal pollution in rivers [5]. Rivers are
mainly available resources of freshwater for human survival and development. Therefore,
heavy metals in river sediments have been a research hotspot domestically in China and
internationally [6].

Many achievements have been obtained on the concentration characteristics, spatial
and temporal distribution, risk assessment, and source determination of heavy metal pollu-
tion in river sediments [7–10]. However, research on influencing factors is less prominent,
with studies typically focusing on the analysis of single-factor influences, such as indus-
try [11], agriculture [12], land use type [13], vegetation [14], pH value [15], salt content [16],
total organic matter [17], and economic development [18], etc. There are few reports on
the effects of multiple factors on heavy metals in river sediments. At present, multiple
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statistical methods such as regression analysis [19], correlation analysis, principal com-
ponent analysis, and cluster analysis are often employed to determine key influencing
factors [20,21]. These methods do not take into account the spatial characteristics of the
factors and only use statistical methods to determine the main influencing factors by an-
alyzing causal relationships between the factors. The factor type in these methods must
be numerical rather than qualitative. The geographic detector model (GDM) proposed by
Wang et al. in 2010 [22] considers the spatial features of factors in employing statistical
analysis. Therefore, GDM requires that geographical factors (heavy metals) and their
influencing factors should first exist in spatial variability. If a specific influencing factor
contributed to heavy metals, this heavy metal would show a spatial distribution similar
to that of the influencing factor. The GDM can quantitatively detect influence degrees not
only each factor but also their interaction. In addition, GDM has no restriction on factor
type, including numerical and qualitative types. On the whole, GDM is a useful tool to
answer four questions: (1) Among these influencing factors, what are the main contributors
to heavy metal pollution? (2) What is the degree of influence of each factor? (3) Are the
influences of these factors on heavy metals independent or mutual? (4) Where are the
high-risk areas of heavy metal pollution? In recent years, GDM has been proved to be
feasible and applied in many fields, such as pollution [23], ecology [24], economy [25],
geography [26], etc.

The Yellow River, called “mother river” in China, is the main water source for the
regions it passes through, including the Inner Mongolia autonomous region, and its
water quality is associated with the economic development and ecological security of
these regions [27]. With the rapid development of industry and agriculture in China, a
lot of wastewater containing heavy metals is discharged into the Yellow River, causing
heavy metal pollution, especially Cd and Cr [28]. Previous research on sediment heavy
metals in the Yellow River focused on analyzing the spatial distribution and assessing
pollution [28–30]. However, this research did not determine the contributions of influencing
factors to the concentration of sediment heavy metals. The identification of sources of
heavy metals and high-risk areas was important to formulate policies for controlling heavy
metal pollution in the Yellow River basin.

Therefore, the research objects of this paper considered 6 sediment heavy metals and
15 influencing factors in the Inner Mongolia section of the upper stream Yellow River.
Based on the GDM, the research purposes were as follows: (1) to assess the pollution
level and analyze spatial distribution characteristics of heavy metals; (2) to identify the
key factors influencing the spatial distribution of heavy metals and the type of interaction
between factors; (3) to discern the main risk areas and their main heavy metal pollutants;
(4) to identify heavy metal sources according to the characteristics of the study area.

