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The aeolian deposits in the coastal region of North China are important for reconstructing paleoclimate.
In this paper, chronology, climatic proxies and chemical compositions of four loess sections were studied.
Optically stimulated luminescence (OSL) dating results indicate that the coastal loess was accumulated
during late Quaternary, with ages ranging from the penultimate glacial period to the latest Holocene.
Both granulometric characteristics and geochemical properties indicate that the dust provenance of the
coastal loess is partially different from that of the Chinese Loess Plateau, characterized by more proximal
contributions. Except distal dust transported by northwesterly winter winds from the inland gobi and
sand deserts, the coastal loess also contains proximal, local coarse particles, which were derived from the
exposed shelf as well as neighboring hills. Multiple climatic proxies, including color, magnetic susceptibility and particle size parameters, correlate well with the marine SPECMAP d18O record, indicating that
climatic changes in the coastal region of North China during the late Quaternary was mainly controlled
by variations of the East Asian monsoon, driven by changes in global ice volumes.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
Loess is widespread in the world, covering about 10% of the land
surface (Taylor et al., 1983; Liu, 1985; Tsoar and Pye, 1987). The
largest loess area is in central China, known as the Chinese Loess
Plateau. Continuous loess-paleosol sequences associated with
glacial-interglacial cycles during the Quaternary are among the best
long-term terrestrial paleoclimatic records since about 2.6 Ma
(Heller and Liu, 1984; Kukla and An, 1989). To date, various proxies
extracted from loess-paleosol sequences have been used to
reconstruct paleoclimatic changes, including color (e.g., Yang and
Ding, 2003; Sun et al., 2011), magnetic susceptibility (e.g., Heller
and Liu, 1982, 1984; Zhou et al., 1990; Sun and Liu, 2000; Maher,
2011), particle size (e.g., Ding et al., 1994; Porter and An, 1995;
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Xiao et al., 1995), minerals (e.g., Ji et al., 2001; Muhs, 2013),
chemical compositions (e.g., Chen et al., 2001; Sun and Zhu, 2010;
Yang et al., 2006) and stable isotopes (e.g., Chen et al., 1999, 2006;
Yang et al., 2001a; Sun, 2005).
In China, loess not only distributes on the Chinese Loess Plateau,
but also accumulates in the coastal region of North China (Liu,
1985). The coastal loess is far away from the inland deserts, having potential in inferring both global and regional climatic changes.
It has been reported that loess accumulates in some inlands and
coastal shelf in the Shandong Peninsula, eastern China (Jin and
Zheng, 1964; Liu, 1985; Cao et al., 1988). Heretofore, chronology
(e.g., Zheng et al., 1994; Xu et al., 2015), compositions (e.g., Zhang,
1995; Xu et al., 2018), particle size characteristics (e.g., Xu, 2008;
Ding et al., 2016) and provenance (e.g., Cao et al., 1988; Yu, 1999)
have been studied. However, most of them were published in
Chinese and thus lack of international attentions. When compared
with the detailed studies on the loess-paleosol sequences from the
Loess Plateau, both chronology and high-resolution climatic records of the coastal loess are still inadequate.
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In this paper, four loess sections in the coastal region of North
China were studied. We have three objectives: (1) using optically
stimulated luminescence (OSL) dating to provide age control of the
loess sections; (2) discussing the provenance of the coastal loess;
(3) interpreting climate implications of the coastal loess and discussing the forcing mechanism of the climate changes.
2. Geological setting
The studied area is located in the northwest corner of the
Shandong Peninsula, which is between the Bohai Gulf and the
Yellow Sea in North China (the red box in Fig. 1a). Among the four
loess sections, three are located in the coastal areas of Penglai and
another one in the North Changshan Island (Fig. 1b). The topography of Penglai is characterized by a northward tilled landform.
The southern area is featured by hills with elevations mostly
ranging from 100 to 200 m above sea level; while the northern
region is characterized by ﬂat coastal plains, with an average
elevation of 15e25 m above sea level (Bureau of Geology and
Mineral resources of Shandong Province, 1991). The North Changshan Island is situated about 17 km to the north of the Penglai City,
with elevations varying from several meters to more than 100 m
above sea level.
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The studied area has a warm-temperate continental monsoon
climate, which is characterized by seasonal changes in temperature, precipitation and wind directions. The annual average temperature is about 11.9  C, and the mean annual precipitation is
about 606 mm. The annual precipitation is highly seasonal, with
most rainfall in summer season (from June to August). The mean
annual wind velocity is about 5.2 m/s, the prevailing wind in winter
is northwesterly, but changing to southeasterly in summer.
The locations of the four sections are shown in Fig. 1b. The
Lingezhuang (3747.880 N, 120 41.170 E), Xiazhupan (3747.230 N,
120 40.100 E) and Zouyu (3748.310 N, 120 42.320 E) sections are
located to the west of the Penglai City, being typical coastal loess;
while the Dianzi Section (37 59.160 N, 120 41.180 E) is situated on
the northwest edge of the North Changshan Island.

