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Abstract

Loess, a geologic record of dust, is an optimal archive for exploring paleoclimate and the paleo-dust path from source to sink. The dust path
for the Songnen Plain, NE China, during the last glacial period has not been established. To address this, 63 surface sediment samples from
the Northeast China Sandy Lands, i.e., Onqin Daga Sandy Land (OD), Horqin Sandy Land (HQ), Hulun Buir Sandy Land (HL), and
Songnen Sandy Land (SN), and six samples from the last glacial loess in the Harbin area were collected for elemental geochemical analysis
of the <10 μm fraction to quantitatively reconstruct the dust pathway using a frequentist model. The results show that these sandy lands
have a distinct geochemical composition due to a control from markedly different provenances. The quantitative results indicate that
the dust contribution of the southwestern SN to the Harbin loess is as high as 50.4–77.2%, followed by the OD and HQ (3.3–34.8%),
the northwestern SN (0–36.8%), and the HL (0–8%). Notably, the dust contribution to the Harbin loess began to change considerably
after ∼46–41 ka BP, with a significant increase from 1.1% to 41.2% from the northwestern direction. Some ecological safety strategies
are proposed to address dust pollution in the Harbin area.
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INTRODUCTION

Atmospheric dust is an important part of the climate system, which
has direct effects on radiation balance and hydrologic processes,
and plays an important role in the global biogeochemical cycle
and the Earth’s climate system (Jickells et al., 2005; Forster et al.,
2007; Mahowald et al., 2010). At the same time, loess, as an ancient
dust accumulation, records information about the paleoclimate and
paleoenvironment, and research on its provenance is crucial for
understanding climate aridification, atmospheric circulation pat-
terns, and monsoon evolution (Smalley, 1995; Liu and Ding,
1998; Chou et al., 2008; Maher et al., 2010; Bi et al., 2011).

Element geochemical methods have been extensively employed
to discriminate the source and transportation processes of sediments
(Grousset and Biscaye, 2005; Rao et al., 2006, 2011; Chen et al., 2007;
Yang et al., 2007a; Du et al., 2018; Ding et al., 2021). However, tra-
ditional geochemical source-area tracing often uses several typical
elements or element ratios (Liu and Yang, 2018; Shu et al., 2018;
Jiang and Yang, 2019; Zhang et al., 2020, 2022), wherein this artifi-
cial selection may overlook specific elements (or element ratios) that
are more suitable for a particular study. In addition, the results of
source discrimination based on visual comparison are often highly

biased, thus producing ambiguous source reconstructions.
Recently, a frequentist model based on an R package analysis, a
new sediment source fingerprinting technique recently used to
quantitatively assess the relative contribution of potential source
areas, has been successfully applied to quantitatively identify the
sources of fluvial and aeolian sediments (García Comendador
et al., 2021; Song et al., 2022). Therefore, the sediment source finger-
print model has great potential for revealing quantitative source
information about dust sediments (Lizaga et al., 2020).

The Harbin loess, located on the easternmost margin of the
Eurasian Loess belt, is a typical loess accumulation landform in
NE China. Studying its provenance is of great significance for
explaining the relationship between the geomorphology, climate,
and dust accumulation on the Songnen Plain (Sun and Lu,
2007). The Northeast China Sandy Lands, located in the upwind
area of the Harbin loess, are considered to be important potential
source areas due to the characteristics of the near-source accumu-
lation of aeolian loess (Kang et al., 2013; Xie et al., 2020a; Sun
et al., 2022). Up to now, great progress has been made in the geo-
chemical source tracing of most of the sandy lands in Central Asia
and north China (Zhao et al., 2019; Xie et al., 2020b; Chen et al.,
2021; Li L. et al., 2023), but data on the geochemical characteris-
tics and provenance tracing of the sandy lands in NE China are
still scarce. The few previous studies regarding dust source tracing
in NE China focused on qualitative analysis (Wu et al., 2022;
Liang et al., 2023), which is insufficient to explain the relative
contributions of dust sources. In recent years, although some
quantitative source works have been carried out on the loess in
NE China (Wu et al., 2022, 2023), the works are limited to the
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<63 μm fraction. Specifically, dust particles of <10 μm can remain
suspended in the upper atmosphere for extended periods and be
transported over a long distance under the influence of upper
atmospheric dynamics. Therefore, quantitative reconstruction of
dust sources based on the <10 μm fraction can more effectively
reveal information about the dust transportation in the upper
atmosphere (Ding et al., 2000; Sun et al., 2004; Vandenberghe,
2013; Licht et al., 2016; Újvári et al., 2016).

