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Abstract: Long-term continuous deposits and well-preserved thick loess sections are natural archives
for the reconstruction of global climate change. However, the loess sections are often discontinuous
owing to soil erosions and accumulations. This study aimed at reconstructing long-term continuous
paleoclimatic records by integrating the target sections of two typical loess sequences in northeast
(NE) China. One section, the Dajiugang (DJG) section, was investigated and sampled, and the
Sanbahuo (SBH) section was used as the target for integrating and reconstructing the paleoclimate.
Sedimentary, pedogenesis, and luminescence dating analyses were conducted to analyze the po-
tentials for reconstructing the paleoclimate by integrating two typical loess sections. The results
indicated that the paleoclimate records derived from the DJG section can be used to reconstruct the
continuous paleoclimate of NE China by integrating them with the SBH section. The paleoclimate
information inferred from the DJG section could impute paleoclimate data from 71 to 11.7 ka, which
were missing in the SBH section. The paleoclimate of NE China generally consisted of three periods
from 71 to 11.7 ka: cold and dry from 29 to 11.7 ka, alternately cold and warm from 57 to 29 ka, and
warm and wet to cold and dry from 71 to 57 ka. Integrating the target loess sections can contribute
to reconstructing regional long-term continuous paleoclimate records where discontinuous loess
sequences occurred.

Keywords: soil integrating; loess–paleosol section; paleoclimate reconstruction; pedogenesis

1. Introduction

Loess, deep-sea sediments, and polar ice cores are regarded as major natural archives
of global climate change records [1,2]. Compared to deep-sea sediments and polar ice cores,
loess is widely distributed and relatively easily accessible for analyses [3]. Analyses of loess
in central China [4–6], the East European Plain [7–10], mid-continental north America [11],
and the Mediterranean region [12] have led to considerable progress in reconstructing
paleoclimates. The paleoclimate of China since 2.4 Ma had been reconstructed using loess
deposits in the Loess Plateau. However, the long-term paleoclimate of other regions still
remains poorly understood due to long-term paleoclimate records being difficult to obtain
from natural sources in the environment [1,13,14].

The information obtained from loess in various regions supports a better understanding
of the global climate [15,16]. A prerequisite for assessing paleoclimate change recorded in
loess is that the deposits must be continuous [17]. The age of loess formation, the information
preserved, and the paleoclimate reflected by the loess varied with regional environment
conditions [18–20]. Therefore, paleoclimate projections from individual regions cannot be
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directly applied to other regions with different environmental conditions [21]. The distri-
bution and thickness of loess deposits from various geographic regions differ by regional
material sources and the deposition environment [17,22–24]. During loess deposition, ero-
sion and accumulation occurred simultaneously due to regional sedimentological factors,
such as topography, geomorphology, internal and external geological forces [20]. Long-term
continuous deposits and ideal loess sections are difficult to identify in nature because the
lithology of loess strata varies greatly in diverse geomorphic areas [25]. Therefore, integrating
similar sections from different sites or from different periods of deposition is a potentially
useful technique for reconstructing a long-term continuous record of the paleoclimate of a
region. The foundations of integration generally require at least two strategically selected
sections with similar pedogenesis processes and parent materials. However, a simultaneous
study of two or more sections is time consuming and labor intensive, and the layers between
sections do not always correspond exactly. Reconstructing long-term continuous paleoclimate
records by integrating the target loess sections from a region would increase efficiency. The
prerequisite for integration is the determination of an ideal target section in a specific region.
The ideal target section should be as thick as possible and contain as many strata deposited
over the long term as possible, even if some layers at different ages in the target section are
missing. Thus, more loess sections should be investigated, and the missing layers in the target
sections should be integrated to form a long-term paleoclimate record.

Even northeast (NE) China borders the eastern edge of the Eurasian Loess Belt [24],
which contains extensive thick loess deposits [26]. Long-term and continuous paleoclimatic
records from loess deposits in NE China are scarce. Integrating the target section can be an
alternative method for reconstructing the paleoclimate of NE China. Specifically, detailed
data compilations, analyses of the loess sections in NE China, and a field survey have
indicated that the Sanbahuo (SBH) section could be regarded as an ideal target section
representing NE China. The thickness of the SBH section is 59.9 m, and the deposits date
back to 1.22 Ma, which is the oldest known loess section discovered in NE China [27]. The
SBH loess section has several strata containing paleoclimatic information, particularly in the
lower part, and it has considerable potential for reconstructing the long-term paleoclimatic
history of the region [27]. Yi et al. [28] concluded that the SBH section has preserved a
relatively complete loess sequence since the late Early Pleistocene era, comprising the Malan
(Late Pleistocene, L1), the upper Lishi (Middle Pleistocene, S1–L5), and the lower Lishi
(Middle Pleistocene, S5–L15) loess deposits. However, the upper part of the SBH section—
at a depth of ~10 m—and the MS curve have not noticeably changed since 84 ka [27],
indicating that the climate did not change during this period, which is contrary to the
rapid climate fluctuations during the entirety of the last glacial period [21]. There was
only one loose loess layer in the upper part (L1–S1 layer) of the SBH section, which was
found during the field investigation. This might indicate that the upper part of the SBH
section is incomplete and could affect the paleoclimate interpretation of the SBH section.
To eliminate negative effects, the L1 layer of the SBH section was excluded and integrated
into another section to produce a continuous composite record from 1.22 Ma [27]. Thus,
well-preserved loess sections, which can be integrated with the SBH section, need to be
identified to reconstruct a long-term continuous paleoclimatic record.

The paleoclimate information has been interpreted based on loess properties, such as
grain size [1,29–31] and magnetic susceptibility [32–35]. The paleoclimate signals recorded
in loess might have been modified to varying degrees by post-depositional processes, such
as pedogenesis, which is a weathering process, which occurs under relatively warm and
humid conditions [17]. Soil properties are derived from the depositional environment and the
pedogenic environment after wind-blown particles are deposited. The pedogenic process is
induced by climate and parent materials [36] and is controlled by environmental factors over
time [37]. During slow pedogenic processes, chemical weathering is controlled by a specific
climate, which comprises mostly downward-moving processes, including eluviation and
illuviation [38], especially of calcium carbonate and clays. Soil properties vary due to different
depositional environments and soil pedogenic processes or the degree of soil development.
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Therefore, loess strata with different properties can reflect climate change and the degree
of soil development during loess depositional periods [20,24]. The information interpreted
from the loess sequence is not only mixed but also has significant traces of the influence of
regional climate environment. Thus, the climatic environment reflected by the loess indicators
is initially regional. Based on this, deeper regional tests and global comparisons of multiple
indicators can refine the information, which reliably reflects global climate change [21,39].
However, paleoclimatic information interpreted using loess properties is mainly derived from
the China Loess Plateau (CLP), while paleoclimatic changes in NE China are rarely studied.