3. Materials and methods
Outcrops of the four sections are shown in Fig. 2. The sampling
thickness of the Lingezhuang Section is 15.1 m. Five units can be
recognized (Fig. 2a). The uppermost unit is a light-yellow reworked
loess layer containing small gravels, which is about 2 m thick. This
layer is unconformably underlain by a brownish-gray weakly

Fig. 1. (a) Digital elevation model showing the locations of the studied area (the red box) in the coastal region of North China as well as the Chinese Loess Plateau. (b) Digital
elevation model showing the localities of the sampling sections (the red solid circles) in the studied area. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the Web version of this article.)
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Fig. 2. Photos showing the stratigraphic units of the four studied loess sections.

developed paleosol with a thickness of 1.4 m. A layer of light yellow
loess unconformably underlies this paleosol, which is about 6.2 m
thick. Underlying this loess unit is a brown-reddish paleosol with a
thickness of 1.7 m. This paleosol contains angular gravels (diameters ranging from ~1 to ~10 cm), and thin gravel layers occur in
its middle-upper part (Fig. 2a), suggesting that this paleosol was
reworked, to some extent, by water ﬂow during its development.
Another unit of light yellow loess underlies this paleosol, with a
thickness of about 3.8 m.
The sampling thickness of the Xiazhupan Section is 12.1 m. This
section consists of loess and intercalated paleosols (Fig. 2b) and can
be divided into ﬁve units (Fig. 3). The uppermost modern loess unit
is about 0.4 m thick. Unconformably underlying this loess layer is a
brownish-black weakly developed paleosol, with a thickness of
1.6 m. Some small gravels exist in this paleosol. A 7.1 m-thick light
yellow loess unconformably underlies this paleosol, with relatively
homogeneous massive structure. Under this loess is a dark-brown
well developed paleosol, with a thickness of 1.7 m and containing
some gravels. The lowest unit is a light yellow loess layer which is
about 1.3 m thick and contains angular gravels with diameters of up
to 10 cm. The existence of these gravels implies a ﬂuvial origin.
The Zouyu Section is about 7.2 m thick, consisting of two loess
beds and the interbedded paleosol (Fig. 2c). The upper loess layer is
3.8 m thick and the lower one is 2.2 m thick. The brownish-gray
weakly developed paleosol has a thickness of 1.2 m.
The Dianzi Section has a thickness of 4.0 m (Fig. 2d), consisting
of homogeneous light yellow silt with small gravels and abundant
worm holes.
Detailed lithological features of each section are shown in Fig. 3,
and the stratigraphic units are labeled as L0 to L2 (for loess) and S0
to S1 (for paleosols) as commonly used for Chinese loess (Liu, 1985).
Thirty-eight samples were collected and measured for luminescence dating (Fig. 3). Before sampling, the surface with a thickness
of about 30 cm was cleaned up; and then each stainless steel tube