2. Materials and Methods
2.1. Study Area

The study area focuses on the Inner Mongolia section located in the upper stream
Yellow River, which flows through Wuhai City (Hainan, Wuda, and Haibowan District),
Alxa League (Alxa Left Banner), Byan Nur City (Dengkou, Hangjin Youqi, Linhe, Wuyuan,
and Wulate Qianqi), Baotou City (Jiuyuan, Donghe, and Tumote Youqi), and Hohhot City
(Togtoh) for 627 km [31] (Figure 1). The Yellow River provides a water source for industry
and agriculture development in the Inner Mongolia region [32]. This region, which has rich
mineral resources and obvious human activities, is characterized by a temperate continental
monsoon climate, and its annual rainfall ranges from 150 to 400 mm. Wuhai is an industrial
city dominated by coal mines. Bayan Nur City is a concentration distribution region of the
Hetao plain, mainly developing irrigated agriculture. Baotou, which possesses the largest
Bayan Obo rare earth mine in the world, is an industrial city of metallurgy, rare earth, and
machinery (Tumote Youqi is mainly for irrigated agriculture). This section is adjacent to the
Ulan Buhe Desert to the west, the Kubuqi Desert to the south, and the Yinshan Mountains
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to the north. Therefore, the main traffic arteries are few and only distributed on the north
side of the main stream of the Yellow River.
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Figure 1. Spatial distribution of sampling sites in sediments from Inner Mongolia section of Yellow River.

2.2. Sample Collection and Data Measure

According to accessibility and administrative units, thirty-seven sample sites were
set along the Inner Mongolia section of the Yellow River. Three equal parts (each part
about 300 g) of the surface sediment (0–5 cm) were collected at different riverine bottoms
of each sample site using a grab sampler. Furthermore, three equal parts (each part about
300 g) of surface soil (3–6 cm) were collected with a small spade at different locations of
the corresponding shore of each sediment sampling site with small human activities. Each
sample was evenly mixed, sealed in a polyethylene bag at the laboratory, and stored at 4 ◦C
prior to analysis. At the same time, the geographic positions and altitudes of the sample
sites were measured by a handheld GPS.

All samples were air-dried, ground in a stainless-steel grinder chamber, passed
through a 100-mesh nylon sieve, and then digested with mixed acid (HCl-HNO3-HF).
The concentrations of heavy metals (Cu, Ni, Zn, Cr, Pb, and Cd) were determined by
inductively coupled plasma–mass spectrometry (ICP-MS). The organic matter content
(TOC), pH value, and salinity concentration (EC) in the sediment samples were determined
simultaneously by the combustion loss method [33], the glass electrode method [34], and
the electrical conductivity method [35], respectively. In order to ensure the accuracy of
data, three groups of parallel experiments were conducted for each sample, and the relative
standard deviations were all less than 10%.

2.3. Factor Selection and Data Acquisition

Heavy metals in river sediments were derived from not only natural sources such
as vegetation coverage and grain size but also human activities such as industrial and
agricultural production and transportation. Considering that there is a strong positive
correlation between clay particles and TOC in the sediment, only TOC was selected as
the influencing factor in this study. Combining the river sediment characteristics and
data availability, this study finally selected 8 natural factors, including pH, EC, vegetation
coverage (VC), TOC, DEM, soil types (ST), soil clay concentration (Clay), and soil silt
concentration (Silt), as well as 7 anthropogenic factors, including per capita income (PI),
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population density (PD), total production (TP), agricultural production (AP), industrial
production (IP), land use types (LUT), and road network density (RD).

pH, EC, and TOC data of each sample site were derived from sediment measurements.
DEM data were obtained from handheld GPS (Global Positioning System) determination.
VC, ST, RD (including expressways, national roads, provincial roads and urban roads),
Silt, and Clay data were acquired from the Data Center for Resources and Environmental
Sciences (RESDC), Chinese Academy of Sciences (available online at http://www.resdc.cn,
accessed on 13 April 2019), and processed and obtained by ArcGIS10.2 software (ESRI,
Redlands, CA, USA). LUT was determined by field investigation and remote-sensing
image data. PI, PD, TP, AP, and IP data of each county or district were acquired, calculated
based on demographic data and economic data from the Inner Mongolia Statistical Year-
book 2018 [36] published by China Statistics Press, and assigned to the sediment sample
sites included.

2.4. GDM

The GDM is a statistical method based on the spatial differentiation theory to detect
the spatial correlation between geographical factors and influencing factors [37,38]. The
three components of the GDM (factor detector, risk detector, and interaction detector)
were employed in this study, and they solved the four problems mentioned earlier. Their
principles are described below.