In this study, surface sediments in the sandy lands (Onqin
Daga Sandy Land, Horqin Sandy Land, Hulun Buir Sandy
Land, and Songnen Sandy Land) in NE China were collected
along with last glacial loess samples in NE China for geochemical
analysis of the <10 μm fraction, with an aim to quantitatively
reconstruct the high-altitude dust path of the Songnen Plain dur-
ing the last glacial period. This study provides not only an impor-
tant insight into the aeolian dust system in NE China, but also
important theoretical support for the construction of regional
ecological security.

REGIONAL SETTING

The Northeast Sandy Lands are located east of Inner Mongolia,
southwest of Heilongjiang Province, and west of Jilin Province,
China, and include the Onqin Daga Sandy Land (OD), the

Horqin Sandy Land (HQ), the Hulun Buir Sandy Land (HL),
and the Songnen Sandy Land (SN) (Fig. 1). The Northeast
Sandy Lands are dominated by semifixed and fixed sand dunes,
with fewer active dunes.

The OD is located on the southern side of the Xilin Gol grass-
land in central Inner Mongolia, covering an area of 52,000 km2

with an average elevation of 1100 m (Yang et al., 2019). The
HQ, at 62,432 km2 in area, is the largest sandy land in China
(Yang et al., 2012; Chen et al., 2022) and is located in the middle
and lower reaches of the West Liaohe River in the southeast of
Inner Mongolia. The West Liaohe River system connects the
OD and the HQ from west to east. The HL, 7435 km2 in area,
is the highest latitude sandy land in China and is located in the
western part of the Great Xing’an Range (Fig. 1). The HL is devel-
oped from an alluvial-lacustrine plain, with more than two-thirds
of the area covered by river and lake sediments (Yang et al., 2019).
The SN, 8356 km2 in area, is located in the central and western
parts of the Songnen Plain and is mainly distributed along the
floodplains and terraces of the Nenjiang River and Songhua
River (Qiu, 2008; Xie et al., 2020a). According to the direction
of the prevailing winds and the possible dust source areas, the
SN can be divided into two regions, northwest (SNNW) and
southwest (SNSW). The SNNW is predominantly situated in
the vicinity of the Nenjiang River basin, covering regions such

Figure 1. (a) Sketch map of desert distribution in northern China. (b) Sketch map of the Northeast Sandy Lands in China, showing location of the study area and
sampling section sites. (c) Profile photograph of the Harbin loess section.
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as Dumeng, Qiqihar, Tailai, Zhenlai, and Baicheng. In contrast,
the SNSW is predominantly located near the Songhua River
basin, encompassing areas such as Changling, Qian’an,
Zhaoyuan, Da’an, Songyuan, Fuyu, and Tongyu.

Harbin city is located in the northeast of the Songnen Plain,
adjacent to the Zhangguangcai Range to the southeast and the
Lesser Hinggan Mountains to the north, and has a semihumid
temperate continental monsoon climate. The region is dominated
by southwest winds in spring/summer and northwest winds in
winter. The Harbin Huangshang loess sequence (HS, 45°47′N,
126°47′E) is located on the second level terrace of the Songhua
River, about 16 km east of Harbin City, with an altitude of 180 m.

MATERIALS AND METHODS

Sampling

The fine-grained aeolian and fluvial sands can represent the aver-
age composition of large areas after being fully transported and
mixed by wind and hydrodynamic forces (Xie et al., 2019). The
samples taken in this study are aeolian and fluvial sands in origin.
A total of 63 surface sediment samples were collected in areas far
from urban areas, 14 from the OD, 18 from the HQ, 5 from the
HL, and 26 from the SN. In order to explore the contribution of
these sandy lands to regional dust in Harbin, six loess samples
were collected from the HS loess profile, with sample ages
spanning from the last glacial period to the Holocene (Table 1).

Experimental methods

The bulk samples taken from the field were dry-sieved
(Gartzia-Bengoetxea et al., 2009) by passing the samples through
10 μm (1350 mesh) copper sieves, to attain <10 μm fraction sub-
samples for geochemical analysis. The glass fuse method was
selected for major element analysis, and fusion glasses were pre-
pared by mixing the sample with flux (Li2B4O7) in the proportion
1:10 (Tamponi et al., 2003). Measurement was carried out via an
X-ray fluorescence spectrometer (AL104, PW2404). The detection
limit is ∼0.01 wt%, and analytical precision (relative standard devi-
ation) for major elements, except for Mn and P, is less than 1%.
The analysis errors are generally less than 0.2% but with ±0.5%
for SiO2 and ±0.2% for Al2O3. Loss-on-ignition (LOI) was obtained
by weighing before and after 1 h of heating at 950°C. The trace and
rare earth element (REE) tests, following the acid dissolution
method, which can maximize the extraction of chemical elements
and reduce the error (Yang et al., 2007b), were performed on an
inductively coupled plasma mass spectrometer (ICP-MS,
Finnigan MAT, Element I). The Teflon bombs were first washed
using aqua regia, ultra-pure HNO3, and Milli-Q deionized water
and placed on a heating plate at 120°C for 6 days. All samples
were oven-dried, and 40 mg powder samples were placed in the
Teflon cup and digested with ultra-pure acid. The samples were
digested in 63% HNO3 (1:1) and 48% HF at a high temperature
(185 ± 5°C) following the four-step procedure detailed in Yang

et al. (2007b) and Supplementary text S1. During the test process,
standard samples, duplicate samples, and blank samples were inter-
spersed for analysis to ensure the accuracy of the data, and the error
was less than 2%. The element geochemical analysis was completed
at the Key Laboratory of Mineral Resources in Western China
(Gansu Province), Lanzhou University.