was hammered into the vertical sections. The tubes were sealed at
both ends with black plastic bags and tapes to prevent water loss
and exposure to sunlight. In laboratory, the samples were pretreated in subdued, safe red light conditions. The outer layers
(2e3 cm) at both ends of each tube were extracted for water content and dose rate measurements. The remaining part was ultrasonically oscillated with distilled water to remove soluble
impurities and then was treated with 10% HCl and 10% H2O2 to
remove carbonates and organic matters, respectively. Quartz and Kfeldspar particles of 63e90 mm were prepared following procedures of sieving, heavy liquid separation and HF etching (Li et al.,
2007). The quartz or K-feldspar grains were then mounted on 10mm-diameter aluminum discs with silicon oil. Infraredstimulated luminescence (IRSL) (Duller, 2003) and the 110  C TL
peak (Li et al., 2002) were used to ascertain the purity of quartz
particles before measurements, because contamination with
incompletely dissolved feldspars will inﬂuence the equivalent
doses (Lai and Brückner, 2007).
Luminescence dating measurements were applied using an
automated Risø TL/OSL-DA-15 reader (Markey et al., 1997). The
single aliquot regeneration (SAR) protocol was used to determine
the equivalent doses (De) for quartz grains (Murray and Wintle,
2000). A suitable preheat temperature is necessary for dating;
therefore, preheat plateau tests were analyzed for samples LGZ-5
and DZ-2 (Fig. 4). The results indicate that the De values were
relatively stable at preheat temperatures from 240 to 280  C
(Fig. 4a). Recuperation ratio (Fig. 4b) and recycling ratio (Fig. 4c)
tests were also completed by applying a zero dose and a repeated
dose, respectively (Murray and Wintle, 2000; Lai and Wintle, 2006)
and the results indicate that the sensitivity change is small at
240  C. According to the above results, we chose 240  C as the
preheat temperature. The detailed procedure of SAR measurement
is shown in Table 1. The equivalent doses for K-feldspar aliquots
were measured using the multiple elevated temperature post-IR
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Fig. 3. Lithology of the studied loess sections and the positions of the luminescence dating samples.
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Fig. 4. Equivalent dose (De) (a), recuperation ratio (b) and recycling ratio (c) as a function of the preheat temperature for samples LGZ-5 and DZ-2. Each point represents the mean
value of six aliquots at each temperature. The horizontal dashed line in the plot of equivalent dose versus preheat temperature denotes the plateau obtained for De values from
preheat temperatures of 240, 260 and 280  C.

IRSL (MET-pIRIR) protocol (Li and Li, 2011), with the detailed procedure in Table 1. A preheat at 320  C for 60 s was used for both
regenerative dose and test dose measurements. The IRSL signals
were then measured by progressively increasing the stimulation
temperature from 50  C to 300  C in steps of 50  C and the De from
200  C to 300  C with relatively stable values were used for age
calculations.
The environmental dose rate (in Table 2) was determined with
various techniques. The concentrations of U and Th were determined by inductively coupled plasma mass spectrometry (ICP-MS)
and the K content was measured using atomic absorption spectroscopy (AAS). Water contents were calculated from the sample
weights before and after drying at 100  C. The cosmic ray contribution to the dose rate was calculated from the geomagnetic latitude, burial depth, and sample elevation (Prescott and Hutton,
1994). The internal dose rate for K-feldspar was calculated using a
K concentration of 13 ± 1% and a Rb content of 400 ± 100 ppm
(Zhao and Li, 2005; Li et al., 2008).
Bulk samples were collected at intervals of 10 cm in each section
for analyses of color, magnetic susceptibility and particle size