The factor detector, the core part of the GDM, can ascertain the influencing level of
factors on the spatial distribution of heavy metals by QD,H. When the QD,H value is larger,
the explanatory power of the factor on the spatial distribution of the heavy metal is stronger.
This influencing factor is responsible for the spatial differentiation of the heavy metal. The
QD,H is calculated as follows:

QD,H = 1−
∑m

i ND,iσ
2
HD,i

NσH
2 (1)

where D represents an influencing factor, H represents a sediment heavy metal, m is the
number of categories of factor D, ND,i is the number of samples in the “i” category of
factor D, N is the total number of samples of heavy metal H, σ2

HD,i is the variance of the “i”
category of factor D to heavy metal H, and σH

2 is the total variance of heavy metal H.
The risk detector searches a category that is the largest average concentration of heavy

metals is the high-risk category, and its distribution area is the high-risk area. A t-test was
used to determine whether the difference between the categories was significant, expressed
by the formula:

tHi=1−Hi=2 =
Hi=1 −Hi=2[

Var(Hi=1)
ni=1

+
Var(Hi=2)

ni=2

]1/2 (2)

where “Var” represents variance, Hi is the average values of the “i” category, and ni is the
number of samples of the “i” category. With the null hypothesis H0 : Hi=1 = Hi=2, there is
a significant difference between the average values of the two categories if H0 is rejected at
a confidence level α. “Yes” in the GDM means that there is a significant difference between
the two categories and “No” means contrarily.

The interaction detector is used to detect the explanatory power of the interaction
between any two factors and heavy metals. By comparing the QD,H values of the combined
and separate effects of the two factors on the heavy metals, it can ascertain whether the
interaction between the two factors is enhanced or weakened when they work together or
whether their influences on heavy metals are independent of each other. Five interaction
types are identified:

• Nonlinearity weakness: Q(D1 ∩ D2) < MIN(Q(D1),Q(D2));
• Nonlinearity weakness for a single factor;

http://www.resdc.cn
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• MIN(Q(D1),Q(D2)) < Q(D1 ∩ D2) < MAX(Q(D1),Q(D2));
• Enhancement of nonlinearity: Q(D1 ∩ D2) > Q(D1) + Q(D2);
• Enhancement of two factors: Q(D1 ∩ D2) > MAX(Q(D1),Q(D2));
• Independence: Q(D1 ∩ D2) = Q(D1) + Q(D2).

2.5. Data Processing and Graphics Production

Based on ArcGIS 10.2 software, the sampling site data were interpolated by Kriging
to obtain an interpolation graph. A buffer of 3 km was found on both sides of the Inner
Mongolia section of the Yellow River. The interpolation graph and buffer were extracted
by a mask, and the extracted result was classified. The numerical data were divided into
8 categories according to the natural grading breakpoint method, and the qualitative data
was divided into actual types. Finally, the spatial distribution map was completed.

In order to meet the data requirements of the GDM, the sample sites were first dis-
persed to form a dot grid of 3 km × 3 km (Figure 2). Secondly, the values of each factor
were extracted to discrete points. Finally, each record (H,D) was inputted into the GDM for
detection and analysis.
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3. Results and Analysis
3.1. Concentrations of Heavy Metals in Sediment