Principal component analysis

Principal component analysis (PCA) is a method of reducing the
dimensions of original variables to several composite indicators.
By combining variable indicators and adjusting combination coef-
ficients, the new variables are made representative and indepen-
dent of each other. The main calculation steps of PCA are as
follows: first, the indicators and data are selected based on the
research questions; second, the correlations of the indicators are
tested to determine whether the original variables are suitable
for factor analysis; finally, the correlations of the indicators are
analyzed and calculated. The principal component and score cal-
culation method of PCA was described thoroughly by Gu et al.
(2012). PCA was performed in SPSS software (version 26).

Sediment source fingerprinting

The frequentist model is one of the most important methods for
fingerprint identification of sediment sources (Adkison, 2009). In
this study, 37 trace elements and 41 element ratios were selected
as the geochemical fingerprint attributes for statistical analysis
(see Supplementary Table 1). The sediment source fingerprinting
method adopts a four-stage statistical program to trace the sedi-
ment source (Li et al., 2020; Hu et al., 2022). First, the bracket
test of geochemical fingerprint attributes was performed to deter-
mine whether the average and extreme values of the loess proper-
ties are within the range of what could be observed by the source
data, and then the test-passing properties were used for further
research (Collins et al., 2010). Second, the non-parametric
Kruskal-Wallis H-test was used to compare the difference of dif-
ferent provenance fingerprints in a potential provenance compar-
ison (Gholami et al., 2020). This procedure removes tracers that
do not show significant differences between at least two sediment
sources. Third, the final composite fingerprints were further iden-
tified using step discriminant function analysis (DFA), which
maximizes the differentiation between source regions while min-
imizing the number of geochemical fingerprints to provide the
best differentiation between source regions (Collins et al., 1997).
This function executes a stepwise forward variable selection for
classification using the Wilks’ lambda criterion, and selects the
tracers based on the extent to which it decreases Wilks’ lambda.
At each step, the function includes the variable that minimizes
the overall Wilks’ lambda. And finally, based on the best compos-
ite fingerprint spectrum screened by the DFA discriminant func-
tion, a fingerprint analysis model was used to quantify the relative
contribution of potential source areas to the loess samples (Li
et al., 2020; Hu et al., 2022). The frequentist model is constructed
in the R package program (version 4.0.3). Details of the standard
linear multivariate mixing framework in the frequentist model
can be referred to in the Supplementary text S2.

RESULTS

The geochemical composition of the <10 μm fraction of the aeo-
lian and river sediments in the Northeast Sandy Lands (HQ, OD,

Table 1. Sampling depth of loess in Harbin and corresponding dating results.

Sample HS1 HS2 HS3 HS4 HS5 HS6

Sampling
depth (m)

3.5 3.25 2.3 2.05 1.05 0.46

Age (ka) 70 65 46 41 21 9.1
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HL, and SN), along with that of the Harbin loess sediments, is
listed in Tables 2 and 3, respectively. More geochemical composi-
tion details are listed in Supplementary Tables 2 and 3,
respectively.

Major elements

The major elements in the Northeast Sandy Lands are primarily
SiO2 and Al2O3, followed by Na2O, Fe2O3, CaO, and K2O, with
slight contents of TiO2, MnO, P2O5, and MgO. The distribution
characteristics of the major elements in the sandy lands show
overall homogeneity, with similar contents of SiO2, Al2O3,
MgO, Na2O, K2O, MnO, and P2O5, but the content of CaO in
the OD is slightly higher than that in the other three sandy
lands. Sandy lands with similar tectonic settings and regional geo-
logic backgrounds may have indistinguishable source rocks and
therefore indistinguishable major element compositions. Among
the four sandy lands, CaO and TiO2 contents have significant dif-
ferences, with the highest CaO and lowest TiO2 contents in the
OD, the highest TiO2 content in the HQ, and the lowest CaO con-
tent in the SN. Compared with upper continental crust (UCC;
Taylor and McLennan, 1985), P2O5, MgO, and Na2O are obvi-
ously depleted, K2O, AL2O3, and Fe2O3 are slightly depleted,
MnO and TiO2 are significantly enriched, and SiO2 remains rel-
atively stable. (Fig. 2a).

