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Abstract
The deserts of northern China represent important sources of loess and signifi-
cant contributors of material for Asian sandstorms. During sandstorm events,
wind-blown sand and dust from these deserts can damage crop growth, cause se-
rious economic losses, threaten life safety, and pollute the natural environment.
Consequently, research into heavy metals in surface deposits of the vulnerable
arid lands in northern China is crucial for guiding local industrial and agri-
cultural development and improving environmental protection. In this study,
we analyzed ten heavy metal elements (Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Pb,
and Th) in 33 soil samples collected from the hinterland of the Tengger Desert
in northern China. The results revealed that the average abundance of Th ex-
ceeded the Chinese soil background value by more than 5.2 times, indicating Th
contamination in the Tengger Desert. Based on principal component analysis,
spatial differentiation, and correlation analysis, we identified the sources of ele-
ments with coefficient of variation greater than 0.5 or concentrations exceeding
Chinese background soil values.

Full Text
Preamble
Contents and Spatial Distribution Patterns of Heavy Metals in the
Hinterland of the Tengger Desert, China

WANG Zhao1,, WEI Junjie1,2,, PENG Wenbin3, ZHANG Rui4, ZHANG
Haobo5

1 School of Geography, Geomatics, and Planning, Jiangsu Normal University,
Xuzhou 221116, China

chinarxiv.org/items/chinaxiv-202211.00123 Machine Translation

https://chinarxiv.org/items/chinaxiv-202211.00123
https://chinarxiv.org/items/chinaxiv-202211.00123


2 Key Laboratory of Western China’s Environmental Systems (Ministry of Ed-
ucation), College of Earth and Environmental Sciences, Lanzhou University,
Lanzhou 730000, China
3 School of Geography, Geomatics, and Planning, Jiangsu Normal University,
Xuzhou 221116, China
4 Key Laboratory of Western China’s Environmental Systems (Ministry of Ed-
ucation), College of Earth and Environmental Sciences, Lanzhou University,
Lanzhou 730000, China
5 Key Laboratory of Western China’s Environmental Systems (Ministry of Ed-
ucation), College of Earth and Environmental Sciences, Lanzhou University,
Lanzhou 730000, China

Abstract: The deserts of northern China represent important sources of loess
and significant contributors of material for Asian sandstorms. During sand-
storm events, wind-blown sand and dust from these deserts can damage crop
growth, cause serious economic losses, threaten life safety, and pollute the nat-
ural environment. Consequently, research into heavy metals in surface deposits
of the vulnerable arid lands in northern China is crucial for guiding local in-
dustrial and agricultural development and improving environmental protection.
In this study, we analyzed ten heavy metal elements (Cr, Mn, Fe, Co, Ni,
Cu, Zn, Cd, Pb, and Th) in 33 soil samples collected from the hinterland of
the Tengger Desert in northern China. The results revealed that the average
abundance of Th exceeded the Chinese soil background value by more than 5.2
times, indicating Th contamination in the Tengger Desert. Based on principal
component analysis, spatial differentiation, and correlation analysis, we iden-
tified the sources of elements with coefficient of variation greater than 0.5 or
concentrations exceeding Chinese background soil values.

Principal component and correlation analyses demonstrated that Cr, Mn, Fe,
Co, Ni, Cu, and Cd shared similar sources, whereas Th and Zn originated from
different sources. Furthermore, based on the content and spatial distribution
characteristics of these heavy metal elements, we found that enrichment areas
formed due to industrial pollution, irrigated agricultural development, geological
and geomorphic conditions, and the sedimentary environment of the study area.
Our results provide baseline environmental data for soils in the Tengger Desert
hinterland.
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1 Introduction
Terrestrial surface deposits constitute not only the dominant component of the
Earth’s crustal surface but also the fundamental zone for animal and plant sur-
vival [?, ?]. Under natural conditions, the abundance and spatial distribution of
heavy metals in surface deposits are primarily influenced by soil parent material
[?, ?] and soil structure [?, ?]. However, human activities such as irrational agri-
cultural practices [?, ?], natural resource mining [?, ?], fossil fuel combustion
[?, ?], and other anthropogenic influences increasingly affect heavy metal abun-
dance and distribution. The growing enrichment of heavy metals has become a
major environmental threat [?, ?, ?].