The prerequisites for integrating two sections are that they must be of the same sed-
iment type, genesis process, depositional age, and geomorphic features. Therefore, this
study aimed to determine the feasibility of reconstructing long-term continuous paleocli-
mate records by integrating the loess target sections from NE China. One typical loess
section (DJG section) in NE China was sampled and integrated with the already known
SBH loess section to overcome stratigraphic incompleteness and was used to reconstruct
paleoclimate changes since 71 ka.

2. Materials and Methods
2.1. Study Area and Loess Sections

The study area—where the main landform comprises high elevation in the west and
low elevation in the east—is situated in Chifeng, NE China. The region consists of hills
and valleys with elevations ranging from 661 to 1384 m (Figure 1) [40]. The loess deposited
in this area is mainly Quaternary Aeolian loess [24]. The area has a typical temperate
continental monsoon climate influenced by East Asian Monsoon circulation dynamics,
where the ranges of mean annual temperature (from 1951 to 2013) and precipitation are
0–7 ◦C and 300–500 mm, respectively [41].

The DJG loess section (42◦18′4′′ N, 118◦38′34′′ E) is exposed on a terrace, where the Yin
and the Seliga Rivers meet. The DJG loess section is located in a gully about 2.4 km northwest
from the SBH section (42◦18′27′′ N, 118◦41′17′′ E) (Figure 1c). The DJG section’s lithology
mainly consists of ten pedostratigraphies, including light brown loess layers (L1–2S2 and L1–3S1)
interbedded with weakly developed paleosols (L1–1S, L1–2S1, L1–2S3, and L1–3S2), red paleosol
layers (S), and loess layers (L1–1L, L1–2L, L1–3L) (Figure 2). According to the field guidelines by
Schoeneberger et al. [42], the loess section consists of 20 genetic horizons within 12.32 m depth.
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of the study region and locations of the investigated sections, and the red square represents the
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Figure 2. The sampled section. (a) Lithology of the DJG section; the solid red circles indicate the loca-
tion of optically stimulated luminescence (OSL) samples. (b) The DJG section with pedostratigraphy
indicated. (c) Part of the L1–2S2 layer of the DJG loess section. (d) Part of the L1–3S2 layer. (e) Part of
the S layer of the DJG loess section.

2.2. Soil Sampling and Laboratory Analysis

Approximately 30 cm of the exposed soil surface was removed for describing the
soil morphology characteristics (i.e., color, texture, structure, compactness, and horizons)
and sampling [43–45]. Following the description, pedostratigraphies, genetic horizons,



Quaternary 2024, 7, 7 5 of 21

and 5 cm interval soil samples were collected to ascertain various characteristics (i.e., soil
age dating, chemical and physical properties, and magnetic susceptibility): (1) a total of
8 optically stimulated luminescence (OSL) samples were collected from the freshly exposed
surface located at the pedostratigraphic boundaries using light-avoided steel cylinders
with a diameter of 5 cm and a length of 20 cm [46]; (2) 20 genetic horizon samples were
collected for physical and chemical analyses; (3) a total of 247 samples were collected at
5 cm intervals from the bottom to the top of the DJG section for measurement of magnetic
susceptibility (MS) and grain-size distribution. All soil samples were transported to the
laboratory, and the genetic horizon and 5 cm interval samples were air-dried for 7 days.
The air-dried samples were cleared of roots and other organic debris. Subsequently, the soil
was ground and passed through a 2 mm screen to prepare it for further laboratory analysis.

The MS2 meter was utilized to measure the low-frequency mass MS of 247 samples at
a frequency of 470 Hz with an error rate of 1%. The measurements were normalized by
mass [47]. Organic matter and carbonates within the soil matrix were removed using the
10% H2O2 and 10% HCl solution, respectively [48]. The grain size was determined using
a Malvern 2000 laser diffractometer (Malvern Instruments Ltd., Malvern, UK) [49]. The
soil pH was determined potentiometrically at a soil/solution ratio of 1:2.5 using a PHS-3C
pH Meter [50]. Soil bulk density was determined by dividing the mass of soil matrix in the
cylindrical core by the volume [51]. Soil carbonate concentrations were measured using the
modified gas evolution method [52]. The major elemental composition was determined
using inductively coupled plasma (ICP) [53].

2.3. OSL Soil Age Dating
2.3.1. Sample Preparation

The OSL samples enclosed in steel tubes were transported to the laboratory under
sealed and light-protected conditions. The preprocessing of OSL samples aimed to extract
the sedimentary quartz for measurement of the radiation dose and estimating the loess
deposition time. The preprocessing steps were conducted in subdued red-light conditions
(center wavelength: 655 ± 30 nm) in the laboratory. The unexposed soil samples were
weighed around 100 g into the 1000 mL beaker and soaked with distilled water, and 30%
H2O2 and 30% HCl were added to remove the organic matter and carbonates, respectively.
Then, the soil suspensions were washed and filtered for neutralization with distilled
water [54]. Afterward, the fine-sized mixed minerals (diameter: 4–11 µm) were separated
from the suspensions according to Stokes’ Law and soaked in fluosilicic acid for about 3
days to exclude feldspar-like minerals to purify fine-grained quartz. Lastly, the purified fine-
grained quartz for further measurement can be homogeneously precipitated on stainless
steel discs using ethanol [55,56].

After the fine-sized mixed minerals were separated, the residual samples were oven-
dried at 40 ◦C and sieved to extract the coarse-sized mixed minerals with a diameter of
90–125 µm. The feldspar (ρ < 2.62 g/cm3) and heavy minerals (ρ > 2.66 g/cm3) within
the coarse-sized mixed minerals were removed using polytungstate solutions. Then, the
remaining mineral grains were soaked in a 40% HF solution for 1 h to remove the surface
portion of the feldspar and quartz grains affected by α-rays. Later, the samples were soaked
in 35% fluorosilicate for about 2–5 days and washed with warm HCl (10%) to remove
the precipitated fluorides for purifying quartz grains (90–125 µm). Lastly, the purified
quartz grains were fixed in the center area of the 9.7 mm diameter stainless steel discs using
silicone oil to determine the equivalent dose (De) [57,58].