Trace elements

The trace element composition of the <10 μm fraction in the
Northeast Sandy Lands has similar Cr, V, Y, Th, and Rb contents,
but differences in Co, Ni, Ta, U, Zr, and Hf (Fig. 2b). Specifically,
the trace element patterns in the OD and the HQ are very similar.
Compared with UCC, in the OD and HQ the contents of the tran-
sition trace elements (TTEs) Sc, Co, Ni, Zn, and Ga are moder-
ately depleted, while V, Cr, and Cu are slightly enriched. For
low field strength elements (LFSEs: Rb, Sr, Cs, Ba, Pb), Rb is
slightly depleted, Sr is obviously depleted, Ba and Pb are slightly
depleted in the HQ, and Ba and Pb are slightly enriched in the
OD. For high field strength elements (HFSEs: Y, Zr, Nb, Hf, Ta,
Th, U), Ta is obviously depleted, Zr, Hf, and Nb are slightly
depleted, U is slightly enriched, and Y and Th are obviously
enriched. In comparison to the other sandy lands, the content
of TTEs in the HL is the lowest; for the LFSEs, Cs, Ba, and Pb
are slightly enriched in the HL, while Rb and Sr are slightly
depleted; for the HFSEs, Zr, Hf, U, Y, and Th are enriched in

the HL, while Nb and Ta are slightly depleted. The SN is slightly
enriched in Co, Cs, Ba, and Pb, and significantly enriched in Zr
and Hf. The patterns of other elements are similar to those of
the HQ (Fig. 2b).

Rare earth elements

The REE patterns in the surface sediments of the Northeast Sandy
Lands are similar to those in UCC and post-Archean Australian
shale (PAAS; Taylor and McLennan, 1985), with light rare earth
(LREE) enrichment, heavy rare earth (HREE) depletion, and a
significant negative Eu anomaly (Fig. 2c). The chondrite-
normalized REE patterns of the Northeast Sandy Lands exhibit
nearly parallel trends, with a steeper La–Eu curve and a flatter
Eu–Lu curve. This suggests a relatively higher enrichment of
LREEs over HREEs. The total amounts of REEs (ΣREE) in the
HL, OD, HQ, and SN are 167–513 (260), 134–335 (216),
145–679 (271), and 194–388 (248), respectively, which is signifi-
cantly higher than UCC (146) and PAAS (185). The Eu/Eu* val-
ues of all the sediments in the sandy lands are below 1, indicating
prominent negative Eu anomalies. Their Ce/Ce* values are ∼0.95,
suggesting a slight negative anomaly.

Sediment source fingerprinting

After the screening by the frequentist model program, a total of 14
tracers were ultimately determined, including Cr, Co, Zn, Ga, Zr,
Hf, Y/Nb, Th/Ta, Y/Ta, Zr/Ta, Hf/Ta, Nb/Ta, Zr/Hf, and Th/
(LREE/HREE), for the discrimination of source fingerprinting.
The quantitative results based on the frequentist model show
that the SNSW is the dominant dust source (Table 4), accounting
for 50.4–77.2% (with an average of 62.3%) of the dust contribu-
tion, while the OD +HQ, SNNW, and HL account for
3.3–34.8% (with an average of 18.2%), 0–36.8% (with an average
of 16.6%), and 0–8% (with an average of 2.85%), respectively.

DISCUSSION

Geochemical characteristics of the Northeast Sandy Lands

In recent years, dimensional statistical analysis or PCA has been a
common mathematical statistical analysis method, mainly using
linear transformation for the comparison between samples, and
is usually more effective in distinguishing the differences between
different samples compared to the elemental ratio binary dia-
grams (Nie and Peng, 2014), thus being widely applied in

Table 2. The average concentrations (wt%) of major elements for the <10 μm fraction in the Northeast Sandy Lands and Harbin loess.

Samples SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O MnO TiO2 P2O5 LOI FeO