parameters.
Color parameters were determined using an automated YT-CAM
colorimeter. Raw samples were dried and ground to a size fraction
of less than 200 mesh (<74 mm) to eliminate the effect of water
content and particle size, respectively, and then were pressed
uniformly before measurements.
Magnetic susceptibility was measured using a Batington MS3
instrument. Air-dried samples were weighed and packed in nonmagnetic plastic boxes before measurements.
Particle size measurement was measured using a computer
operated Malvern Mastersizer 3000 laser particle size analyzer. For
each sample, about 0.2 g material was treated with excessive H2O2
and HCl to remove organic matter and carbonates, respectively.
Ultrasonic pretreatment involving the addition of 0.05 mol/L
(NaPO3)6 solution was also used to disperse the samples before
measurements.
Chemical compositions of selected samples were determined.
The major element contents were measured using a Zetium X-ray
ﬂuorescence (XRF) spectrometer, and the trace element contents
were determined using a NexION-300D inductively coupled plasma
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Table 1
Procedures of SAR and MET-pIRIR protocols for quartz and K-feldspar, respectively in
this study.
Step

Treatment

SAR protocol
1
Apply regenerative dose Di (Di ¼ 0 Gy if natural)
2
Preheat at 240  C for 10 s
3
Stimulate with blue light for 40 s at 125  C
4
Apply test dose
5
Heat to 200  C
6
Stimulate with blue light for 40 s at 125  C
7
Repeat steps 1e6 to apply a range of regenerative dose
MET-pIRIR protocol
1
Apply regenerative dose Di (Di ¼ 0 Gy if natural)
2
Preheat at 320  C for 60 s
3
IRSL measurement at 50  C for 100 s
4
IRSL measurement at 100  C for 100 s
5
IRSL measurement at 150  C for 100 s
6
IRSL measurement at 200  C for 100 s
7
IRSL measurement at 250  C for 100 s
8
IRSL measurement at 300  C for 100 s
9
Apply test dose
10
Heat at 320  C for 60 s
11
IRSL measurement at 50  C for 100 s
12
IRSL measurement at 100  C for 100 s
13
IRSL measurement at 150  C for 100 s
14
IRSL measurement at 200  C for 100 s
15
IRSL measurement at 250  C for 100 s
16
IRSL measurement at 300  C for 100 s
17
IR bleaching at 325  C for 100 s
18
Return to step 1

mass spectrometer (ICP-MS).

Observed

4. Results and interpretations

e
e
Li
e
e
Ti

4.1. Age of the loess

e
e
Lx(50)
Lx(100)
Lx(150)
Lx(200)
Lx(250)
Lx(300)
e
Tx(50)
Tx(100)
Tx(150)
Tx(200)
Tx(250)
Tx(300)

The whole sequence is repeated for several regenerative doses including a zero and
a repeated doze.
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For most of the samples, the equivalent doses were determined
with quartz grains. But for the old samples (i.e., LGZ-1, LGZN1, LGZ2, LGZN2, LGZ-3, XZP-9, XZP001 and XZP-8), K-feldspar particles
were measured due to the signal saturation of quartz grains. Two
samples from each section were selected as representatives to
show the De distributions. The results are displayed by histograms
(Fig. 5) and radial plots (Fig. 6). For each sample, the De values of all
discs display normal distribution (Fig. 5), together with the radial
plots (Fig. 6), suggesting that the mineral particles were bleached
prior to burial. Therefore, the equivalent dose for age calculation
was obtained using the average of all measured discs of each
sample. The chronology results are summarized in Table 2.
For the Lingezhuang Section, the lowest loess bed (L2) yields
ages between 179.6 ± 10.4 and 164.7 ± 8.9 ka (Fig. 7), suggesting
that it was accumulated during the penultimate glacial period. The
paleosol of S1 has a top age of 74.5 ± 5.3 ka, formed during the last
interglacial period. Field observation indicates that there is a
sedimentary hiatus between this paleosol and the underlying loess
bed (Figs. 3 and 7). Luminescence dating from the loess bed of L1
yields ages between 74.5 ± 5.3 and 19.9 ± 1.7 ka, demonstrating it
was accumulated during the last glacial period. The topmost paleosol of S0 has ages of 5.7 ± 0.4 and 3.4 ± 0.2 ka, implying it was a