2.3.2. De and Dose Rate Determination

The OSL measurements were performed on a Risø TL/OSL-DA-20 reader [59], and
the tests were controlled by the sequence (program) set by the computer. The De values
of quartz (90–125 µm) were measured using the single-aliquot regenerative-dose (SAR)
protocol (Table 1) [55,60]. Different doses produced different OSL signal intensities, which
were corrected for susceptibility changes by the test dose. A dose growth curve was
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established using the corrected OSL signal intensity for each irradiation dose. Then, the
corrected natural OSL signal intensity was projected onto the growth curve, and the
corresponding equivalent dose was calculated by backward extrapolation.

Table 1. Outline of dose measurement protocols used in this study. Single-aliquot regenerative-dose
(SAR) protocol [60], simple multiple-aliquot regenerative-dose (SMAR) protocol [54,60].

Step SAR Protocol Observed c SMAR Protocol Observed d

1 Given dose, Di a (i = 0, 1, 2, 3. . . ) - Natural dose -
2 Preheat, (200~260 ◦C, 10 s) - Preheat (260 ◦C, 10 s) -
3 IR stimulation b (125 ◦C, 60 s) - IR stimulation (125 ◦C, 60 s)
4 Blue light stimulation (125 ◦C, 60 s) Lx Blue light stimulation (125 ◦C, 60 s) Li
5 Test dose - Test dose
6 Cut heat (160 ◦C, 10 s) - Cut heat (220 ◦C, 10 s) -
7 IR stimulation (125 ◦C, 60 s) - IR stimulation (125 ◦C, 60 s) -
8 Blue light stimulation (125 ◦C, 60 s) Tx Blue light stimulation (125 ◦C, 60 s) Ti
9 Return to step 1 -

a For the natural sample, i = 0, and D0 = 0 Gy. b The stimulation time is dependent on stimulation light intensity.
c Lx and Tx are derived from the initial OSL signal (0.3 or 0.8 s) minus a background estimated from the last part
of the stimulation curve. d The equivalent dose value is the ratio of natural dose to its post-test dose OSL signal
(Li/Ti).

The De values of purified quartz (4~11 µm) were measured using the simple multiple-
aliquot regenerative-dose (SMAR) protocol (Table 1) [54,60]. At the end of the multi-aliquot
natural- and regenerative-dose OSL signal (Li) test, all aliquots were irradiated with the
measured dose for one hour, and the resulting sensitivity change was monitored and
corrected with the measured dose OSL signal (Ti). The equivalent dose value is the ratio of
the natural dose to post-test dose OSL signal (Li/Ti) [57].

For all samples, inductively coupled plasma mass spectrometry (ICP-MS) was used to
measure the uranium (U) and thorium (Th) concentrations, and K content was determined
by inductively coupled plasma optical emission spectrometry (ICP-OES) analysis [58]. The
experiment was conducted at the Analysis and Testing Center of the Institute of Earth
Environment, Chinese Academy of Sciences.

The environmental dose rates can be calculated using the following equation:

D = 0.04 Dα + Dβ + Dγ + Dc (1)

where D represents environmental dose rates; Dα, Dβ, and Dγ represent the dose rates
(Gy/a) from α, β, and γ radiation in the environment. The values of Dα, Dβ, and Dγ were
obtained by converting the U, Th, and K concentrations in the samples and correcting for
water content [61]. Dc represents the dose rate from cosmic rays.

Following the De and dose rate determination, the ages of OSL samples from the DJG
section can be calculated using the following equation:

A = De/D (2)

where A represents the age (in ka); De represents the equivalent dose (in Gy); D represents
the environmental dose rate (in Gy/ka).

2.4. Data Analyses
2.4.1. Parent Material Uniformity

Cremeens et al. [62] summarized a mathematical quantitative equation for the unifor-
mity value of the parent material.

UV =
[(si + v f s)/(s − v f s)]upper

[(si + v f s)/(s − v f s)]adjacent lower
− 1.0 (3)
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where si represents the silt (2–50 µm) concentration (%); vfs represents the very fine sand
(50–100 µm) concentration (%); and s represents the sand (50–2000 µm) concentration (%).

2.4.2. Chronology

Interpolation based on the magnetization model (Equation (3)) was used to reconstruct
the paleoclimate [63].

Tm = T0 + (T1 − T0)

(
m

∑
i = 1

aisi

)(
n

∑
i = 1

aisi

)−1

(4)

where Tm represents the age of a layer (i); T0 and T1 represent the ages of the two control
points; n represents the total number of layers between the two age control points; m
represents the total number of layers before the age of the requested layer; ai represents the
thickness of a layer; si represents the mass magnetization value of a layer. T0 and T1 can be
any point in the section, T1 > T0.

2.4.3. Soil Redness Rating

The redness rating (RR) values can be used to estimate pedogenic strength, which can
be computed using Equation (4) [64–66].

RR = (K − H) × C/V (5)

where K is 12.5; C represents the chroma; V represents the value; and H is determined
according to hue (i.e., 10YR = 10, 7.5YR = 7.5, 5YR = 5, 2.5YR = 2.5).

2.4.4. Soil Chemical Weathering Intensity Index

The elemental molar ratios widely used in loess research include the Chemical Index of
Alteration (CIA) [67], K2O/Na2O ratio [68], SiO2/Al2O3 ratio (Sa), Fe2O3/Al2O3 ratio [69],
ba value, and Ki value, which were used in this study to quantify the weathering intensity
of the DJG section. The measured molar CaO content was corrected for Ca in apatite using
the available measured P2O5 content, and the CaO/Na2O molar ratio was assumed to not
be greater than that in the silicate material. When the remaining mole of CaO (corrected
for apatite) was greater than Na2O, mNa2O was adopted. In contrast, when the remaining
mole of CaO was less than that of Na2O, mCaO* was used [14,69].

3. Results
3.1. Soil Morphological Characteristics of the DJG Section

The thickness of the DJG section was 12.32 m. It can be observed that the pedos-
tratigraphy was clear, as shown in Figure 2. The whole section was divided into loess
(L1) (0–11.03 m) and red paleosol (11.03–12.32 m) (S). The L1 layer was divided into the
pedostratigraphic sub-layers L1–1 (0–2.53 m), L1–2 (2.53–7.90 m), and L1–3 (7.90–11.03 m),
each marked with a specific symbol throughout the section (Figure 2a). According to the
soil color and calcium carbonate presence (Table 2), the L1–1 layer was divided into L1–1L
(0–1.95 m) and L1–1S (1.95–2.53 m); the L1–2 layer was divided into L1–2L (2.53–4.92 m),
L1–2S1 (4.92–5.60 m), L1–2S2 (5.60–6.78 m), and L1–2S3 (6.78–7.90 m); and the L1–3 layer was
divided into L1–3L (7.90–9.09 m), L1–3S1 (9.09–10.31 m), and L1–3S2 (10.31–11.03 m). Among
the layers, the L1–1S, L1–2S1, and L1–2S3 layers had different degrees of calcium carbonate
accumulation; the L1–3S2 layer formed calcium carbonate nodules of different sizes. In
addition, the L1–2S2 and L1–3S1 layers were brown (10YR 4/4), and the S layer was red
(i.e., a paleosol layer).
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Table 2. Soil morphological characteristics of the DJG section.