Previous studies on heavy metal abundance and distribution in China have
focused on regions such as the Leizhou Peninsula [?, ?], Xiong’an New Area
[?, ?], Jinan City [?, ?], and Shanxian County [?, ?], primarily addressing en-
vironmental quality assessments [?, ?] and the main sources affecting heavy
metal distribution [?, ?]. Elevated heavy metal concentrations have been at-
tributed to human activities. Researchers have analyzed spatial distribution
characteristics, sources, and input pathways using principal component analysis
(PCA) [?, ?], positive matrix factorization (PMF) [?, ?], cluster analysis (CA)
[?, ?], geographic information systems (GIS) [?, ?], contamination factors (CF)
[?, ?, ?], geoaccumulation index (I-geo) [?, ?, ?], and potential ecological risk
index (PERI) [?, ?, ?]. These integrated methods help identify heavy metal
sources and transport routes under different land-use patterns, providing more
reliable data for ecological risk assessment.

The Tengger Desert, China’s fourth largest desert, is surrounded by industrial
cities including Zhongwei, Wuwei, and Yinchuan. Industrial activities primarily
consist of coal mining, coal-electricity-chemical production, clean energy, and
building materials chemicals [?, ?]. These frequent industrial activities, domi-
nated by mining and chemical engineering, lead to element enrichment in topsoil,
particularly metals [?, ?]. Furthermore, heavy metals emitted by industries in
or around cities can combine with atmospheric water to form aerosols, which
are then dispersed by wind or rainfall, polluting soils [?, ?]. Previous studies
on heavy metals in the Tengger Desert have concentrated mainly on marginal
areas [?, ?], with limited research covering the entire desert region. Our study
examined ten heavy metals in 33 soil samples across the entire Tengger Desert
using PCA, spatial differentiation, and correlation analysis to determine dis-
tribution characteristics, causes, and sources. These results will guide source
identification, risk assessment, and comprehensive management of soil heavy
metal pollution in the Tengger Desert region.

2.1 Study Area
The Tengger Desert is located at 37°–40°N, 102°–106°E, covering approximately
3.0$×10^{4}$ km2 at an altitude of about 1200–1400 m a.s.l. (Fig. 1 [Figure

chinarxiv.org/items/chinaxiv-202211.00123 Machine Translation

https://chinarxiv.org/items/chinaxiv-202211.00123


1: see original paper]). Situated on the southern Inner Mongolia Plateau, it
is bounded by Helan Mountain and the Ulan Buh Desert to the east, Yabulai
Mountain and the Badain Jaran Desert to the north, and the Qilian Mountains
to the southwest. The desert experiences a typical inland arid climate with
abundant sunshine, drought, low precipitation, and strong evaporation. Annual
precipitation ranges from 50–100 mm, while evaporation reaches 3000–3500 mm.
The region experiences high wind speeds and large daily temperature variations
[?, ?]. Prevailing wind directions are NW (northwest), WNW (west-northwest),
and NNW (north-northwest) [?, ?, ?].

Geologically, the Tengger Desert belongs to the Alxa platform depression, an
intermountain tectonic basin [?, ?, ?]. The natural landscape is dominated
by mobile and semi-mobile sand dunes [?, ?, ?]. Within the desert, residual
hills, mountains, lake basins, and plains intersect, with the Yellow River flowing
through the southeastern edge. The desert contains 422 lake basins, most being
small lakes with little or no water, predominantly fed by long-term phreatic
water leakage [?, ?]. The Tengger Desert has low vegetation coverage and loose
soil texture, resulting in low soil organic matter and CaCO3 content [?, ?, ?].
Aeolian sandy soil, saline, and alkaline soils (pH 7.5–11.2) are the main soil
types [?, ?, ?, ?].

2.2 Sample Collection
Samples were collected along traffic roads in the Tengger Desert. To eliminate
vehicle exhaust influence, sampling sites were located more than 1 km from
roads. A total of 33 surface samples (0–10 cm depth) were collected, with
locations shown in Figure 1 and Table 1 .