Descriptive statistics of heavy metal concentrations in sediments from the Inner Mon-
golia section of the Yellow River are presented in Table 1. The average concentrations of
Cu, Ni, Cr, Pb, and Cd, except for Zn, in the sediment of the Inner Mongolia section of the
Yellow River were higher than their corresponding average values in soil, especially the av-
erage concentrations of Cr and Cu, which were 2.51 and 1.29 times their soil values (Table 1).
Compared with the world average concentration in the shales [39] and the first-level stan-
dard of the soil environmental quality of China [40], only the average concentrations of Cr
and Cd were higher, indicating they were greatly affected by human beings and were the
main risk factors in the study area. The coefficient of variations (CVs) of Cr, Zn, and Cu
ranged from 21.54% to 33.13%, which were moderate variation (15% < CV < 36%), and the
CVs of the others reached high variation, indicating that all heavy metals possessed spatial
differentiation. In particular, the CVs of Pb and Cd (48.16% and 82.14%, respectively)
showed a larger spatial differentiation than the other heavy metals, revealing that their
distributions demonstrated greater variability. Conclusions could also be obtained from
their spatial distribution maps (Figure 3). The low concentration value of Cu was primary,
and its high-concentration areas were only concentrated in Tumote Youqi of Baotou City.
The spatial distribution pattern of the Ni concentration was “low at both ends and high
in the middle,” and its high-value areas mainly appeared in Wulate Qianqi and Jiuyuan
District. The high-value distributions of Zn and Cr concentrations were identical, which
were displayed in Jiuyuan District, Donghe District, and Tumote Youqi of Baotou City. The
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spatial distribution patterns of Pb and Cd concentrations were similar, with the highest
values concentrated in Wuhai City, Alashan Left Banner, and Dengkou County.

Table 1. Statistic characteristics of heavy metals in sediments from Inner Mongolia section of Yellow River and refences
(sample numbers = 37; unit: mg/kg).

Characteristic Cu Ni Zn Cr Pb Cd References

Min 10.28 8.52 60.93 65.69 0.50 0.23 This study
Max 45.54 67.39 149.40 149.67 19.98 4.36 This study

Average 22.47 38.89 89.70 101.87 8.16 1.38 This study
SD 7.45 14.83 19.89 21.95 3.93 1.13 This study

CV (%) 33.13 38.13 22.18 21.54 48.16 82.14 This study
Average Value in Soil 1 17.42 31.91 142.30 40.53 7.45 1.21 This study

World Average
Concentration in Shales 45 68 95 90 20 0.3 Turekian and Wedepohl [39]

Grade I of Soil in China 35 40 100 90 35 0.20 The State Environmental Protection
Administration (SEPA) [40]

1 calculated by heavy metal mean in soil of river bank of Inner Mongolia section.
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Figure 3. Spatial Distribution of sediment heavy metal (a) Cu, (b) Ni, (c) Zn, (d) Cr, (e) Pb, and (f) Cd in Inner Mongolia
section of the Yellow River.

3.2. GDM Analysis
3.2.1. Detection of Key Influencing Factors and Risk Area

Key influencing factors of the spatial differentiation of each heavy metal were revealed
by the factor detector, and combined with the risk detector, their risk categories and risk
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areas were further identified. On the whole, the explanatory powers of VC ( QD,H > 0.50)
and PI (excluding Cu, QD,H > 0.50) for the spatial differentiation of heavy metals in
sediments were greater, suggesting they were key factors of all heavy metals, whereas
those of LUT (excluding Pb, QD,H < 0.20) and RD (QD,H < 0.30) were smaller (Figure 4).
However, the leading factors between heavy metals were different. The explanatory power
of each factor to Cu was not great among those of VC (QD,H = 0.51), Clay (QD,H = 0.42),
and AP ( QD,H = 0.41), which were higher and acted as the key influencing factors. Their
risk categories were Category 8, Category 3–4, and Category 5, respectively, and their risk
areas were mainly Tumote Youqi (Figure 5, Table 2). Key influencing factors of Ni were
VC (QD,H = 0.86), AP ( QD,H = 0.73) and Clay (QD,H = 0.65), which were the same as Cu.
Risk categories of VC, AP, and Clay of Ni were Category 4–5, Category 8, and Category
6, respectively, and the risk areas were Wulate Qianqi and Jiuyuan District, which were
different from Cu. Category 8 of TP, Category 1 of DEM, and Category 6 of VC were risk
categories and key factors of Zn and Cr, and their risk areas were the same, which were
all Baotou City. Key natural factors and risk categories of Pb were pH (QD,H = 0.92) with
Category 1 and EC ( QD,H = 0.92) with Category 8. The key anthropogenic factor was IP
( QD,H = 0.86) with Category 7, and the risk areas were Wuhai City, Alashan Left Banner,
and Dengkou County. The first key natural factor of Cd was TOC (QD,H = 0.81), and its risk
category and risk area were Category 5–6 and Tumote Youqi, respectively. The second was
Clay ( QD,H = 0.77); its risk category was Category 1, and the risk area was Wuhathe City.
The first key anthropogenic factor of Cd was TP (QD,H = 0.81) with a risk Category 5 and
a risk area for Wuhathe City and Alashan Left Banner. The second was AP ( QD,H = 0.57)
with a risk category of Category 3 and risk area for Dengkou County.