GS a PS a LS a Horizon Depth
(m)

Munsell
Color Structure b Texture c Notes

L1

L1–1

L1–1L
(0–1.95)

Ah 0–0.12 10YR4/4 2, F, SBK SL Common plant roots.
AB 0.12–0.41 10YR5/6 2, F, SBK SL

Few white pseudomycelium d.Bw 0.41~0.82 10YR4/4 2, F, SBK SIL
Bk 0.82~1.95 10YR7/4 2, M, SBK SIL

L1–1S
(1.95–2.53) 2Bkb 1.95~2.53 10YR7/4 2, M, ABK SIL Many CaCO3 accumulated.

L1–2

L1–2L
(2.53–4.92)

3Bb1 2.53~3.53 10YR7/4 2, M, SBK SIL
Few white pseudomycelium.3Bb2 3.53~3.95 10YR6/4 2, M, SBK SIL

3Bb3 3.95~4.92 10YR6/4 2, M, SBK SIL
L1–2S1

(4.92–5.60) 3Bkb1 4.92~5.60 10YR6/4 2, M, SBK SIL Many CaCO3 accumulated.

L1–2S2
(5.60–6.78)

3Bkb2 5.60~6.02 10YR4/6 2, M, SBK SL Few white pseudomycelium.
3Bb4 6.02~6.78 10YR4/4 2, M, ABK SL

L1–2S3
(6.78–7.90) 3Bkb3 6.78~7.90 10YR4/4 2, M, SBK SL Many CaCO3 accumulated.

L1–3

L1–3L
(7.90–9.09)

4Bb1 7.90~8.34 10YR4/4 2, M, SBK SL
Few CaCO3 accumulated. Few Fe-Mn nodules.4Bb2 8.34~9.09 10YR7/4 2, M, SBK SL

L1–3S1
(9.09–10.31)

4Bkb1 9.09~9.32 10YR4/4 2, M, ABK SL Pores significantly increased, 5% white pseudomycelium, few
CaCO3 accumulated.4Bkb2 9.32~10.31 10YR4/6 2, M, ABK SL

L1–3S2
(10.31–11.03) 4Bkb3 10.31~11.03 10YR6/6 2, M, ABK SIL 30% CaCO3 nodules (6–20 mm; the thickest part of the carbonate

nodules can reach 54 cm) reacted strongly to dilute acid.

S S
S

(11.03–12.32)

5Btrb1 11.03~11.81 5YR5/6 2, M, ABK SIL 3% Fe-Mn nodules, 2% clay films, few CaCO3 nodules, reacted
strongly to dilute acid.5Btrb2 11.81~12.13 5YR5/4 2, M, ABK SIL

5Btrb3 12.13~12.32 5YR4/6 2, M, ABK SIL
a GS, geological strata; PS, pedostratigraphy; LS, layer symbol. b Soil structure: Grade: 1 = weak; 2 = moderate; 3 = strong; Size: F = fine; M = medium; Type: ABK = angular blocky;
SBK = sub-angular blocky. c Soil texture: SL, sandy loam; SIL, silt loam. d Pseudomycelium = carbonate filaments.
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3.2. Sedimentary Characteristics and Age of the DJG Section
3.2.1. Soil Age of the DJG Section

Depositional age determination of the DJG section was conducted at the Analysis and
Testing Center of the Institute of Earth Environment, Chinese Academy of Sciences (Table 3).
The De values range from 71.14 ± 2.65 Gy to 721.95 ± 15.48 Gy from the upper layer to the
sub-layer. Correspondingly, the soil age of the upper layer is 17.94 ± 1.14 ka, and the soil
age of the sub-layer is 196.34 ± 10.89 ka. The depositional ages of upper L1–1L (0.6 m), upper
L1–2L (2.76 m), upper L1–2S1 (5.05 m), upper L1–2S3 (6.63 m), lower L1–3L (9.0 m), lower L1–3S1
(10.31 m), lower L1–3S2 (11.03 m), and middle S (11.31 m) were 17.94 ± 2.65, 34.27 ± 2.50,
39.27 ± 2.79, 41.67 ± 1.61, 66.97 ± 4.72, 71.50 ± 4.36, 181.58 ± 10.42, and 196.34 ± 10.89 ka,
respectively (Table 3). The age of sample 6—collected at a depth of 10.31 m from the bottom
of the L1–3S1 layer—was 71.5 ± 4.36 ka (De = 277.26 ± 4.92 Gy), which was in agreement
with the age (71 ka) of L1/S1 boundary within the margin of error [4]. Several papers had
suggested that a reliable quartz OSL De value for loess distributed in China is around ~230
Gy (or lower than 300 Gy) and that the saturation age is around ~100 ka [9,57,58]. Two quartz
samples—L1–3S2 and middle S—have De values higher than 300 Gy. The reliability of these
two layers could not be confirmed in this study; therefore, all layers above the L1–3S2 layer
(depositional age at 71.5 ± 4.36 ka) were studied. The ages of all samples, except those from
the L1–3S2 and S layers, were close to expected values. The chronology of the DJG section was
generated via linear interpolation of the MS model (Equation (4)).

Table 3. Environmental radioactivity and dating results.

