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Abstract: Sediment grain-size distribution (GSD) provides rich information about sedimentary
sources and can potentially do the same with regard to environmental and climatic changes. However,
neither traditional descriptive statistics nor curving-fitting methods can fully address its complexity.
We selected the Greater Khingan Range in northeastern China as the study area and used parameter-
ized end-member analysis (EMA) of the GSD of four drilling cores to extract different end-member
(EM) components. The results show that EM1 (mode particle size (Mo): 1.26–1.66 µm) originates
from weathering and pedogenesis. The EMs with Mo values of 4.37–5.01 µm represent components
transported by the upper westerly wind. EMs with Mo values of 7.58 µm and 11.48 µm represent
wet dust deposition and dry dust deposition. The wind transport of particles in winter consists of
low-level near-source transport and local-source transport (possibly from the flood plain of the Amur
River). Due to the limitations of the EM model, the two sources have one or two EM components:
AEM3 + AEM4, BEM3 + BEM4, CEM4, and DEM4. DEM5 is the only large particle-size component
and may represent coarse-grained detritus generated via rock weathering. The components related to
the winter monsoon and the 14C dating data suggest a weak-strong-weak-strong trend of the winter
monsoon since the Marine Isotope Stage 3a (MIS 3a). Our results suggest that the strengthening of
the winter monsoons in the previous few thousand years has caused the transportation of coarser
grain sizes and further exacerbated permafrost degradation, providing a scientific reference for
understanding climate change and the formation and evolution of permafrost in the Greater Khingan
Mountains since the MIS 3a.

Keywords: permafrost; grain size; end-member; winter monsoon

1. Introduction

Permafrost is soil or other materials at or below 0 ◦C for two or more consecutive
years [1]. The Northern Hemisphere permafrost region includes the high-latitude per-
mafrost regions of Eurasia and North America and the alpine permafrost regions of the
middle and low latitudes. Approximately 70% of this area is located between 45◦ N and
67◦ N [2]. China’s permafrost areas are located in northeast China, the western alpine areas,
the Qinghai-Tibet Plateau region, and other alpine regions.

The Greater Khingan Range represents the highest-latitude mountains in China and a
high-latitude permafrost region. The mountain range was formed during the last glacial
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maximum (LGM) [3]. The Greater Khingan Range region is located at the southern margin
of the permafrost region in Eurasia. The thermal stability of the frozen soil is low; thus, the
area is vulnerable to global climate change. The change in the average temperature trend in
China is consistent with that of the global average temperature. However, the temperature
rise is higher in northeast China than that observed in the rest of the country [4]. The
permafrost in the Greater Khingan Range has shown rapid degradation in recent years, a
fact manifested by an increase in the active layer’s thickness [5,6] and a northward shift of
the southern boundary of the permafrost region [7].

Permafrost degradation is closely related to soil physical properties. Grain-size dis-
tribution (GSD) influences the stability, strength, and erosion resistance of soils [8,9]. The
composition and properties of rock and soil affect permafrost development through the
thermal and physical properties and the water content. The thermal conductivity of hard
rock is generally higher than that of the quaternary loose layer. Thus, if all other conditions
are equal, the thickness of the frozen soil layer in hard rock is 1.3–1.5 times that of the
loose layer [10]. The finer the soil, the stronger its water-holding capacity, making it more
suitable for frozen soil preservation [11]. Therefore, coarse soil remains frozen shorter than
finer soil. In general, the coarser the particle size and the thicker the active layer, the higher
the potential for permafrost degradation. The soil material source is the basis of the GSD
and affects the texture of soil; hence, understanding the source of frozen soil is critical for
analyzing permafrost degradation.

Previous studies evaluated grain-size parameters and the components’ contents to
distinguish sediment categories and reveal environmental changes [12–15]. These indi-
cators can only approximate environmental changes but cannot reveal the source of the
sedimentary environment; thus, these methods have limitations for use in environmen-
tal reconstruction. The extraction of grain-size components sensitive to environmental
changes is an important means of analyzing the evolution of a variety of complex envi-
ronments, such as fluvial lacustrine sedimentary, marine sedimentary, and continental
sedimentary environments.

In recent years, the grain-size end-member analysis method has been developed
extensively. This rubric assumes that the grain-size distribution of sediments is determined
by different provenance or dynamic processes. The essence of this method is to reverse-
decompose a certain proportion of different GSDs from the grain-size data of sediments
through mathematical algorithms in order to reveal information regarding the provenance
and sedimentary dynamics contained in sediments called end members (EMs) [16].

The commonly used methods are divided into two categories, namely, the function-
curve-fitting method and the non-parametric decomposition method. The function-curve-
fitting method considers that the particle size of sediment carried by a single power follows
a certain distribution function in nature. The granularity of sediments of multiple origins
can be decomposed into a continuous unimodal distribution through function-fitting
operations and parameter settings. The two commonly used function-fitting methods are
normal distribution function fitting [17,18] and Weibull function fitting [19,20]. Yu et al.
used the Weibull function-fitting method to perform end-member analysis on Hunshandake
Sandy to obtain six EMs of eolean sand and indirectly explained the movement direction of
eolean sand with different particle sizes [21].