Table 2
Dose rate, equivalent dose and optical ages.
Samples

Ua (ppm)

Tha (ppm)

Ka (%)

Water contentb (%)

Cosmic rayc (Gy/ka)

De rate (Gy/ka)

De (Gy)

Optical age (ka)

LGZ001
LGZ002
LGZ003
LGZ004
LGZ-5
18-L2
18-L3
LGZN4
LGZ-4
LGZN3
LGZ-3
LGZN2
LGZ-2
LGZN1
LGZ-1
XZP002
XZP-1
18-X3
XZP-2
1805-XZP1
XZP-10
1805-XZP4
XZP-11
XZP-3
XZP-4
XZP-5
XZP-6
XZP-7
XZP-8
XZP001
XZP-9
ZY-5
ZY-4
ZY-3
ZY-2
ZY-1
DZ-2
DZ-1

1.81
1.62
1.52
2.05
1.56
1.65
1.65
1.8
1.52
1.83
1.63
1.84
1.64
1.89
1.67
1.51
1.68
1.57
1.71
1.86
1.82
1.83
1.89
1.6
1.8
2.15
2.09
1.68
1.51
1.75
1.86
1.55
1.59
1.59
1.59
1.50
1.19
1.28

10.7
10.2
9.99
10.5
9.78
9.68
8.89
11.8
9.34
12.2
11
12.2
11.6
12.3
10.9
9.68
10.2
8.97
10.4
10
12.1
11.5
11.8
9.36
10.6
12.6
12.3
10.2
9.78
10.2
11.7
9.66
10.6
9.76
9.60
8.25
7.26
6.90

1.86
1.91
1.9
2.07
2.04
1.92
1.81
1.97
1.86
1.92
2.22
2.14
2.23
2.13
2.31
2.04
2.11
1.02
2.12
2.08
2.04
2.1
1.98
2
1.84
2.06
1.8
1.89
1.93
2.01
2.15
1.98
1.96
1.98
1.93
1.85
1.79
1.75

7
7
6
8
10
6
7
10
11
7
7
12
14
10
12
7
7
8
13
5
3
8
10
4
7
5
10
7
6
7
6
7
8
4
5
11
9
10

0.20
0.18
0.17
0.15
0.14
0.12
0.11
0.1
0.09
0.07
0.06
0.05
0.05
0.05
0.04
0.19
0.19
0.17
0.15
0.18
0.2
0.16
0.16
0.19
0.16
0.13
0.12
0.1
0.09
0.06
0.08
0.20
0.17
0.12
0.11
0.08
0.16
0.12

3.04 ± 0.15
2.99 ± 0.16
2.97 ± 0.16
3.19 ± 0.17
2.94 ± 0.16
2.94 ± 0.16
2.75 ± 0.15
3.02 ± 0.16
2.66 ± 0.15
2.97 ± 0.16
3.54 ± 0.18
3.73 ± 0.18
3.35 ± 0.18
3.49 ± 0.17
3.44 ± 0.17
3.06 ± 0.16
3.20 ± 0.17
2.96 ± 0.16
3.00 ± 0.17
3.26 ± 0.17
3.45 ± 0.17
3.25 ± 0.17
3.10 ± 0.16
3.12 ± 0.16
2.96 ± 0.15
3.42 ± 0.17
2.98 ± 0.15
2.91 ± 0.15
3.38 ± 0.18
3.32 ± 0.18
3.63 ± 0.17
3.02 ± 0.16
3.01 ± 0.16
3.06 ± 0.16
2.96 ± 0.16
2.57 ± 0.14
2.51 ± 0.14
2.41 ± 0.14