Sample
ID

Depth
(m)

U
(ug/g)

Th
(ug/g)

K
(%)

Water
Content

(%)

Dose Rate a

(Gy/ka)
OSL De

b

(Gy)
OSL Age

(ka)

1 0.61–0.66 2.19 ± 0.08 10.10 ± 0.44 2.07 ± 0.05 8 ± 4 3.97 ± 0.21 71.14 ± 2.65 17.94 ± 1.14
2 2.76–2.81 2.56 ± 0.13 10.58 ± 0.45 2.03 ± 0.07 8 ± 4 4.02 ± 0.22 137.14 ± 6.61 34.15 ± 2.50
3 5.05–5.10 2.53 ± 0.06 10.42 ± 0.19 2.02 ± 0.05 9 ± 4 3.92 ± 0.21 153.89 ± 7.16 39.27 ± 2.79
4 6.63–6.68 2.95 ± 0.07 9.89 ± 0.16 2.00 ± 0.05 10 ± 5 3.29 ± 0.12 137.09 ± 2.24 41.67 ± 1.61
5 9.00–9.05 2.95 ± 0.08 12.30 ± 0.26 1.92 ± 0.07 10 ± 5 4.08 ± 0.24 273.12 ± 10.31 66.97 ± 4.72
6 10.31–10.36 2.85 ± 0.05 12.02 ± 0.20 1.83 ± 0.01 11 ± 5 3.88 ± 0.23 277.26 ± 4.92 71.50 ± 4.36
7 11.03–11.08 2.76 ± 0.07 11.28 ± 0.14 2.03 ± 0.01 14 ± 5 3.84 ± 0.21 697.62 ± 10.34 181.58 ± 10.42
8 11.31–11.36 2.19 ± 0.04 10.34 ± 0.11 2.30 ± 0.03 18 ± 5 3.68 ± 0.19 721.95 ± 15.48 196.34 ± 10.89

a The alpha efficiency for quartz was taken as 0.035 ± 0.003 [56]. b De is the equivalent dose.

3.2.2. Grain-Size Characteristics

The frequency curve of the DJG section showed a bi-modal distribution (Figure 3a),
with the greatest peak at 30–70 µm—accounting for ~55% of the soil by weight relative to
the basic dust fraction [20]—and a low peak at 5–10 µm. The ratio (%) reached a maximum
mode size and decreased in both coarse and fine directions, with a long tail on the fine
side, which was skewed toward the coarser side and was thus asymmetric. The cumulative
curve of the DJG section (Figure 3b) was S-shaped, with straight line as the main body, and
the samples comprised a coarse component (30–80%) with a modal size range of 35–43 µm.
The cumulative curve of the DJG section contained inflection points at 3 and 9 Φ.

Considering the particle-size distribution of the DJG sections (Figure 4), the clay, silt,
and sand fractions varied with depth and were mainly related to pedogenesis processes
and the original deposition of eolian loess, as reported in a previous work [39]. The clay
concentration in the L1–1 layer was <1%, and the silt (50–2 µm particle size) concentration
increased to a maximum of 70% in the L1–1S layer; conversely, the sand concentration
decreased to 29%, with little change in standard deviation (SD) in the vertical direction
(Figure 4). The clay concentration in the L1–2 layer was <1%; the silt concentration decreased
to a minimum of 29% in the L1–2S3 layer; meanwhile, the sand concentration reached 70%,
with little change in SD. The clay concentration in the L1–3 layer first increased to 4% with
depth in the L1–3S1 layer, then decreased to 1% in the L1–3S2 layer. The silt concentration
gradually increased from 27% in the L1–3L layer to about 50% in the L1–3S1 layer. The sand
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concentration gradually decreased from 70% in the L1–3L layer to about 50% in the L1–3S1
layer. The SD at the interface of the L1–3S1 and L1–3S2 layers sharply increased to 2.0, and
the SD of the L1–3S2 layer was 1.4. The clay concentration in the S layer was 2%, and the silt
concentration was ~70%, with a stable SD of 1.4. The distribution of individual silt fractions
on a clay-free basis was 28% for silt particles of 50–2 µm in the L1–2S3 and L1–3L layers and
up to 70% for the sand (≥50 µm) concentration in the L1–2S3 and L1–3L layers, which was
numerically greater than in all other layers. Apart from the L1–2S3 and L1–3L layers, the
concentration of silt particles (50–2 µm) was up to 60% in the remaining horizons, and the
coefficient of variation (CV) of the silt concentration was 24 (Table 4). This suggested that
the DJG loess section had a uniform source or parent material and a stable depositional
environment. The coarse silt (CSI)/medium silt (MSI) ratios of the DJG section ranged from
3 to 6 with a CV of 17 (Table 4).
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Table 4. Clay-free grain-size distributions and UV and Ti/Zr ratio of the DJG section.

PS a Depth (m) SI b (%) CSI/MSI c VFS d (%) S e (%) UV Ti
(mg kg−1)

Zr
(mg kg−1) Ti/Zr

L1–1L 0–1.95 58.3 4.4 34.7 41.7 0.06 3146 336 9.5
L1–1S 1.95–2.53 68.9 3.7 27.7 31.1 0.11 3318 296 11.2
L1–2L 2.53–4.92 66.0 3.3 28.3 33.9 0.09 3536 300 11.8
L1–2S1 4.92–5.62 53.6 3.6 34.5 46.4 0.12 3331 362 9.2
L1–2S2 5.62–6.78 48.4 3.5 36.0 51.6 0.05 3752 423 9.0
L1–2S3 6.78–7.90 30.2 5.0 45.6 69.8 0.10 3568 455 7.8
L1–3L 7.90–9.09 28.8 5.6 47.8 71.2 0.07 3178 454 7.3
L1–3S1 9.09–10.31 48.9 3.3 34.9 51.1 0.08 3476 335 10.3
L1–3S2 10.31–11.03 56.8 3.6 33.4 44.7 0.23 3286 309 10.6

S 11.03–12.32 66.1 3.6 30.2 35.5 0.08 3960 36 12.2
mean 53.8 4.0 34.9 46.6 3424 350 10.1
SD f 13.2 0.7 6.2 13.0 253.3 63.3 1.6

CV g (%) 24.6 17.6 17.7 27.9 7.4 18.1 15.8

a PS = pedostratigraphy; b SI = silt (2–50 µm); d c CSI/MSI = coarse silt (50–20 µm)/medium silt (20–10 µm);
d VFS = very fine sand (50–100 µm); e S = sand (50–2000 µm); f SD = standard deviation; g CV = coefficient
of variation.
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3.2.3. Parent Material Uniformity of the DJG Section

The UV parameter (Equation (3)) and Ti/Zr ratio indicated uniformity of the sediment
source [62,70]. Chen [71] reported that the UV tends to be 0, and the similarity of a parent
material source is greater in two layers when the absolute UV is >0.6, indicating different
parent materials in adjacent layers. The UVs of the DJG section were <0.6 in each layer
(Table 4), indicating that the parent materials were uniform. Drees and Wilding [68]
reported that a CV of the Ti/Zr ratio > 22% indicates non-uniform parent materials. In
contrast, Chapman and Horn [72] reported that differences > 100% were required to
detect lithologic changes. A CV of 15.82% for the Ti/Zr ratio suggested uniform materials
throughout the DJG section. These results indicated that the parent material in the DJG
section was uniform.