When using the function-curve-fitting method, the number of particle size compo-
nents and the type of distribution function are set by observing the number and shape
of the peak of the particle size frequency distribution curve, which may be affected by
sample contingency and researcher subjectivity [16,22]. The non-parametric decomposition
method is used to extract the information from the size distribution data in batch samples
based on feature space analysis and decompose the size distribution into the proportional
contribution of an optimal sequence [23]. Combined with the existing geological records,
Wang et al. used a non-parametric end-member analysis model to divide the sediments
from the west coast of Bohai Bay into six EMs and used their end-member content and
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other features to make speculations about the sea-level alterations and climate change in
this region in history [24].

Weltje (1997) put forward the particle size element model algorithm (end-member
modelling algorithm, EMMA). This is a non-parametric decomposition method that is
based on determining the correspondence between principal component analysis, factor
rotation, and the negative least-squares method decomposition size data dynamics. Grain-
size end-member shape, position, and parameters depend on the dataset itself. Requiring
no artificial setup, these factors can be used to synchronously extract information from
a large quantity of sediment particle size data in a certain area or at a certain depth [16].
However, when using this method to decompose samples with a high mixing degree, some
components may span the whole grain size, which does not indicate specific deposition
dynamics. There may also be problems with the presence of multiple peaks at the coarse-
grain end or the omission of interpretation at the fine-grain end [19,25].

In order to solve the problem, Paterson and Heslop (2015) proposed a parameterized
EMA method [22] that could combine the advantages of the above two methods. Subse-
quently, it has been widely used in this area of study. Zhao et al. analyzed grain size using
the parametric EMA method (Gen.Weibull: General Weibull.) and investigated the loess
of Shengshan Island in the East China Sea since LGM primarily came from three sources,
namely, the far-source component of upper westerly wind, the component of floating dust
transported over a long distance as the wind weakened, and the component of near-surface
transport by winter wind [26]. At the same time, Chen et al. also used this EMA method
to obtain loess provenance information of the Miaodao Islands since the late Pleistocene,
and the wavelet analysis proved that the summer monsoon showed cyclicities of 0.6 ka,
1.4 ka, 2.2 ka, and 5.7 ka and that the winter monsoon showed cyclicities of 0.6 ka, 1.6 ka,
2.6 ka, 3.6 ka, and 5.5 ka [27]. The method can also be applied to lake sediments. Fang et al.
used the parametric EMA method to analyze lake sediments in the Wuwei region of China
and obtained three EMs: The EM1 contains a clay component moved by high-altitude
wind and a silt component moved by regional wind. The EM2 may be related to sediment
transportation into the lake via surface runoff. The EM3 may represent coarse-grained
saltation deposited by flooding or the lake after secondary perturbation [28].

However, few studies have assessed the sedimentary sources in permafrost regions.
This study focuses on permafrost sediments in the Greater Khingan Mountains and uses
parameterized EMA to extract sensitive components in order to analyze the source of
sediment material. The results provide new insights into the sources of permafrost and
its evolution.

2. Regional Overview

The study area is located in the northernmost part of China on the Northern Slope of
the Great Khingan Range (Figure 1). Tectonically, the area belongs to the Erguna block in
the eastern section of the Xingmeng Orogenic Belt [29]. Due to tectonic faults, fault basins
formed in the area and the typical landforms are low hills and valleys. The area has a
cold temperate continental monsoon climate, with short, rainy summers and long, cold
winters. The average annual temperature is −3.9 ◦C, the average temperature in January is
−29.7 ◦C, and the average temperature in July is 18.4 ◦C. The average annual precipitation
is about 450 mm/a, and the average frost-free period is 86.2 d. The Heilongjiang (Amur)
River and several small tributaries flow through the northern part of this region. Common
forest types in the Greater Khingan Range are coniferous forests dominated by Larix gmelinii
and broad-leaved forests dominated by Betula platyphylla [30,31]. Mohe City in the Greater
Khingan Range is located on the south bank of the upper reaches of the Amur River, which
is the boundary between China and Russia. The Huzhong District is located at the north
foot of the Illehuli Range within the Greater Khingan Range. The terrain is high in the
west and low in the east. Temperatures remain around −40 ◦C for about one month, and
the lowest recorded temperature is −53.2 ◦C [32]. The area has the largest distribution of
L. gmelinii in the cold temperate zone [33].
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Figure 1. Overview of the study area: (a) location of the study area, (b) type of permafrost and
sampling sites [34], and (c) sampling sites in the Beiji Village. (BJC-1, BJC-2, and HZ-1 were collected
from L. gmelinii forest, and BJC-3 was collected from B. platyphylla forest).