3.1 Determination of Heavy Metal Elements
Element measurements were completed using an Inductively Coupled Plasma
Mass Spectrometer (Agilent-7700X, Agilent Technologies Co. Ltd., USA) at the
Key Laboratory of Western China’s Environmental Systems (Ministry of Edu-
cation), Lanzhou University, China. The analytical procedure was as follows:
samples were first ashed in a muffle furnace to remove organic matter, then
ground and sieved through a 200-mesh screen. Approximately 20–30 mg of
each sample was placed in a Teflon container, moistened with ultrapure water,
and treated with 1 mL nitric acid and 1 mL hydrofluoric acid. The mixture was
ultrasonicated for 20 minutes, then heated on a hot plate at 150°C until nearly
dry. This acid treatment was repeated once more. The sealed Teflon containers
were transferred to a stainless-steel tank and heated in an oven at 190°C for
over 48 hours for sample digestion. After cooling, containers were opened and
heated at 150°C to evaporate water until nearly dry. Nitric acid (1 mL) was
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added and evaporated to near dryness, repeated twice. Finally, 2 mL nitric acid
and 3 mL ultrapure water were added, and the containers were heated at 150°C
for over 48 hours to complete digestion. Digested samples were transferred to
labeled low-density polyethylene bottles and diluted with ultrapure water to
approximately 2000 times the original sample weight. Solutions were gently
shaken and refrigerated before measurement. For analysis, prepared solutions
were poured into 25-mL clean centrifuge tubes and placed in the autosampler
for element detection.

To control measurement precision and accuracy, rhodium (Rh) and indium (In)
were used as internal standards. Standard curves were prepared using BCR-2
(USGS basalt standard material), loess, and blank samples. Analytical precision
was less than 4%, with results expressed in mg/kg.

3.2 Data Processing
Statistical analysis was performed using Excel software to calculate abundance
ranges, averages, standard deviations (SD), and coefficients of variation (CV) for
the ten elements across 33 samples. Elements with excessive concentrations were
identified by comparing measured averages with corresponding environmental
background values. CV reflects spatial variability of soil elements, defined as CV
= SD/average [?, ?]. Based on CV analysis and comparison with background
values, elements with CV > 0.5 or concentrations notably exceeding background
values were selected for PCA, spatial distribution, and correlation analysis.

Spatial distribution contour maps for selected elements were generated using
Golden Software Surfer v.19.0 (Golden Software, Colorado, USA) based on
Kriging interpolation. Enrichment areas were identified from these maps and
interpreted in the context of natural geography and human activities. PCA and
correlation analysis were then used to examine differences in element origins.

4.1 Abundance of Heavy Metals
The abundance of ten heavy metal elements in the Tengger Desert hinterland
is shown in Table 2 . Iron exhibited the greatest variation (179.24–2254.08
mg/kg), followed by Th (24.19–208.32 mg/kg) and Mn (0.04–0.47 mg/kg), while
the remaining seven elements showed the least variation (0.00–0.10 mg/kg).
Average abundances followed the descending order: Fe > Th > Mn > Zn > Cr
> Pb > Ni > Cu > Co > Cd. Compared with Chinese background values, nine
elements (Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) were far lower, while Th
exceeded background values by 1.75–15.00 times (average 5.20 times), indicating
Th contamination.

The coefficient of variation (CV) ranged from 0.24 to 0.76, in descending order:
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Cr > Th > Ni > Zn > Mn = Co > Fe = Cu > Cd > Pb. Nine elements (Cd, Co,
Cr, Cu, Fe, Mn, Ni, Th, and Zn) had CVs exceeding 0.50, indicating significant
spatial variability. Based on these results, we selected these nine elements for
further spatial distribution, correlation, and PCA analysis.

4.2 Spatial Distribution Patterns of Heavy Metals
The nine selected elements were mapped using Surfer v.19.0 software (Fig. 2
[Figure 2: see original paper]). Elements Cr, Mn, Fe, Co, Ni, Cu, and Cd
displayed two high-value closed contour regions and one low-value region. High-
value areas occurred near sample site 20 in the north-central Tengger Desert and
near sample site 2 in the western region, while the low-value region appeared
near sample site 19 in the southwest (Fig. 2a–g).

Elements Zn and Th showed three high-value closed contour regions and one low-
value region. Th high-value areas occurred near sample site 6 in the northeast,
sample site 2 in the west, and sample site 20 in the north-central region, with a
low-value area near sample site 19 in the southwest (Fig. 2h–i). Zn differed from
Th in that one high-value region was located near sample site 7 in the northeast,
while the other two high-value regions and the low-value region matched those
of Th.