HL 68.65 12.83 3.48 1.04 2.72 3.07 3.02 0.10 1.20 0.08 3.63 1.11

HQ 72.20 11.69 3.50 0.90 2.17 2.71 2.58 0.09 1.37 0.10 2.67 1.41

OD 67.32 11.35 3.72 1.23 4.69 2.44 2.36 0.09 1.03 0.12 5.62 1.25

SNNW 69.65 13.10 3.48 0.90 2.14 2.90 2.82 0.10 0.98 0.10 0.74 3.78

SNSW 65.00 13.67 4.79 1.38 2.99 2.50 2.69 0.09 0.97 0.13 0.94 5.75

HS 65.95 14.91 4.85 1.46 1.51 2.13 2.75 0.08 0.66 0.13 4.84 0.93

Major elements without recalculation on a volatile-free basis.
Total iron as Fe2O3.
Abbreviations: HL, Hulun Buir Sandy Land; HQ, Horqin Sandy Land; OD, Onqin Daga Sandy Land; SNNW, northwestern area of the Songnen Sandy Land; SNSW, southwestern area of the
Songnen Sandy Land; HS, Harbin Loess.
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provenance study (Yang et al., 2010; Li L. et al., 2023; Li Y. et al.,
2023). Some inactive elements (such as Ba, Zr, Hf, Li, Mo, etc.)
are very stable in the process of weathering, denudation, transport,
and sedimentation, and are transported almost completely from
the source region into the sedimentary record; therefore, the
properties of the parent rock are well preserved (Dehghani
et al., 2018). In this study, the inactive element ratios Ba/Pb, Zr/
Hf, Li/Be, and Mo/Cd of the samples were selected as initial var-
iables for PCA analysis. In the PCA diagram (Fig. 3a), three sep-
arate areas are discernible—HL, SN, and a combination of OD
and HQ—based on their differences in geochemical composition.
Notably, the OD overlaps well with the HQ, and additionally, this
is also the case for the SNNW and the SNSW despite slight dif-
ferences in the geochemical composition, indicating their geo-
chemical similarities. The scatter plots of immobile element
ratios are the same as the PCA results (Figs. 3b and 3c), with
four separate areas.

It is generally argued that provenance is a first-order control
on the geochemical composition of sediments (Sun and Zhu,
2010; Chen and Li, 2013). The sediments in the OD and the
HQ are deemed to ultimately originate from the Yanshan
Mountains in the northern part of the North China Craton and
from the Great Xing’an Range in the eastern part of the Central
Asian Orogenic Belt (Xie et al., 2007; Liu et al., 2021), but with
different proportions of contributions. Another important reason
is transport by river and wind (Sun et al., 2004; Xie et al., 2014).
The Xar Moron river, originating from the eastern edge of the
OD, links the OD with the HQ. Accordingly, the fine-grained sed-
iments in the OD are transferred by the river to the HQ.
Concurrently, both the OD and the HQ are located in the dust
transport path of the northwesterly wind, and they share similar
dust source areas. These scenarios lead to the OD and the HQ
having very similar compositions.

The Songnen Plain was formed by the alluvial processes of the
Songhua River system (Qiu, 2008), and thus the sediments on the
Songnen Plain are dominantly fed from the Great Xing’an Range
via the Nenjiang River system, and the Changbai Mountains via
the Jilin Songhua River system. In this scenario, the sediments
in the northwestern part of the SN (i.e., SNNW), adjacent to
the eastern side of the Great Xing’an Range, are mainly from
the Great Xing’an Range, but the sediments in the southwestern
part of the SN (i.e., SNSW) are more derived from the detritus
supply from the Changbai Mountains (Xie et al., 2020b).
However, the transition between the SNNW and the SNSW has
a mixed source. This explains the fact that the two sandy lands
are both independent and overlapping, as shown in Figure 3.

The geochemical disparities in the <10 μm fraction between
the HL, SN, and a combination of the OD and HQ can be
explained by their distinct sources, as also indicated by the
<63 μm fraction in these sandy lands (Wu et al., 2022). The dis-
parities in the geochemical composition in the potential dust
sources contribute to the source-to-sink process study of dust
on the Songnen Plain.

Quantitative contribution of the Northeast Sandy Lands to
regional aeolian dust

Several conditions are usually required for loess accumulation,
such as a continuous supply of sand and dust, wind transport
capacity, and a suitable sink site (Pye, 1995; Qiu, 2008). Sandy
lands and deserts are rich in dust, which can be transported by
the wind to the downwind area under suitable geographicTa
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location, landform, and meteorological conditions (e.g., wind
strength, wind direction, etc.). As a result, dust forming loess
deposits usually comes from adjacent upwind arid or semiarid
areas with a short transport distance (Sun, 2002; Chen et al.,
2007; Li et al., 2009).

The Northeast Sandy Lands are located in the adjacent upwind
area of the Harbin loess, and thus the near-source characteristics
of aeolian loess make the Northeast Sandy Lands the potential
source areas of the Harbin loess (Kang et al., 2013; Sun et al.,
2022). The available provenance results of the <63 μm fraction
of the Harbin loess have indicated the SN is the main dust source
of the Harbin loess (Xie et al., 2020b; Wu et al., 2022; Liu et al.,
2023). The <10 μm fraction of the Harbin loess is an environmen-
tally sensitive endmember component (Sun et al., 2004; Wei et al.,
2015; Du et al., 2020), and thus the quantitative dust source
reconstruction based on the <10 μm component is of great

significance for a deeper understanding of the aeolian dust system
in the Northeast Plains.

According to the results of the PCA, combined with the source
discrimination diagram of immobile element ratios (Fig. 4), it can
be observed that the Harbin loess samples are plotted far away
from the HL and close to the SNSW, indicating that the SNSW
is the main dust source area for the Harbin loess. Notably, two
distinct regions have been identified within the Harbin loess
(Fig. 4), indicating variable dust sources through time for the
Harbin loess sediments.