3. Materials and Methods
3.1. Lithology and Chronology

We obtained four soil cores in the northern part of the Greater Khingan Range and
described the lithology at the site based on the color and sedimentary characteristics of the
cores (Figure 2). The core is divided into active, frozen, and non-frozen layers based on
the frozen state of the core, and samples are taken based on the active layer (10 cm), frozen
layer (20 cm), and non-frozen layer (20 cm) for grain-size tests. The cores (BJC-1 (755 cm),
BJC-2 (665 cm), BJC-3 (742 cm), and the Huzhong District core HZ-1 (844 cm)) are denoted
as A, B, C, and D, respectively, in this study. The surface vegetation of the BJC-1 and BJC-2
sampling sites in Beiji Village consists of L. gmelinii forest (302 m above sea level) and that
of BJC-3 is B. platyphylla forest (326 m above sea level). The HZ-1 surface vegetation in
Huzhong predominantly comprises Carex meyeriana Kunth (657 m).

Twelve soil samples from the BJC-3 core (705 cm, 535 cm, 435 cm, 195 cm, 105 cm, and
15 cm) in Beiji Village and the BJC-2 core (640 cm, 453 cm, 380 cm, 193 cm, 115 cm, 105 cm,
and 10 cm) were sent to the BETA Laboratory in Miami for radiocarbon 14C dating. The test
data were calibrated using the INCAL20 database [35] and the Calib 8.2 software [36], and
a complete core dating framework was established using the Bacon age-depth model [37]
in R (Figure 3).
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3.2. Grain-Size Analysis

The grain size of the samples was measured using a laser particle analyzer Malvern
Mastersizer 2000 (Malvern Panalytical Ltd., Malvern, UK). The grain-size distribution was
calculated for 45 grain-size classes within a measuring range of 0.01~2000 µm. The sample
preparation for the grain-size analysis included the wet oxidation of organic matter by
adding 10 mL of 30% H2O2 per 1.5 g dry sample. Carbonates were dissolved after being
boiled with 10 mL (10% hydrochloric acid) for 10 min. The glass beakers were filled with
150 mL of distilled water, and the suspended particles were left to deposit. After siphoning
the supernatant water, 10 mL of 0.05 mol/L (NaPO3)6 was added, and the residue was
dispersed for 5 min in an ultrasonic bath before the measurement was conducted. The
pump speed of the laser particle size analyzer was fixed at 2200 rpm. The final result was
an average of five measurements.

The particle size parameters were calculated by the moment method [38]. The software
package “AnalySize”, developed using the Matlab programming language, was adopted
to implement the parametric EMM method [39,40]. The Weibull function is commonly
referred to as the two-parametric Weibull distribution, whereas the Gen. Weibull function
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is referred to as the three-parametric Weibull distribution. Both functions can be used
for single-sample unmixing (SSU) and in EMM methods [41]. For SSU, it is difficult to
separate similar end members. However, EMMA has a better capability to distinguish these
end members because all samples are used in computations. Due to the limitations of the
EMMA mathematical model (all samples share one group of end members), the variations
in end-member distributions will be coupled with variations in end-member abundances.
If the variations in distributions are extremely important for a certain dataset, SSU will
yield a better solution than EMMA [41].

The component structures of the GSDs, unmixed by the SSU method, contain abundant
and valuable sedimentological and paleoenvironmental information that can be revealed
via statistical analysis [42]. The results of SSU provide process-related information about
individual GSDs and the associated between-sample variability, while the results of EMM
represent general states of the distributions of grain assemblages averaged at a specified
spatio-temporal coordinate [41,42]. The EMMA method can better separate the mixed-
end EMs from the whole sample in order to obtain accurate source information. In 2015,
Paterson et al. proposed a parametric method based on the Weibull distribution to conduct
EM analysis of grain-size data (Gen. Weibull) using non-negative matrix factorization
(NMF) [22]. This method compensates for the deficiencies of the grain-size components
selected via Weibull fitting to determine deposition dynamics and transport modes and
provide descriptive statistics for and describe the physical significance of the particle-size
EMs [43]. If the EM frequency distribution curve has multiple peaks after EM decomposi-
tion, it is difficult to explain the dynamic components represented by the EMs because the
particle size of different sediment sources is not known due to sorting during transport.
Under ideal conditions, i.e., a relatively stable transport medium and dynamic action, the
GSD curve of sediments has a single peak. However, in reality, sediments come from
different sources and have different transport modes. Thus, the particle size distribution
curve has multiple peaks [44]. This curve can be inverted using parametric EM analysis
in order to quantify the contribution of various transport media and dynamics during
deposition. Generally, the particle size distribution curves derived from non-parametric
EM analysis have multiple peaks, whereas those obtained from parametric methods have
single peaks. Therefore, we selected the Gen. Weibull method for performing the EM
analysis of the samples.

3.3. Elemental Analysis

In this experiment, 0.1 g samples were digested via the HCL-NHO3-HF-H2O2 diges-
tion method (Anton Paraton-AAR). After digestion, they were put into a heating tank for
acid removal. Finally, the volume was set to 50 mL and the samples were put into the
sample bottle. The Agilent 7500c (Agilent Technologies, SAN jose, California) inductively
coupled plasma mass spectrometer was used to perform elemental analysis, and the stan-
dard soil for soil composition analysis was used for comparison. The standard curve of the
calibration solution was determined by the American Agilent standard solution, and the
standard error of the quality control sample was not more than 5%.