Table 2. Influencing factors and risk detection results of heavy metals in the sediment of the Inner Mongolia section of the
Yellow River.

Element
Explanatory Power Order

1 2 3 4 5

Cu

Influencing Factor VC Clay AP pH TOC
QD,H Value 0.51 0.42 0.41 0.40 0.39
Risk Category 8 3–4 5 6 7–8
Risk Area Tumote Dengkou; Tumote Tumote Tumote; Wuyuan Tumote

Ni

Influencing Factor VC AP Clay IP DEM
QD,H Value 0.86 0.73 0.65 0.59 0.59
Risk Category 4–5 8 6 3–4 3
Risk Area Byan Nur; Jiuyuan Wulate; Wuyuan Wulate; Jiuyuan Wulate; Jiuyuan Wulate

Zn

Influencing Factor TP VC DEM TOC AP
QD,H Value 0.90 0.86 0.74 0.69 0.61
Risk Category 8 6 1 7 3
Risk Area Baotou Donghe Baotou Tumote Jiuyuan

Cr

Influencing Factor DEM TP IP VC PI
QD,H Value 0.83 0.81 0.71 0.69 0.69
Risk Category 1 8 3–4 6–7 5
Risk Area Baotou Baotou Jiuyua; Donghe Donghe; Tumote Jiuyuan

Pb

Influencing Factor pH EC DEM IP PI
QD,H Value 0.92 0.92 0.90 0.86 0.78
Risk Category 1 8 7 7 8
Risk Area Wuhai; Alxa Wuhai; Alxa; Dengkou Wuhai Wuhai Wuhai; Alxa; Linhe

Cd

Influencing Factor TOC Clay VC DEM pH
QD,H Value 0.81 0.77 0.69 0.69 0.68
Risk Category 5–6 1 1–2 7 1
Risk Area Wulate Wuhai Wuhai; Alxa Wuhai Wuhai; Alxa
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QD,H value in the Inner Mongolia section of the Yellow River.

Based on the factor detector, relatedness between heavy metals was confirmed. Cu
had a small correlation with other heavy metals (QD,H < 0.50), whereas Cd had a large
correlation with other heavy metals ( QD,H > 0.50). In addition, the correlation between Zn
and Cr, Cd, and Pb was the strongest (Figure 6).
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3.2.2. Detection of Interaction of Factors

By comparing the QD,H values of the effect of double factors and a single factor on
heavy metals in sediments, the interaction type of factors was ascertained for mostly
the double-factor enhancement type, a few for the nonlinear enhancement type, and no
independence and weakness types (Table 3). Factors of important interactions for heavy
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metals, except for Ni (VC ∩ PH), were all anthropogenic and natural factors, such as Cu
for AP ∩ EC, Zn and Cd for TP ∩ pH, and Cr and Pb for IP ∩ pH. Single PD and RD had
a small effect on heavy metals in sediments, but their interaction with other factors was
mostly greater for the nonlinear enhancement type. Therefore, the contribution of PD and
RD to the spatial differentiation of heavy metals could not be ignored.
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Table 3. Interaction of spatial differentiation risk factors of heavy metals in sediments from the Inner Mongolia section of
the Yellow River.