4.3 Correlation Analysis of Heavy Metals
Pearson correlation coefficients (r) for the nine selected heavy metals are shown
in Table 3 . Cadmium, Co, Cr, Cu, Fe, Mn, and Ni showed high correlation
coefficients (r > 0.76), indicating similar spatial distribution patterns and close
relationships among these elements. Zinc showed low correlations with other
elements (r < 0.38), indicating distinct spatial distribution patterns and weak
relationships. Thorium showed moderate correlations with the other eight ele-
ments (r = 0.50–0.70), falling between Zn and the remaining seven elements.

4.4 PCA of Heavy Metals
Principal component analysis was used to identify anthropogenic and geogenic
sources of heavy metals (Fig. 3 [Figure 3: see original paper]). PCA is a statisti-
cal procedure that identifies the most significant factors accounting for variance
in multidimensional datasets. Based on correlation analysis, we specified three
factor numbers for PCA, grouping Cd, Co, Cr, Cu, Fe, Mn, and Ni together,
and treating Th and Zn as independent classes. Prior to PCA, Kaiser-Meyer-
Olkin (KMO) and Bartlett sphericity tests confirmed data suitability (KMO =
0.815, P = 0.000).
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The results showed that two principal components explained approximately
86.8% of total variance, adequately reflecting the original data. The first com-
ponent (PC1) explained 77.0% and the second (PC2) explained 9.8% of total
variance. The PCA plot revealed that Cd, Co, Cr, Cu, Fe, Mn, and Ni clustered
closer together than Zn and Th on the PC1 axis, indicating PC1 was primarily
controlled by these seven elements with similar positive loadings of 0.34–0.37,
suggesting similar spatial distribution modes or common sources. On PC2, Zn
showed a loading factor of 0.97, plotting far from other elements and indicating
a distinct source. Although Th appeared close to the other seven elements on
the PCA plot (Fig. 3), Table 4 shows Th (0.89) as the main factor on the PC3
axis, indicating Th also has a different source from the other elements.

5 Discussion
The spatial distribution maps revealed multiple high-value closed contour re-
gions in the desert. The causes of these enrichment areas are discussed below.

Sample site 20 in the north-central Tengger Desert was a high-value region for all
elements. Towns and villages such as Shuangcike, Hongshaliang, and Xiqu are
located along national highway 569, with no mining, smelting, or other industrial
activities nearby. Since heavy metals typically enter the environment through
mining, smelting, forging, and processing [?, ?], local industrial activities are
unlikely to have caused this enrichment. This area is located downstream of
the Shiyang River, which originates in the Qilian Mountains and flows through
industrial cities including Wuwei and Jinchang, China’s largest nickel production
center. Mining activities in Jinchang have increased Ni accumulation in soils
[?, ?], and these enriched elements are transported to the Minqin Oasis via the
Shiyang River [?, ?]. At the beginning of the 21st century, Shiyang River water
quality continuously deteriorated, with middle and lower reaches classified as
class IV–V according to national standards (GB3838-2002) [?, ?], while even
the better-quality upper mountainous areas (class I–II) were declining [?, ?].
Although water quality has improved recently after environmental treatment
[?, ?], heavy metals deposited during previous pollution events remain.