4. Results
4.1. AMS Radiocarbon Dating Results

Radiocarbon dating showed a difference in the deposition between the L. gmelinii
forest “BJC-2” and the B. platyphylla forest “BJC-3” (Table 1). After 5 ka BP, the deposition
rate of the larch forest decreased, while that of the birch forest increased. The 14C age at
the bottom of hole B is 15.48 ka BP, which is from the last deglacial period. The 14C age at
the bottom of hole C is 24.53 ka BP, which is the peak of the LGM (26.5–19.0 ka BP) and
represents the coldest period in China since the last ice age. Eastern China was affected
by the winter monsoon, and the climate was cold and dry, i.e., conducive to permafrost
development [45,46].
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Table 1. Results of radiocarbon dating.

Core Depth/cm Frozen State AMS 14C
/a B.P.

Error±
/a B.P.

Median
Calendar

Age/cal.a.BP./2σ

2σ-Corrected
Calendar Age
Range/cal.a.BP

BJC-2

10 Active layer 2410 30 2433 2349~2497
105 Active layer 7730 30 8499 8424~8554
115 Active layer 11,900 30 13,765 13,606~13,717
193 Frozen layer 12,060 30 13,917 13,808~13,960
380 Non-frozen layer 13,077 50 15,676 15,493~15,852
453 Non-frozen layer 13,470 40 16,236 16,064~16,371
640 Non-frozen layer 15,480 40 18,793 18,710~18,860

BJC-3

15 Active layer 1440 30 1331 1297~1373
105 Active layer 2070 30 2031 1973~2117
195 Active layer 3110 30 3328 3234~3391
435 Frozen layer 12,831 30 15,315 15,186~15,506
535 Non-frozen layer 17,450 50 21,031 20,885~21,295
705 Non-frozen layer 24,530 100 28,778 28,642~28,966

4.2. Composition of Sediment Grain Size

Shepard’s sediment classification diagram was used to assess the data of grain-size
components measured during the experiment (Figure 4). The dominant soil texture in the
Greater Khingan Range is that of clayey silt, whereas the soil texture of the cores obtained
from the L. gmelinii forest area (A, B, and D) is coarse. Silty sand, sandy silt, clay silt, silty
clay, and sand silty clay are common texture types. Only silty clay and clay sand occur
in the core obtained from the B. platyphylla forest area (C). In summary, clayey silt is the
dominant soil texture in the cores obtained from Huzhong and Beiji Village. The sediments
differ slightly for different types of vegetation areas, i.e., birch forests have finer soils than
larch forests.
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4.3. Results of End-Member Modeling Analysis

Three indicators are typically used to assess the number of EMs: the R2 value (linear
correlations: these indicate the pertinence between the original granular data and the
metadata at the fitting end), the EM R2 value (end-member correlations: a large value
indicates overfitting), and θ (angular deviation: the end-member metadata and the GSD
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are distributed at different angles). Because the number of end members should not be too
high (this causes excessive separation, increasing the complexity of the analysis) or too low
(it is difficult to separate the source and power), this paper selects the end members from 3
to 5 (Figure 5). The larger the R2 and the smaller the EM R2 and θ, the better the results.
Three to five EMs were selected for the different cores. For core A, the EM R2 (0.044) was
the smallest, and θ < 5◦; thus, four EMs were selected. Four end elements were selected for
core B (EM R2 = 0.081 and θ = 2.954◦) and core C (EM R2 = 0.271 and θ = 3.953◦). Five EMs
were chosen for core D. The EMs of the four cores were called AEM, BEM, CEM, and DEM.
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Figure 5. End-member evaluation results.

The EM modeling results are shown in Figure 6 and Table 2. The Mo values of A are
1.66 µm, 7.58 µm, 22.91 µm, and 104.71 µm; those of B are 1.26 µm, 7.58 µm, 26.30 µm,
and 79.43 µm; those of C are 1.45 µm, 4.37 µm, 7.58 µm, and 79.43 µm; and those of D are
1.66 µm, 5.01 µm, 11.48 µm, 45.70 µm, and 831.76 µm. The standard deviation of the EMs of
A is 1.83–2.40, with an average of 2.07, and that of B is similar (2.03–2.43), with an average
of 2.17. The standard deviation of CEM4 is 6.81, the sorting is very poor, and the particles
are dispersed. Sk (Coefficient of Skew) = −0.05, showing a weak negative bias, and the σi
(standard deviation) of the EMs of D is 1.74–2.91, with an average of 2.15.

Table 2. Standard deviation of the end members of the cores.