3.3. Soil Pedogenesis Characteristics

Soil bulk density, pH, CaCO3 concentration, RR value, and weathering index changed
with depth for the DJG loess section (Figure 5). The bulk density and CaCO3 concentration
in the L1–1 layer were ~1.4 g/cm3 and 8%, respectively. The RR value (Equation (5)) and
soil organic carbon (SOC) concentration in the L1–1 layer were ~2 and 10 g/kg, respectively.
Soil pH increased with depth and ranged from 6.8 to 7.2. The MS was ~50 (10−8 m3/kg).
The K2O/Na2O and Fe2O3/Al2O3 ratios were 0.8 and 0.18, respectively. The CIA value was
49 in the lower part of the L1–1L layer and 52 in the L1–1S layer. The (Al2O3 + Fe2O3)/(CaO
+ MgO + Na2O) value (Ki) increased numerically with depth, and the L1–1S layer had a
large Ki value due to calcium accumulation. The SiO2/Al2O3 ratio (Sa) and (CaO + K2O +
Na2O + MgO)/Al2O3 (ba) values gradually decreased numerically with depth, and the Sa
and ba values were lowest in the L1–1S layer.
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Soil bulk density of the L1–2 layer was a minimum of 0.81 g/cm3 in the L1–2S2 layer
and remained at ~1.4 g/cm3 in the remaining layers. The SOC and CaCO3 concentrations
were low in the L1–2S2 layer—6 g/kg and 2%, respectively—with little variation in the other
layers. Soil pH increased from 7.4 to 7.8 with depth. The RR value and Fe2O3 and MnO
concentrations in the L1–2S2 layer increased with depth—4, 3.0 wt%, 0.05 wt%, respectively—
compared to the adjacent layer (L1–2S1 and L1–2S3 layers). The Fe2O3 concentration was
maximum in the L1–2L layer (3.4 wt%), whereas the Sa ratio had a nadir of 9.5, which
corresponded to the peak in the MS curve. The CIA and Ki values, as well as the K2O/Na2O
and Fe2O3/Al2O3 ratios, were 52, 0.6, 0.9, and 0.19, respectively, whereas the ba and Sa
ratios were 2 and 11, respectively, in the L1–2S2 layer.

Soil bulk density in the L1–3L, L1–3S1, and L1–3S2 layers was 1.5, 1.2, and 1.6 g/cm3,
respectively. Soil pH in the L1–3L layer reached maximum at 8.0, and it was 7.2 in all
other layers. The RR value and Fe2O3 and MnO concentrations in the L1–3S1 layer were
4, 3.2, and 0.05 wt%, respectively. The SOC and CaCO3 concentrations in the L1–3S1 layer
were 11 g/kg and 8%, respectively. The CIA and Ki values, as well as the K2O/Na2O and
Fe2O3/Al2O3 ratios in the L1–3S1 layer were 54, 0.8, 0.9, and 0.19, respectively, indicating a
sharp increase corresponding to the peaks in the MS curve. The ba and Sa ratios were 1.4
and 10, respectively.

Soil bulk density in the S layer was 1.6 g/cm3, and soil pH decreased from 7.4 to
6.9 with depth. The RR value and Fe2O3 concentrations ranged from 8 to 12 and from
3.2 to 3.6 wt%, respectively. The SOC and CaCO3 concentrations were ~6 g/kg and ~4%,
respectively. The S layer had the largest CIA and Ki values—as well as K2O/Na2O and
Fe2O3/Al2O3 ratios—and the lowest ba and Sa ratios compared to the upper L1 layer in
the DJG loess section.
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4. Discussion
4.1. Integrating a Typical Loess Section in NE China
4.1.1. Feasibility of Integrating Typical Sections

Full comparison of the sediment types, genesis processes, deposition ages, and geo-
morphic features of DJG and SBH sections is a prerequisite for integration. The DJG and
SBH sections were derived from aeolian loess, which indicated the feasibility of integrating
these two sections for paleoclimate reconstruction [27,41]. This inference was reasonable,
given the bi-modal distribution of the frequency curve of grain-size distribution in the DJG
section (Figure 3a). Bi-modal distribution is consistent with the loess found on the Loess
Plateau in China [73], which also has a bi-modal distribution with overlapping coarse and
fine grains—the main component of coarser grains. It has pronounced kurtosis and good
sorting, which varies depending on the ratios of the two components and mode size. Fur-
thermore, the greatest peak domain of the 30–70 µm coarse particles—accounting for ~55%
of the soil by weight—indicated typical loess, and thus, an eolian origin [73]. The eolian
particle dynamics indicated that the coarse-grain fraction was generally transported by
surface winds over a short distance [74]. The cumulative curve of the grain-size distribution
(Figure 3b) was S-shaped, with straight line as the main body of the curve, and contained 3
and 9 Φ inflection points. The size of grains transported in low-altitude suspended dust is
>4–6 Φ or 4.3 Φ, whereas those <4.3 Φ on the ground are transported by being rolled or
bounced (i.e., saltation) [75,76]. These results support the conclusion that the DJG section
contained typical aeolian loess and that the transport mode of the DJG section was mainly
low-altitude suspension, with a small portion of particles being transported by saltation.

A comparison of MS curve variations between the two loess sections indicated that
the L1 layer of the SBH section had no shifts with depth, whereas the DJG section varied
with depth (Figure 6). The MS curve of the loess sequence reflects multi-cycle variations in
the paleoclimate and can be compared with marine oxygen isotope records [4,77], further
indicating that the DJG section contains multiple alternating cold–dry and warm–wet
stages due to differences in pedogenesis [78]. A comparison of the color, geochemical
indices, and soil weathering index variability provided additional support for the DJG
section having undergone different pedogenic intensities.