The frequentist model, as one of the important means of sedi-
ment source fingerprinting, can provide the best distinction
between source areas and quantify the relative contribution of
potential source areas to sediments. Combined with the traditional
provenance analysis method using the ratio of immobile elements,
the sediment provenance can be comprehensively assessed (Xie and
Chi, 2016; García Comendador et al., 2021; Song et al., 2022).
Therefore, the quantitative source reconstruction of the sources
of the Harbin loess using a frequentist model, combined with the
source identification diagram composed of immobile element
ratios, can comprehensively evaluate whether the Northeast
Sandy Lands are the potential source areas of the Harbin loess
and determine their relative contributions.

In order to more accurately determine which region contrib-
utes the most to the aeolian dust, the Northeast Sandy Lands
need to be divided into several distinct regions before quantitative
source reconstruction (Wu et al., 2023). Based on qualitative anal-
ysis results, the sandy lands are overall divided into four regions,
as also reflected in the linear discriminant analysis (LDA) plot

Figure 2. Normalized patterns for elements of the sediments in the Northeast Sandy Lands. (a) Upper continental crust (UCC)-normalized patterns for major ele-
ments; (b) UCC-normalized patterns for trace elements; (c) chondrite-normalized REE patterns for the studied sediments. Also shown are those of UCC and
post-Archean Australian shale (PAAS) for comparison. UCC, PAAS, and chondrite values are from Taylor and McLennan (1985).

Table 4. Quantitative reconstruction of the contribution of four source areas to
the Harbin loess using the frequentist model. HS1–HS6 represent loess samples
from Harbin.

Subzone HS1 HS2 HS3 HS4 HS5 HS6

HL 0.9 0.0 1.1 8.0 4.9 2.2

HQ–OD 31.0 22.8 34.8 8.9 8.4 3.3

SNNW 0.0 0.0 0.0 26.7 36.3 36.8

SNSW 68.1 77.2 64.1 56.4 50.4 57.7
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(Fig. 5). The LDA plot reveals a high overlap between the OD and
HQ, with a clear difference between the SNSW and the SNNW.
Therefore, the Northeast Sandy Lands are ultimately divided
into the HL, SNSW, SNNW, and OD +HQ regions. In this con-
tribution, 37 trace elements and 41 element ratios of the sedi-
ments from both the potential source areas and Harbin loess
were selected as fingerprint attributes for statistical analysis of
source fingerprints. The frequentist model first excluded the geo-
chemical source fingerprint data outside the lowest and highest
values of the potential source areas, and thus the four geochemical
fingerprints Cu, Nb, Eu/Eu*, and Cr/Ni did not pass the range
test. Secondly, 11 tracers, V, Mo, Ta, Ce/Ce*, Gd, Yb/N, U/Nb,

U/Ta, Th/Sc, Th/U, and Cr/V, which failed the Kruskal-Wallis
H-test and had no significant difference between source regions,
were excluded from the original data set. Finally, the DFA dis-
criminant function was used for variable selection, which maxi-
mizes the difference between source regions and minimizes the
number of geochemical fingerprints. After systematic data screen-
ing, a total of 14 tracers such as Cr, Co, Zn, Ga, Zr, Hf, Y/Nb, Th/
Ta, Y/Ta, Zr/Ta, Hf/Ta, Nb/Ta, Zr/Hf, and Th/(LREE/HREE)
were identified for source fingerprinting.

The quantitative reconstruction results of the frequentist
model indicate that the fingerprint characteristics of geochemical
elements can effectively quantify the four source regions, and that

Figure 3. Discriminant diagrams showing geochemical differences in the Northeast Sandy Lands.

Figure 4. Provenance discrimination diagrams involving immobile elements of the Northeast Sandy Lands, showing the closer geochemical affinity of the loess in
Harbin with the southwestern Songnen Sandy Land.
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the dust contributions from the source areas have changed signif-
icantly since about 41 ka BP (Table 4). Before 41 ka BP, the SNSW
dominates dust contribution to the Harbin loess (69.8%), followed
by the OD +HQ (29.5%), with almost no dust contribution from
the HL and SNNW. These findings indicate that the provenances
of the Harbin loess are marked by the mixed accumulation of two
endmembers, with the SNSW as the proximal source and the OD
+HQ as the distal source. This result matches well with the quan-
titative results of the <63 μm fraction (Wu et al., 2023), but the
only difference is that the near-source contribution (79%) of the
<63 μm fraction is slightly larger than that (69.8%) of the
<10 μm fraction. This consistency points to the fact that loess is
a mixture of distal sources (Li et al., 2018; Zhang et al., 2018;
Zeng et al., 2021), and the coarser loess in the glacial period
has more near-source contributions, while the finer paleosol in
the interglacial period has more far-source contributions (Prins
et al., 2007; Miyazaki et al., 2016). After 41 ka BP, however, the
abrupt and significant addition of dust contributions from the
SNNW, ranging from 0 to 33%, is accompanied by the moderate
reductions from the SNSW (ranging from 69.8 to 54.8%) and the
OD +HQ (ranging from 29.5 to 6.9%), although the SNSW
remains the dominant near-source contribution. The variations
in the relative contribution of the dust sources to the Harbin
loess are likely to be in response to the variations in climate
(e.g., enhanced East Asian winter monsoon) and wind regimes
(e.g., glacial–interglacial cycles) (Wu et al., 2023).