Core EM1 EM2 EM3 EM4 EM5

BJC-1 2.40 1.83 2.04 1.99 -
BJC-2 2.43 2.11 2.03 2.12 -
BJC-3 2.24 1.69 1.88 6.81 -
HZ-1 2.08 1.74 2.13 2.91 1.89

EM5 only occurred in the active layer of core D. The EM contents of CEM 4, AEM
3 + AEM 4, BEM 3 + BEM 4, and DEM3 + DEM4 were all about 50%, whereas the EM
composition of A and B showed similar changes with the depth (Figure 7). This illustrates
that some of the end members extracted via the EMA method are not completely separated.
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4.4. Elemental Determination Results

The vertical distribution of Al and Fe content obtained by the experiment is shown
in Figure 8, in which the average Al content of each core is 8.23 g/kg (BJC-1), 6.23 g/kg
(BJC-2), 13.1 g/kg (BJC-3), and 16.1 g/kg (HZ-1), and the average Fe content is 25.36 g/kg
(BJC-1), 28.44 g/kg (BJC-2), 39.90 g/kg (BJC-3), and 28.37 g/kg (HZ-1). The Al content
of B. platyphylla dominated by vegetation (BJC-3) and C. Kunth dominated by vegetation
(HZ-1) is significantly higher than that of L. gmelinii, and the Fe content of BJC-3 core is
the highest.
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5. Discussion
5.1. Sediment Source Assessment Using Grain-Size End Members

At present, there are two views on ultrafine fractions. The first view is that fine particles
are transported or adhere to the surface of coarse particles in the form of aggregates [47],
and the other is that their formation is related to pedogenesis [48]. The correlation analysis
of the four core’s EM components shows no positive correlation between EM1 and Md
(median diameter, r: 0.248~0.800) and Mz (median size, r: 0.262~0.550). The coarser the
particles, the greater the values of Md and Mz, indicating that the fine particles in this
paper are not the materials that adhere to the coarse particles. Therefore, the adhesion
or aggregation hypothesis may not explain the transport type of EM1. The geochemical
properties of Al show that the content of Al is positively correlated with weathering
intensity; the vegetation grows vigorously on the wet surface; the roots absorb Fe3+ and
Al3+ ions more strongly [49]. So the Fe + Al content can indicate the strength of weathering
into the soil. In this study, the EM1 component was positively correlated with Fe + Al
content (r: 0.092~0.479) (Figure 9). The EM1 component of the four cores is primarily clay,
accounting for 70.51–85.90%. It is the EM component with the largest clay content. The
Mo is in the range of 1.26–1.66 µm. It is generally believed that the clay component with
a particle size of less than 2 µm is related to weathering and reflects shifts in the water
table [48]. Thus, EM1 may represent weathering or the pedogenic component.

The EM2 component Mo values of A and B are 7.58 µm and those of C and D are
4.37 µm and 5.01 µm, respectively. It is widely believed that soils with a particle size in the
range of 2–10 µm are rarely affected by weathering [50]. When micron-sized particles are
transported by the wind, they do not settle readily due to their low weight. The prevailing
northwesterly and westerly winds in the study area are within the influence range of
the westerly belt. Particles <20 µm are dispersed over a large area and transported over
hundreds or thousands of kilometers at high altitudes [51]. These particles typically travel
from high altitudes to downwind regions [47]. The size of particles transported at high
altitudes on the Loess Plateau ranges from 2 µm to 8 µm [50]. EM unmixing for several
profiles in the northern Qilian Range showed that particles with sizes of 6 µm to 20 µm
were transported at high altitudes over long-distance suspension [52]. The Mo values of
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CEM3 and DEM3 in this study were 7.59 µm and 11.18 µm, respectively, indicating that
they were wind-transported. It is generally believed that a single peak in the GSD curve
represents a single driving force or source of particle deposition, and the sharper the peak,
the more likely it will be that there is a single source [19,20,44]. The comparison of the GSD
curves for AEM2, BEM2, CEM2, DEM2, CEM3, and DEM3 and for windblown sediment in
different regions is shown in Figure 10 to allow readers to access the source components.

Figure 9. Pearson correlation between EM1 and Fe + Al.

We found that CEM2, DEM2, Xifeng laterite, and Xi ‘an loess have similar Mo values,
indicating that CEM2 and DEM2 were likely transported at high altitudes by the westerly
wind. AEM2, BEM2, CEM3, typical Harbin loess [54], and modern spring mud rain in
Nanjing [56] have similar Mo values and GSD curves, suggesting that the sedimentation of
AEM2, BEM2, and CEM3 was accompanied by precipitation, resulting in wet deposition.
We define these qualities as the strength of the East Asian summer monsoon.

The sedimentary characteristics of the “rain dust” indicated that it originated from
distant fine dust produced by northern dust devils. The southward movement of a cold
front provides the energy for the wind transport of the dust, and the removal of fine dust
by the warm and wet air in the lower reaches of the Yangtze River promotes the occurrence
of wet dust. At the same time, under the background of large-scale dust activities in the
north and the southward invasion of cold waves, the distant dust can also be transported
to the lower reaches of the Yangtze River in the form of “dry dust”, and DEM3 is similar to
the dry dust deposited in Harbin. Thus, it is inferred that DEM3 may be a component of
dry dust deposition.