Soil color is the most visual representation of soil properties, and changes in loess soil
color are caused by local climatic conditions, strong or weak weathering and pedogenesis,
and corresponding changes in the original composition [22,66]. The RR value represents
the reddening process of the soil during pedogenesis and closely correlates with large
and small lithostratigraphic values in paleosols and loess units, respectively [65]. The RR
value of the L1–2S2, L1–3S1, and S layers was large in the DJG section, implying stronger
pedogenesis than in the adjacent layers (Figure 5). The low calcium carbonate concentration
in the L1–2S2, L1–3S1, and S layers indicated that decalcification had occurred. Geochemical
indices indicated initial weathering and pedogenesis [79]. The degree of weathering
was identified in the DJG section using the soil weathering index (Figure 5). The CIA
can indicate pedogenesis and weathering. Fedo et al. [80] classified the degree of soil
weathering based on CIA values of 50–60, 60–80, and >80 as primary, intermediate, and
extreme, respectively. The CIA values of the L1 layer were <55 (Figure 5), indicating that
the layer was likely unweathered. The L1–3L layer had the lowest CIA value, indicating
the weakest weathering in the entire section. The S layer had a CIA value of 60, indicating
a primary degree of weathering. The CIA values of the L1–2S2, L1–3S1, and S layers were
larger compared to the adjacent layers in the DJG section, implying a higher degree of soil
weathering than in the adjacent layers.
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Because a relatively large carbonate concentration might impact the absolute chemical
composition of loess owing to various degrees of leaching and illuviation during soil
formation, element ratios are used to minimize the effect of carbonate dilution and infer
past climate variation [81]. Liu [20] proposed that the Sa ratio gradually decreases with
increased soil weathering, whereas the K2O/Na2O ratio tends to increase during soil
formation. The Sa and K2O/Na2O ratios gradually decreased and increased, respectively,
in the L1–2S2, L1–3S1, and S layers (Figure 5) due to different weathering intensities of soil
formation. Li et al. [82] proposed that the ba value could reflect the leaching and migration
of elements Ca and Na, whereas the Ki values could reflect the relative enrichment of
Fe and Al. The large Ki values—as well as K2O/Na2O and Fe2O3/Al2O3 ratios—in the
L1–2S2, L1–3S1, and S layers and the low ba values indicated enrichment of Fe and Al and
leached Ca and Na due to strong weathering. The L1–2S2, L1–3S1, and S layers of the DJG
section had numerically greater RR values, leached Ca and Na, and enriched Fe and Al
caused by stronger pedogenesis compared to the L1 layer in the SBH section. Thus, the DJG
section had undergone different pedogenic intensities and recorded multi-cycle variations
in the paleoclimate. Consequently, the DJG section can be integrated with the upper part
(i.e., the L1 layer) of the SBH section to overcome the missing paleoclimatic information in
the SBH section.

4.1.2. Outcome of Integrating Two Typical Loess Sections

The lithostratigraphic comparison in the field and the depositional ages of the two
sections showed that the L1 layer of the DJG section (i.e., 10.31 m, 71.5 ka) could be
integrated with the upper part (i.e., the L1 layer) of the SBH section (Figure 6). The
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isochrons between the two sections were established based on the reliable independent
chronology of these two sections (Figure 6) [83].

The upper part of the L1–3S1 layer (10.31 m) was selected for integration because the
L1–3S1 layer has continuous deposition, whereas the lower L1–3S1 layer has intermittent
deposition. The deposited ages of the L1–3S1 and L1–3S2 layers were ~71.5 and ~181.58 ka,
respectively. The deposited age of the L1–3S2 layer (i.e., with carbonate nodules) ranged
from 181 ± 10.42 to 71.5 ± 4.36 ka. Depositional interruptions might be caused by erosion
between depositional events, as one layer does not reflect climate changes over hundreds
of thousands of years [84].

The SD of all particles in the DJG section provided additional support for the loess
deposit being discontinuous, where the SD is often used to indicate uniformity of the sedi-
ment and distinguish the sedimentary environment [85,86]. Based on the large fluctuations
in the SD of all particle sizes in the L1–3 layer of the DJG section, the DJG section was
considered interrupted in the lower part of the L1–3 layer. This inference was reasonable,
given that the SD was minimal in the upper part of the L1–3 layer (SD = 1.2), indicating
good sorting. However, the SD sharply increased to 2.0 at the interface of the L1–3S1 and
L1–3S2 layers, indicating poor sorting (Figure 4). The field investigation revealed a fine sand
and gravel layer at the interface of the L1–3S1 and L1–3S2 layers, which might have been
influenced by flowing water. Therefore, the interface of L1–3S1 and L1–3S2 layers might have
experienced intermittent deposition. Moreover, the soil age in the lower part of the L1–3S1
layer was 71.5 ka; hence, the deposition was continuous until 71.5 ka and intermittent after
71.5 ka. The upper part of the L1–3S1 layer (10.31 m) was selected for integration with the
SBH section deposited 71 ka ago. As the deposition of the DJG section was discontinuous
during 84 ka–71 ka, another section should be integrated with the SBH section, so that
a continuous record can be obtained from 1.22 Ma. However, the deposition of the DJG
section has been continuous since 71 ka and intermittent after 71 ka; hence, 71 ka was
selected for paleoclimate reconstruction and interpretation.

4.1.3. The Advantages and Limitations of Integrating the Loess Sections

Integrating the target sections of loess could reconstruct regional long-term continuous
paleoclimate records where discontinuous loess sequences occurred. In addition, integrat-
ing the target sections of a region would render the study more purposeful and save a great
amount of time and labor. Based on the integrated loess section, paleoclimate records can
be rapidly and accurately reconstructed using soil age dating methods. However, a full
comparison of the sediments, genesis processes, and geomorphologies of these sections
is needed before integration, which requires detailed investigations and data as supports.
The problem of homogeneity arises during the integration of sections. For example, the
integration parts of the two sections may have the same depositional age but different
genesis. The integration part may have the same depositional age, but the parent material
may not be uniform. The depositional ages, genesis processes, parent materials must be
the same for the junction layers of the integration sections, which are very difficult to find.
These integration prerequisites restrict the wide use of integration. Another problem is that
sampled sections may also experience depositional discontinuity events, and only the de-
positional continuum layer would be integrated with the target section. The discontinuous
depositional layer of the section should find another section for integration with the target
section in order to reconstruct a continuous and complete record.

4.2. Reconstructing the Paleoclimate of NE China

The MS curve of the loess–paleosol sequence reflects multi-cycle variations in the
paleoclimate and can be compared with the marine oxygen isotope record [4,34,87]. Grain
size is a good proxy for the Asian winter monsoon [6,30,88]. During dust transportation,
wind sorting is an important factor in the abrasion and size reduction of dust particles [89].
In this study, the climate change information in NE China was interpreted based on the
MS and content of the coarse fraction > 63 µm (Figure 7). The perpendicular direction
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of the coarse fraction content > 63 µm represents the direction of dust transport, which
corresponds to that of regional wind [90].