Irrigated agriculture development in the Minqin Oasis leads to heavy metal ac-
cumulation in topsoil through pesticide and fertilizer use [?, ?, ?]. Studies have
shown relatively high concentrations of Cd, Cr, Ni, and Pb in chicken manure;
Cd, Cu, and Zn in pig manure; and Cd and Ni in sheep manure [?, ?, ?]. Accord-
ing to Minqin County economic data for the first half of 2020, vegetable and fruit
planting areas increased by 14.23% and 38.63%, respectively [?, ?], increasing
manure demand and intensifying heavy metal enrichment risk. Irrigation water
contaminated with industrial wastewater causes major heavy metal contamina-
tion in soils and crops [?, ?]. The area is dry with low precipitation, abundant
sunshine, and high evaporation. However, moisture in sand layers shows posi-
tive equilibrium due to rapid infiltration and reduced evaporation effects [?, ?].
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Atmospheric precipitation replenishes groundwater rather than upward ground-
water movement [?, ?], ruling out salinization from groundwater rise. Vegetables
and fruits are the main commercial crops in the Minqin Oasis, with wheat and
corn as primary grain crops and alfalfa as the main forage [?, ?]. These crops re-
quire 4–9 irrigation events during the growing season [?, ?], primarily in spring
and summer when large irrigation volumes and high temperatures cause sig-
nificant evaporation. Water vapor combines with particulate pollutants from
the industrial zone near sample site 2, forming precipitation transported to the
Minqin Oasis by prevailing NW, WNW, and NNW winds [?, ?, ?], exacerbating
soil heavy metal enrichment. Therefore, the high-value region formed due to
influences from the upstream Shiyang River industrial zone and local irrigated
agriculture development. High water demand also intensifies local salinization,
resulting in heavy metal enrichment in surface soil layers [?, ?, ?].

Additionally, nine elements (Cd, Co, Cr, Cu, Fe, Mn, Ni, Th, and Zn) showed
a high-value region near sample site 2 in the western Tengger Desert. Heavy
industry is a major source of soil heavy metal pollution [?, ?]. Hongshagang
Town, located south of this site, is a chemical production base for coal, elec-
tricity, and chemical industries. Industrial activities in Hongshagang Town are
responsible for heavy metal enrichment in nearby deposits, particularly for Zn
[?, ?].

According to Th and Zn contour maps, high-value regions for these elements also
occurred at sample sites 6 and 7 in the northeast Tengger Desert, with dense
contour lines. However, no evidence of human activities (cities, villages, mining,
chemicals, or agriculture) was observed near this area. Sample site 6 is located at
the junction of the Tengger and Badain Jaran Deserts. The Badain Jaran Desert
is an important sediment source for the Tengger Desert, with annual sediment
transport of 372 t [?, ?]. North of sample site 6, a mountain pass formed
by Yabulai Mountain and the Alxa Plateau creates a narrow tube effect that
strengthens the Asian winter monsoon. After passing through this pass, wind
transport capacity weakens, potentially forming deposition near sample site 6
and enriching heavy metals. A study in both deserts found that geochemical
elements at their intersection tended to decrease from northwest to southeast,
with more uniform distribution farther from the sand source, consistent with
our results [?, ?]. The Th abundance in the Tengger Desert is much higher
than background values, possibly related to high monazite content in the heavy
mineral composition [?, ?], as monazite is a primary Th source. Monazite
content is significantly higher in the northwest and southwest than in other
desert areas [?, ?], explaining Th enrichment near sample sites 2 and 6.

Sample site 7 is a Zn enrichment area located on a windward slope facing the
northeast Asian winter monsoon, where wind-transported sand deposition may
occur. Additionally, sample site 7 is situated on lower hillside slopes where
heavy metals are transported by water from upslope areas during precipitation
events. Therefore, this site is also influenced by local-scale soil-forming source
materials, explaining the low correlation between Zn and other elements.
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6 Conclusions
By comparing heavy metal concentrations from 33 sample sites in the Teng-
ger Desert hinterland, we analyzed spatial distribution characteristics of nine
heavy metals. Combined with geographical characteristics and human activi-
ties, we discussed enrichment patterns and sources using PCA and correlation
analysis. The results indicate: (1) The average Th abundance exceeded Chinese
background values by more than 5.2 times, suggesting Th contamination in the
study area. The other nine elements were considerably lower than Chinese soil
background values, implying that surface sediments from the Tengger Desert
are not the dominant source of soil heavy metal pollution under natural condi-
tions. (2) High spatial variability was observed for Cd, Co, Cr, Cu, Fe, Mn, Ni,
Th, and Zn. Cadmium, Co, Cr, Cu, Fe, Mn, and Ni shared common sources,
while Zn and Th showed distinctly different sources. (3) Based on spatial dis-
tribution characteristics and desert conditions, human activities (agriculture
and industry) were the main causes of heavy metal accumulation, followed by
natural factors. Therefore, regular monitoring, source control, and integrated
management should be implemented to control and reduce heavy metal pollu-
tion. These results provide a reference for investigating heavy metals in other
desert soils.
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