The source of the particle composition can be analyzed using time-series climatic
data. The dating data of cores B and C and the BEM2 and CEM3 with Mo = 7.58 µm were
compared with the temperature and humidity changes in Baiyangdian and Ningjinbo in
the last 32 cal kyr BP years to clarify the composition of the EM components. Similar
changes were found elsewhere (Figure 11). The temperature and precipitation in the Asian
monsoon region during the East Asian Summer monsoon changed synchronously over the
past 30,000 years [57]. The BEM2 and CEM3 values were lower in the cold and dry climate
of the LGM, whereas the BEM2 and CEM3 values increased during the Holocene warm
period, which was similar to the trend of temperature and precipitation in East Asia. Along
these lines, combined with the GSD of the end-member frequency, it is considered that
the dust fraction precipitates with precipitation under the East Asian Summer monsoon.
Although A and D lacked age data, AEM2, BEM2, and CEM3 showed similar trends. In
contrast, DEM3 exhibited the opposite trend, i.e., the closer a component was to the surface,
the lower its content, indicating that the component can indicate the degree of drought in
the region. Combined with the EM frequency distribution curve, this result suggests a dry
dust deposition similar to that in Harbin. In summary, we believe that DEM3 is associated
with dust storm sedimentation in dry weather (dry dust).
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Figure 10. Comparison of grain-size distribution curves derived from this study and for windblown
sediment in different regions. (a) CEM2 and DEM2 components; (b) AEM2, BEM2, CEM3, and DEM3
components; (c) Xi ‘an loess based on end-member modeling: the Mo of the fine particles is 3.4 µm
(quaternary upper northwest wind), and that of the coarse particles is 21 µm [53]; (d) Mo of wet
dust is 5.3–7.4 µm and Mo of dry dust is 12.3–13.2 µm during a sandstorm in Harbin [54]; (e) Xifeng
laterite: the Mo values of the fine and coarse particles are 4.3 µm and 32.7 µm, respectively [55];
(f) 2006 Nanjing rain dust, with Mo 7.68 µm [56].

The dust dynamics model shows that dust particles with a size >20 µm were trans-
ported at low altitudes (below 100 m) under normal conditions, and that the transport
altitude did not exceed 1 km under strong storm conditions. The EM component with a
size >20 µm in this study was calculated as follows [58]:

Y = −3.5688 × Mz + 3.7016 × Sd2 − 2.0766 × Sk + 3.1135 × Kg (1)
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All of the calculated Y values < −2.7411 were considered aeolian sediments that
were transported by strong winds. Medium-to-coarse silt and fine sand particles with
sizes of 20–70 µm can be suspended in dust devils, and the transport distance in the
atmosphere is only a few hundred meters. Additionally, particles larger than 30 µm can
migrate at most 30 km from the source area in strong storms [47,59]. Under extreme storm
conditions, they can be suspended near the surface and transported 500–1500 km from
the source [60]. Wang et al. [61] extracted the EM components for a particle size range of
8.14 µm to 493.63 µm and obtained a Mo of 121.8 µm. The authors stated that the fine
particles of this component could be transported a long distance during a strong East
Asian winter monsoon, whereas coarse particles were transported and deposited nearby
during the winter monsoon. The EM3 (Mo: 25–28 µm) + EM4 (Mo: 44–45 µm) components
of Xiashu loess extracted using the EMA were considered to be different components of
low-altitude near-source + local-source transport by strong winter winds [21]. Sun et al.
conducted a study of particle sizes on the Loess Plateau and found that the coarse EM
component (21–54 µm) is mainly transported at a low altitude and short distance [53].
They believed that the transport distance was short, and that transport occurred at low
altitudes. Prins and Vriend analyzed multiple soil profiles in the Loess Plateau [62]. The
coarse-grain component was divided into two EMs: One had a grain size of 40 µm (DEM4),
was likely going to be transported a short distance, and reflected a change in the winter



Land 2023, 12, 1728 14 of 20

wind; the other component’s size was slightly larger than 60 µm (AEM4, BEM4, and
CEM4). It might have been transported a short distance by saltation and also reflected
a change in the winter monsoon. The sediments of Tolbo Lake were controlled by the
Siberian High, and the components with a median particle size of 15–84 µm and larger than
84 µm are good indicators of regional dust storms and local sandstorms, respectively [63].
Vandenberghe [64] believed that dust particles with sizes of 25 to 65 µm (e.g., AEM3, BEM3,
and DEM4 components in this paper) had similar transport patterns, but that the wind
intensity, local topography, and surface conditions resulted in differences in the particle
size distribution. Sun et al. used the Weibull function to extract coarse particles (40–50 µm)
from a loess sequence in the northern part of the Loess Plateau [53]. It was inferred that
the coarse-grained components were intermittently suspended and transported near the
surface when dust devils advanced or retreated due to the regional winter wind. Dietze et al.
used an EM model to extract the 125 µm-particle-size component from data collected at East
Jicona Lake in the northeastern part of the Tibetan Plateau. The winter winds blew nearby
coarse dust to this location, and this component represents the transport characteristics
and evolution of winter winds [20]. Li et al. observed that the EM components with a Mo
of 63 µm were significantly affected by the Tibetan plateau winter wind. Sand particles
with a size greater than 63 µm were only transported near the surface for short distances by
saltation and rolling due to their large particle size [65]. Grains with a particle size greater
than 63 µm transport distance depended on the grain size in the source area, the slope of the
sedimentary surface, the wind energy, and other factors and generally occurred at different
heights above the floodplain [50]. In contrast, those with a particle size greater than 75 µm
came from nearby source areas, such as the river terrace, sandy bottom of outcrops, or
dry riverbeds, and the transport distance was short, i.e., within a few hundred meters or
several kilometers [64].