Interaction Level Q (D1 ∩ D2) Q (D1) + Q(D2) Interaction Type

Cu
first AP ∩ EC (0.8886) 0.4116 + 0.3928 = 0.8044 enhancement of nonlinearity

second AP ∩ VC (0.8250) 0.4116 + 0.5058 = 0.9174 enhancement of two factors

Ni
first VC ∩ pH (0.9720) 0.8603 + 0.5127 = 1.3730 enhancement of two factors

second VC ∩ AP (0.9633) 0.8603 + 0.7282 = 1.5885 enhancement of two factors

Zn
first TP ∩ pH (0.9845) 0.9030 + 0.3626 = 1.2656 enhancement of two factors

second TP ∩ VC (0.9562) 0.9030 + 0.8591 = 1.7621 enhancement of two factors

Cr
first IP ∩ pH (0.9968) 0.7066 + 0.6643 = 1.3709 enhancement of two factors

second TP ∩ pH (0.9847) 0.8090 + 0.6643 = 1.4733 enhancement of two factors

Pb
first IP ∩ pH (0.9872) 0.8551 + 0.9240 = 1.7791 enhancement of two factors

second IP ∩ PI (0.9815) 0.8551 + 0.7844 = 1.6395 enhancement of two factors

Cd
first TP ∩ pH (0.9987) 0.6458 + 0.6819 = 1.3277 enhancement of two factors

second TP ∩ PI (0.9915) 0.6456 + 0.5452 = 1.1908 enhancement of two factors

4. Discussion

Key influencing factors detected by geographic detectors had important contributions
to the spatial differentiation of heavy metals in sediments, but they could not be directly
regarded as the main pollution sources of heavy metals. The determination of sources of
heavy metals in sediments involved not only key influencing factors but also risk categories
and risk area environments. The risk category of key influencing factors of heavy metals
was high (category > 4) or low (category < 4), indicating that there might be a positive or
negative correlation between heavy metals and this factor. If this influencing factor for the
anthropogenic factor had a higher risk category, it was usually a source of heavy metal.
This result needed to be further confirmed in the risk area.

The correlation between Cu and other metals was small, showing that they might not
have a common source of pollution, and the source of Cu was single. The risk category
of the first key influencing factor, the VC of Cu, was the highest (Category 8), suggesting
that the highest concentration of Cu was located in the region with the biggest VC. High
VC could slow down the speed of the water retreat of the farmland and facilitated Cu
deposition to the river sediment. The risk category of the key anthropogenic factor AP was
higher (Category 5), indicating that agricultural activities such as fertilization, pesticides,
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and livestock feeds were sources of Cu in the sediment [41,42]. Tumote Youqi, a risk area
of Cu, was based on agricultural production and had a significant accumulation of Cu in
the sediment [29]. Chen et al. revealed that the Cu concentration was higher when using
fertilizers of Tumote Youqi [43]. These results further ascertained that the sources of Cu
were agricultural activities under a high VC.

The risk categories of key natural factors such as the VC and Clay of Ni were all higher,
indicating that the highest concentration of Ni was under the environment with a higher
VC and Clay. The risk categories of main anthropogenic factors AP and IP were 8 and 3–4,
respectively, showing that the sources of Ni were the main agricultural activities and a few
for industrial emissions. However, the sources of Ni were different in risk areas Wulate
Qianqi and Jiuyuan District. Sources of Ni in Wulate Qianqi, which was dominated by
irrigated agriculture, were agricultural activities. This result is consistent with the findings
of Guan et al. [29] and Wang [44]. Sources of Ni in Jiuyuan District dominated by industrial
production were industrial emissions, which were the main sources of Ni in the soil of this
region [45].