According to the marine isotope stage (MIS) boundary, the MIS 1/2, MIS 2/3, MIS
3/4, MIS 4/5, and LR04 ages were 11.7, 29, 57, and 71 ka, respectively [91]. The climatic
evolution of the last glacial period in the DJG section can be divided into three large zones
and ten sub-zones (Figure 7). The paleoclimate of NE China was generally divided into
stages I, II, and III (Table 5). The climate changed from warm and humid to cold and dry
from 71 to 57 ka during stage I (equivalent to MIS 4), alternated between cold and warm
temperatures from 57 to 29 ka in stage II (equivalent to MIS 3), and was overall cold and dry
from 29 to 11.7 ka but warm from 18 to 11.7 ka in stage III (equivalent to MIS 2) (Figure 7
and Table 5). The substantial strengthening of the winter monsoon around 39, 52, 56, and
62 ka was almost synchronous with the occurrence of the Heinrich event [92].

Table 5. Climatic information obtained by comparing MS and fraction of grain size > 63 µm of the
DJG section.

Stage Sub-Zones MS a >63 µm Paleoclimate Interpretation

Stage I
(L1–3)

I-a
(L1–3S1) Highest Low The winter monsoon was weakened,

and the climate was warm and humid.

I-b Low High
The winter monsoon was strengthened,

and the climate entered a cold and
dry period.

I-c Minimum Highest
The winter monsoon was strengthened,
and the climate gradually turned colder

and drier.

I-d Increased slowly High The winter monsoon prevailed, and the
climate was cold.

Stage II
(L1–2)

II-a Had two peaks Decreased gradually
from 60% to 40%

The winter monsoon began to
gradually weaken.

II-b Had two peaks and one
valley

Decreased gradually
from 40% to 20% The climate was volatile.

II-c Had one peak Decreased gradually The climate of 32~29 ka was cold
and dry.

Stage III
(L1–1)

III-a Decreased gradually Increased gradually The climate gradually deteriorated and
became colder and drier.

III-b The lowest Increased The climate was dry and cold, and the
temperature decreased significantly.

III-c Small peak Increased gradually The overall climate was dry and cold.
a MS, magnetic susceptibility.

In MIS 4, the MS curve fluctuation trend of the DJG section showed that the climate
changed from warm to cold, which coincided with the gradually increasing ice volume
in the benthic δ18O curve (Figure 7) [93]. In MIS 3 (i.e., 57–29 ka), the climate recorded in
the DJG section was unstable and fluctuated significantly (alternating between warm and
cold), which was consistent with the unstable climate recorded by the benthic δ18O curve.
In MIS 2 (i.e., 29–11.7 ka), the cooling–drying trends recorded in the DJG loess section
were correlated with the increase in high-latitude ice volume. This is consistent with the
hypothesis that cooling and ice volume expansion at high latitudes were the drivers of
long-term stepwise aridification of the Asian interior [1,26,94] (Figure 7).

In this study, the Yuanbao (YB) section of the CLP was selected for comparison with
the DJG section (Figure 7). Chen et al. [95] pointed out that the YB section—located at the
northwestern edge of the CLP—was a representative eolian loess depositional section, with
the Malan loess layer (i.e., layer L1) containing nine pedogenic layers. The results indicated
that the YB section recorded a high-resolution history of summer and winter monsoon
climate variations over the last 75 ka, which showed a high degree of similarity with the
warm interstadials recorded in ice cores from Greenland and the Antarctic. Variation in the
MS curve of the DJG section coincided well with the MS curve of the YB section, indicating
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that the fluctuations in paleoclimate were consistent (Figure 7). During MIS 2, both DJG and
YB sections recorded a generally weak summer monsoon (low MS values), while the winter
monsoon was quite strong and variable, which coincided with cold global temperatures.
During MIS 3, in the DJG and YB sections, the MS curves showed a similar pattern of
variation, and the main MS peaks could be easily correlated between the two sections.
Chen et al. [95] showed that the summer monsoon was generally very strong and variable,
while the winter monsoon was quite weak during 50–30 ka. However, upon detailed
comparison, the paleoclimate information reflected by the DJG section was not a one-to-one
correspondence with the YB section. The differences may be the result of regional climatic
effects and a relatively high degree of variability in the depositional environment over
short distances [96]. During MIS 4, the climate recorded in the DJG section changed from
warm and humid to cold and dry. Chen et al. [95] indicated that the summer monsoon was
generally weak and showed a small range of variation, but in addition, the winter monsoon
was not strong and did not show a range of variation during 70–50 ka. There were some
differences in the start and end times of the warm period, which might have been due to
the different dating methods.

Variations in grain-size distribution coincide well with loess and pedogenic layers
(Figure 7). The percentage of coarse fraction can indicate variability in the Asian winter
monsoon [88]. Several times, the content of coarse fraction in the DJG and YB sections
decreased significantly, which corresponded to warm periods in the benthic δ18O curve
(Figure 7). The grain-size distribution curves (>40 µm) from the YB section displayed a high-
frequency, high-amplitude pattern, while the DJG section had relatively low amplitudes.
Moreover, it is noteworthy that the grain-size distribution of the DJG section was overall
coarser than the YB section, which might have been caused by topographic variation and
by the distance to dust sources [96]. Overall, the paleoclimate record preserved by the DJG
section was consistent with that preserved by the benthic δ18O curve and the YB section,
demonstrating that the chronology of the DJG section was valid and could be used for
paleoclimate reconstruction in NE China.
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grain size; and the DJG and YB sections represent the Dajiugang and Yuanbao sections, respectively.
The red lines represent the boundaries of the MIS stages. The pink dotted lines indicate MS peaks
of the DJG section, corresponding to MS peaks of the YB section. The blue squares show the warm
periods in the DJG and YB sections, which correspond to the benthic δ18O stack.

5. Conclusions

This study showed that the DJG section could be merged with the upper part (layer
L1) of the target SBH section. The DJG section was close in proximity to the SBH section,
and the parent material and genesis of these two sections were similar, with clear and
identical depositional ages. In particular, the DJG section recorded multiple climate cycles
and could overcome the lack of paleoclimatic information in the SBH section from 71 ka.
The paleoclimate record preserved by the DJG section was consistent with the benthic
δ18O stack (LR 04) and the YB section. The overall climate of NE China during 29–11.7,
57–29, and 71–57 ka was cold and dry, alternately cold and warm, and warm and wet to
cold and dry, respectively. The paleoclimate information of the target SBH section during
84–71 ka will need to be integrated with another loess section because the DJG section was
discontinuous during 181–71 ka. Integrating the target sections could be an alternative
method of reconstructing long-term continuous paleoclimate records.
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