Dust path of the Songnen Plain during the last glacial period

The loess-paleosol sequences in the Chinese Loess Plateau are the
products of the East Asian monsoon climate and offer a valuable
archive for the reconstruction of past atmospheric circulation (An
et al., 1991; Lu and An, 1998; An, 2000). The loess units were depos-
ited by the transport of the winter monsoon during glacial periods in

which an intensified winter monsoon prevailed, and the paleosols
developed by pedogenesis during interglacial periods that were
characterized by an enhanced summer monsoon and a relatively
weakened winter monsoon (Liu and Ding, 1998; Sun, 2002).

The quantitative result of the Harbin loess provenance analysis
provides direct clues about the dust path on the Songnen Plain
linked to the atmospheric circulation pattern during that time.
On the Songnen Plain, the wind regime associated with dust
transport dominantly occurs in spring when the modern prevail-
ing winds are southwesterly (occupying 85.7%), northwesterly
(11.1%), and easterly (Xie et al., 2014). The annual dominant
wind direction is southwesterly (Xie et al., 2020b). Accordingly,
based on the modern prevailing winds, two different atmospheric
circulation patterns on the Songnen Plain have been used to
explain the transport and deposition of the loess deposits in NE
China (Xie and Chi, 2016; Xie et al., 2018). Specifically, on the
Songnen Plain, northwesterly winds were dominant in the glacial
period, followed by southwesterly winds, while the circulation pat-
tern in the interglacial period was dominated by southwesterly
winds, which is also the main dynamics for spring dust-storm
events (Xie et al., 2018).

The results of quantitative dust provenance reconstruction
reveal a SW-direction dust path for the Harbin loess deposits,
indicating that the southwesterly winds are the main driving
force of dust transport on the Songnen Plain. This dust route is
consistent with the annual dominant wind direction on the
Songnen Plain. However, this route is at odds with the under-
standing that the loess was transported by the near-surface winter
monsoon (northwesterly) during the last glacial period (Fig. 6;
e.g., Liu, 1966; Sun, 2002; Sun et al., 2022). This means a decou-
pling between the wind regime and the dust path on the Songnen
Plain during the last glacial period. The differences between the
topography and ecological environment of the source areas likely
explain this decoupling. Large areas of exposed detrital sediments,
vegetation cover, and soil moisture are considered important fac-
tors in controlling dust emissions (Yue et al., 2005). Specifically,
the SNNW has higher vegetation coverage (Wang and Du,
2018; Zhao and Song, 2021), which significantly reduces dust
emissions, and its sand-fixing capacity is much higher than that
of the SNSW (Xie et al., 2018). However, even during the glacial
period dominated by northwesterly winds, the sparse vegetation
coverage and large areas of exposed detrital sediments in the
SNSW increased the availability of dust. In addition, the
SW-direction source areas (i.e., the HQ, OD, and SNSW) have
a flat topographic relief, and dust transport is not affected by
topographic factors. In contrast, dust from the HL cannot reach
the Harbin area due to the topographic barrier of the Great
Xing’an Range (Xie et al., 2019; Sun et al., 2020).

An alternative dust route was identified on the Songnen Plain
after ∼46 ka to 41 ka (Fig. 6), and this route responded to the
dynamic direction of the East Asian winter monsoon. The
winds from the northwest intensified along with the reinforce-
ment of the East Asian winter monsoon at that time (Gong
et al., 2015), thereby causing the dust source area in the northwest
to contribute more fine dust to the Harbin loess. This finding res-
onates with the quantitative results of the <63 μm fraction in
which a sudden increase in dust contribution from the northwest
direction is observed during 47–41 ka (Wu et al., 2023). However,
our results show that the fine-grained component receives dust
contributions from the northwest direction for a longer period,
continuing into the Holocene. We speculate that this may be
related to the finer dust particles being more sensitive to climate

Figure 5. Linear discriminant analysis (LDA) plots of trace element geochemical data
from four source areas of the target sediments with 95% confidence ellipses, using
fingerprint properties tested by conservation, the Kruskal-Wallis H test, and the
DFA test.
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and provenance variations. In addition, the SN (including the
SNSW and SNNW), as a neighboring source, provides advanta-
geous dust material for the loess in Harbin under the conditions
of the strengthened East Asian winter wind (∼89%).