Our cores A, B, and C were obtained close to the Amur River basin, and all had
EM components: AEM4 (Mo = 104.71 µm) and BEM4 (Mo = 79.43 µm). In summary,
these were local-source components transported over short distances by strong winter
wind erosion and very likely comprised sandy material from the flood plain of the Amur
River. AEM3 (Mo = 22.91 µm) and BEM3 (Mo= 26.30 µm) were intermittently suspended
and transported near the surface by winter winds. However, CEM4 (Mo = 79.43 µm,
σi (standard deviation) = 6.81) and DEM4 (Mo = 45.70 µm, σi = 2.91) had poorly sorted
particle sizes. In this particle size range, loess sediments affected by fluvial processes (the
fluvio-aeolian loessic) typically have a Mo of 35–55 µm based on global studies [66,67].
They are generally poorly sorted and have a low bias, and most consist of clay and fine silt
(hydrostatic sedimentation) or coarse silt and sand (river transport) [64]. However, CEM4
(Mo = 79.43 µm, σi = 6.81) and DEM4 (Mo = 45.70 µm, σi = 2.91) did not contain clay and
had positive skewness Sk (CEM4: 0.16) or polar positive skewness Sk (DEM4: 0.36). Along
with the EM results of A and B, these findings indicate that these EM components may
have a mixed nature. This renders them inseparable via the EMA method and suggests
that they represent low-altitude near-source and local-source components transported by
the prevailing winter monsoon.

The Mo of DEM5 (831.76 µm) indicated the presence of coarse sand with a large
particle size, which was mainly distributed in shallow soil (Figure 7). Hard rocks and
minerals close to the surface undergo physical and chemical changes due to contact with
the atmosphere, water, and organisms. However, biochemical weathering is relatively weak
during permafrost development, whereas petrophysical weathering is strong. Seasonal
freeze-thaw processes form stone rings, stone rivers, and similar structures. Coarse-grained
soil is usually proto-rock debris formed by the physical weathering of rocks. The coarse-
grained detrital minerals larger than 500 µm are generally quartz [68]. They are relatively
stable and exhibit slow physical and chemical weathering. Performing mechanical grinding
and abrasion experiments on different soft and hard rocks and minerals (carbonate and
silicate minerals, quartz) has indicated that the fragmentation of rocks and minerals causes a
special fragmentation “fine gravel-coarse sand” peak (the scope is −4–1 Φ; 32–0.5 mm) [69].
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Therefore, the DEM5 component is very likely material produced by the weathering of
surface rocks.

The source attributes of the EM components are listed in Table 3. The regional source
compositions are complex and diverse; therefore, the EM components extracted via the
EM analysis method represent the dominant sources. However, the sediment particle sizes
contributed by the same source (the EM components) are consistent. The difference in
dominant sources leads to the different soil textures.

Table 3. Mode particle sizes and sources of different end members.

Core EM1 EM2 EM3 EM4 EM5

A
1.66 µm

Weathering and
pedogenesis

7.58 µm
The strength of the
East Asia summer

monsoon
(wet dust)

22.91 µm
Low-altitude near

source

104.71 µm
Local source -

B
1.26 µm

Weathering and
pedogenesis

7.58 µm
The strength of the
East Asia summer

monsoon
(wet dust)

26.30 µm
Low-altitude near

source

79.43 µm
Local source -

C
1.45 µm

Weathering and
pedogenesis

4.37 µm
Upper westerly

transport

7.58 µm
The strength of the
East Asia summer

monsoon
(wet dust)

79.43 µm
Low-altitude near

source + local source
-

D
1.66 µm

Weathering and
pedogenesis

5.01 µm
Upper westerly

transport

11.48 µm
Dry dust

45.70 µm
Low-altitude near

source + local source

831.76 µm
Rock weathering

5.2. Evolutionary History of Winter Monsoon Based on Grain-Size End Members

The evolutionary history of the winter monsoon in the northern permafrost region of
the Greater Khingan Range since 28.64 ka BP was reconstructed using the winter monsoon
components (BEM3 + BEM4 and CEM4) of the BJC-2 (B) and BJC-3 (C) cores (Figure 12).

The following stages were observed:
First stage: This stage lasted from the late Marine Isotope Stage 3 (MIS 3) to the

beginning of the LGM (28.64 ka BP to 26.50 ka BP). The winter monsoon component was
low in the MIS3a stage, indicating a weak winter monsoon. The climate in the late MIS 3
stage was warm and moist, the soil was well developed, and the vegetation cover was high
due to changes in the Earth’s orbit [70].