Key influencing factors and their risk categories of Zn and Cr were TP with Category
8, DEM with Category 1, and VC with Category 6, with the strongest correlation, indicating
that the highest concentrations of Zn and Cr were located in the region with the highest
TP, the lowest DEM, and the highest VC in the Inner Mongolia section of the Yellow River,
and they might have the same or similar pollution sources. Due to TP for their first key
anthropogenic factor, primary sources of Zn and Cr were production activities. Zn was
mainly from agricultural production because of AP for its second key anthropogenic factor.
Cr was mainly from industrial production because of IP for its second key anthropogenic
factor. In addition, the risk category of DEM was the lowest, indicating that Zn and
Cr might come from migration. Baotou City as a risk area of Zn and Cr is the most
economically developed and the largest industrial city in the Inner Mongolia Autonomous
Region, possessing a large number of mineral resources and the world’s largest Bayan Obo
rare earth mine distribution. Some scholars found that the soil and road dust in Baotou City
had a significant enrichment of Zn and Cr from industrial emissions [46–49]. Therefore,
combined with the above results of the GDM, sources of Zn and Cr in the sediment might
also come from industrial production.

The first and second influencing factors and their risk categories of Pb were pH with
Category 1 and EC with Category 8, showing that the highest concentrations of Pb existed
in acidic and highly saline sediments. A low pH may improve metal mobilization from
terrestrial sources and their subsequent retention in river sediment [50]. High salinity (EC)
can enhance the adsorption of heavy metals by the sediment [51]. The risk category of
the main anthropogenic factor IP of Pb was higher (Category 7), indicating that the main
source of Pb was industrial emissions. The first and second influencing factors and their
risk categories of Cd were TOC with Category 5–6 and Clay with Category 1, showing
that the highest concentrations of Cd were located in the river section of higher TOC
sediment and low Clay in soil. TOC concentration has a positive correlation with the metal
concentration [52]; therefore, a high TOC has a high concentration of Cd in the sediment.
Clay is a metal carrier, and high Clay has a strong adsorption capacity to metals [53]. Many
metals with low clay content in soil are liable to flowing into rivers and depositing in the
sediment. TP with Category 5 risk was a key anthropogenic factor of Cd, inferring that
the main sources of Cd were production activities, including agricultural and industrial
production. In addition, DEM with Category 7 risk was an important factor of Pb and Cd,
indicating that they might come from atmospheric deposition. Pb and Cd had the strongest
correlation, indicating that they both possibly came from the same sources, which might be
atmospheric deposition and industrial emissions, according to the above results. Wuhai
City as a risk area of Pb and Cd possesses rich coal resources and is an important industrial
city of the Inner Mongolia Autonomous Region. The exploitation and use of coal released
much Pb and Cd and caused atmosphere and soil pollution in Wuhai City [54,55], which
further confirmed the results of the GDM.
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5. Conclusions

Based on the GDM, the influences of 15 factors on 6 heavy metals in sediments from the
Inner Mongolia section of the Yellow River were analyzed, and the following conclusions
were drawn:

(1) The accumulation of Cr and Cd in the sediment of the Inner Mongolia section of
the Yellow River was the most obvious, and they were the main risk metals in the
study area. All heavy metals possessed spatial differentiation. Pb and Cd had a larger
spatial differentiation than other heavy metals.

(2) All 15 factors had influences on the spatial distribution of heavy metals in sediments,
and VC and PI had a greater influence. The interaction types between the factors
were ascertained for mostly the double-factor enhancement type, a few nonlinear
enhancement type, and no independence and weakness type.

(3) Wuhai City and Baotou City were the main risk areas in the Inner Mongolia section
of the Yellow River. Wuhai City was chiefly polluted by Cd and Pb, and Baotou City
was mainly polluted by Cr.

(4) Heavy metals in the sediment of the Inner Mongolia section of the Yellow River had
different sources. Cu was mainly from agricultural sources such as fertilization. Ni
mainly came from agricultural production and a few from industrial emissions. Zn
and Cr were derived from migration and various production activities. Pb and Cd
were mainly derived from atmospheric deposition and industrial coal emissions.
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