Implications for ecological security

As a very harmful meteorological phenomenon, the frequent
dust-storm events in the Harbin area have caused serious damage
to the ecological environment (Zhang et al., 2002). Dust storms
are the main dust transport mechanism for loess formation
(e.g., Xie and Chi, 2016), and the study of the dust transport path-
way is of great practical significance to effectively prevent ecolog-
ical environment problems and mitigate dust-storms.

The southwestern area of the SN is the main source of dust in
the Harbin area, as mentioned before. Thus, the prevention and
management of land desertification and the control of dust-storm
events should first be focused on the SNSW, but not the SNNW, if
limited human and financial resources are available. Concurrently,
the work of desertification control and ecological environment res-
toration should be gradually carried out with permission. Based on
the characteristics of the southwestern region of the SN and com-
bined with the experience of large-scale sandy land management
in NE China (e.g., the Horqin Sandy Land, Mu Us Sandy Land,
Hulun Buir Sandy Land, etc.), the following basic measures are pro-
posed for the ecological environment management of the south-
western region of the SN. Firstly, according to the patterns of
vegetation succession in sandy lands, the optimal management
model should be selected for different regions and ecological condi-
tions. Secondly, priority should be given to preventing wind and fix-
ing sand by increasing sand sealing efforts and forest cultivation, as
well as expanding the area irrigated in the spring and improving
farming practices to prevent wind erosion. Finally, by employing
natural resources and reducing land uses such as agriculture,
which can be highly destructive to the land, the full potential of
the land can be utilized, leading to stable and coordinated ecosystem
development. Efforts to prevent and control regional dust storms
should extend beyond the affected areas. Greater attention should
be given to managing the ecological environment in the potential
source areas, in order to fundamentally improve the regional envi-
ronmental conditions.

However, it is important to recognize that variable dust paths
exist on the Songnen Plain and the northwest dust path, in oper-
ation during the Holocene, cannot be ignored. This poses a major
challenge to ecological security construction in the Harbin area,
thus requiring additional resources to be devoted to dust control
in the northwest direction in addition to the existing efforts in the
southwest direction. These results provide new insights for eco-
logical governance, emphasizing the need for flexible governance
strategies to better address the challenges of environmental
governance.

CONCLUSIONS

The geochemical composition of the sediments (<10 μm fraction)
in the Northeast Sandy Lands is obviously distinct due to a con-
trol from the markedly different source areas. The sediments of
the HQ and OD have very similar geochemical compositions,
due to the same sources and the combined effect of transportation
by the Xar Moron river and the northwesterly winds.

Frequentist model quantitative reconstruction results show
that the dust contribution of the SNSW to the Harbin loess is
the highest, which can be as high as 77.2% before 41 ka BP. In
this scenario, the contribution of the HL and SNNW is almost
zero and the HQ +OD has the second largest dust contribution
(22.8–34.8%). However, after 41 ka BP, the dust contribution
from the northwest direction abruptly increases to much higher
values (34.7–41.2%), accompanied by a decrease in the SNSW
(50.4–57.7%) and the HQ +OD (3.3–8.9%).

The dust route on the Songnen Plain during the last glacial
period is from the SW to NE before 41 ka BP, i.e., the dust has
been transported along a route from the OD to the HQ and
then to the SN. This dust route is consistent with the annual dom-
inant wind direction on the Songnen Plain, but different from the
northwesterly wind-dominated circulation pattern during the gla-
cial period, which suggests a decoupling between circulation pat-
tern and dust path on the Songnen Plain during the last glacial
period. However, after ∼46–41 ka, another dust route occurred
in the northwest direction on the Songnen Plain, which is sug-
gested to be in response to the intensified East Asian winter
monsoon.

Figure 6. Schematic diagram showing the atmospheric circulation patterns and dust pathways on the Songnen Plain since the last glacial period; also shown are
dust contributions from the sandy lands. The thick and thin orange arrows represent more and less dust contributions, respectively. The thick and thin red arrows
represent the relatively stronger or weaker strength of the wind, respectively. The area marked by the dotted circle is the source area of the Harbin loess, with red
and yellow dotted circles representing the primary and secondary source areas, respectively. The values in parentheses represent the average dust contribution
percentage for the corresponding source area.
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The ecological environment management in the southwestern
region of the Songnen Sandy Land should be strengthened in rela-
tion to the frequent dust-storm events in the Harbin area, and
more attention should be paid to ecological environment manage-
ment in the potential source area rather than in the occurrence
area itself. However, the variable dust paths on the Songnen
Plain pose a major challenge to dust ecological security construc-
tion in the Harbin area.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/qua.2024.49
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