Second stage: This stage occurred during MIS 2, the LGM (26.50–19.00 ka BP). The
winter monsoon and the Siberian cold high-pressure air mass were strong, and the climate
was cold and dry. Sandstorms were frequent, and permafrost was widespread globally.
The winter wind component and the sandy soil reached their peak, indicating that the
winter monsoon had strengthened. The aeolian dust flux increased in the North Pacific, the
content of coarse particles increased, and permafrost development occurred, showing a
good correspondence with the H2 event (25.23 ka BP).

Third stage: This stage represents the last deglaciation (19.00–11.60 ka BP). The winter
wind EM components BEM3 + BEM4, CEM4, and the lower values of the components
correspond to the weakening of winter winds and temperature increases, corresponding
to the Bolling-Allerod (B/A) warm period and the Younger Dryas (YD) event. The YD
event of BJC-2 occurred at 12.58–11.66 ka BP, and the YD event of BJC-3 occurred at
12.05–11.04 ka BP. These results correspond well with the winter wind EM component
of loess from southern Kazakhstan [71], the Greenland ice core δ18O data [72], and the
deep-sea oxygen isotope δ18O data [73]. The H1 cooling event (17.26 ka BP) was also
recorded by the winter monsoon component.
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Fourth stage: The Holocene major warm period began during the Holocene MIS 1
(11.04–0.27 ka BP). Dong et al. reconstructed the annual average temperature and four-
season temperatures of the Loess Plateau over the past 20,000 years by collecting terrestrial
mollusks from northern China that accurately reflect climate signals [74]. A warm period
occurred from 8 ka BP to 4 ka BP, followed by a cooling trend. This period coincided
with an increase in the winter monsoon EM values after 4 ka BP, changes in the winter
monsoon components over southern Kazakhstan, a dust flux over the North Pacific, and
the East Asian winter monsoon trend (Figure 12). The influence of the soil composition
and properties on permafrost development is the most significant near the southern and
lower boundary of the permafrost region. The lithology and water content are critical
for the maintenance of permafrost islands. Fine-grained soil has a high water-holding
capacity and high capillary forces. These conditions are conducive to the development and
maintenance of permafrost areas, as a result, frost-heaving and freeze-thaw cycles occur;
but the opposite applies to coarse-grained soil [11]. Permafrost areas in the northeast region
have degraded due to global warming and frequent human activities, and permafrost
islands are disappearing [75]. An increase in coarse sediment sources will exacerbate
permafrost degradation.

In summary, the grain-size EMs in the northern permafrost region of the Greater
Khingan Range recorded the evolution of the winter monsoon since MIS 3, showing a weak-
strong-weak-strong trend. Two anomalous winter monsoon events (H1 and H2), the B/A
warm period, the YD events, and global events were recorded. The results demonstrate
the global nature of climate change and the interconnectedness of its driving mechanisms.
The winter wind was weak in MIS 3a. Then, entering the LGM period, the global climate
cooled, the winter monsoon strengthened, the winter wind-source component supply
was sufficient, and the permafrost developed rapidly. With the onset of the deglaciation
period, the winter monsoon weakened, and the climate warmed during the Holocene major
warming period. After the winter monsoon had weakened until about 4 ka BP, it showed
a strengthening trend. Under the background of modern global warming, entering more
winter wind components will further exacerbate the degradation of permafrost. Therefore,
the protection of permafrost in the Greater Khingan Mountains needs to be addressed.
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Kazakhstan [71]; (F) North Pacific aeolian dust flux [76]; (G) changes in East Asian winter monsoon in
the Holocene as indicated by loess Plateau data [77]; (H) 65◦ N summer solar radiation intensity [78];
(I) Greenland ice core δ18O [72]; and (J) deep-sea oxygen isotopes [73].
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6. Conclusions

The soil cores obtained from Beiji Town and Huzhong District, Mohe County, were
decomposed into four EMs using the EMA method, and core D was decomposed into
five EMs. The ultrafine particle component EM1 was derived from weathering and pedo-
genesis; CEM2 and DEM2 reflected components transported by the upper westerly wind;
AEM2, BEM2, and CEM3 represented changes in precipitation. In contrast, DEM3, which
exhibited the opposite trend, represents the deposition of dry dust, reflecting the degree of
dryness in this region. Together, both reflect the deposition process of dry and wet dust
in the region. The dust transport by winter winds included low-level near-source and
local-source components, the main sources of soil materials in the permafrost area of the
Greater Khingan Range. However, due to the limitations of the EM model, the different
cores had one or two EM components, and the local source was likely the soil from the
Heilongjiang floodplain; DEM5 was the only large-particle-size component and might
represent coarse-grained detritus generated by rock weathering. It was only present in the
shallow layer.

The dating data of cores B and C and the winter monsoon components indicated that
the winter monsoon in the northern permafrost area of the Greater Hinggan Range exhibited
a weak-strong-weak-strong trend since 28.64 ka BP. The winter monsoon components
exhibited good correspondence with the Greenland ice core and deep-sea oxygen isotope
data, and the winter monsoon was strong in the LGM. During the LGM, winter winds
were strong, which provided good conditions for the development of permafrost. Under
the trend of global warming, the strengthening of winter winds will cause the transport of
coarser particulate matter and further exacerbate permafrost degradation.
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