1.26 ± 0.07
3.16 ± 0.10
5.21 ± 0.28
10.81 ± 0.32
16.67 ± 0.60
58.37 ± 3.96
96.83 ± 2.72
136.20 ± 3.18
127.73 ± 4.38
172.25 ± 7.53
263.82 ± 13.31
563.21 ± 10.24
553.16 ± 16.74
593.18 ± 13.8
617.92 ± 14.16
2.31 ± 0.08
23.86 ± 1.21
32.52 ± 2.09
37.78 ± 1.81
51.97 ± 3.18
66.51 ± 3.39
71.71 ± 2.31
116.01 ± 2.18
145.82 ± 5.22
176.95 ± 6.15
231.99 ± 11.07
220.03 ± 5.62
231.26 ± 11.8
266.33 ± 7.38
450.70 ± 6.11
525.55 ± 12.28
100.45 ± 3.25
112.01 ± 2.58
151.10 ± 3.80
155.61 ± 3.97
165.24 ± 4.19
79.17 ± 4.39
111.41 ± 4.14

0.4 ± 0.03
1.1 ± 0.1
1.8 ± 0.1
3.4 ± 0.2
5.7 ± 0.4
19.9 ± 1.7
35.2 ± 2.1
45.1 ± 2.6
48.0 ± 3.1
55.7 ± 3.8
74.5 ± 5.3
164.7 ± 8.9
165.1 ± 10.0
170.0 ± 9.4
179.6 ± 10.4
0.8 ± 0.05
7.5 ± 0.5
11.0 ± 0.9
12.6 ± 0.9
16.0 ± 1.3
19.3 ± 1.4
22.1 ± 1.4
37.4 ± 2.1
46.7 ± 3.0
59.8 ± 3.7
67.8 ± 4.7
73.8 ± 4.2
79.5 ± 5.9
88.4 ± 5.1
135.8 ± 7.5
144.8 ± 7.6
33.3 ± 2.1
37.2 ± 2.1
49.4 ± 2.9
52.6 ± 3.1
64.3 ± 4.0
31.5 ± 2.5
46.2 ± 3.1

a
b
c

The error for the content of U, Th, K is estimated at ± 10%.
The error for the water content is estimated at ± 20%.
The error for the cosmic rays dose rate is estimated at ± 10%.
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Fig. 5. Histograms of De distributions. Two samples from each section were selected as representatives. For each sample, the De values are normally distributed.

mid-Holocene soil. However, there are sedimentary hiatuses in its
top and bottom (Fig. 7). The uppermost reworked loess unit of L0
accumulated after 3.4 ± 0.2 ka, being a latest Holocene loess layer.
For the Xiazhupan Section, the age from the lower part of the
basal loess (L2) is 144.8 ± 7.6 ka (Fig. 8), being accumulated during
the penultimate glacial period. The paleosol of S1 was developed
from 135.8 ± 7.5 to 73.8 ± 4.2 ka, corresponding to the last interglacial. The loess bed of L1 yields ages between 73.8 ± 4.2 and
16.0 ± 1.3 ka, accumulated during the last glacial period. The paleosol of S0 has early-Holocene ages of 12.6 ± 0.9 and 7.5 ± 0.5 ka, but
with sedimentary hiatuses in its top and bottom (Fig. 8). The age
from the bottom of the uppermost loess unit of L0 is 0.8 ± 0.05 ka,
indicating it was accumulated during the latest Holocene.
The lower loess unit of the Zouyu Section yields ages of
64.3 ± 4.0 and 52.6 ± 3.1 ka (Fig. 9, upper). The intercalated weak
paleosol was developed between 52.6 ± 3.1 and 49.4 ± 2.9 ka. The
upper loess unit accumulated from 49.4 ± 2.9 to 33.3 ± 2.1 ka. The
dating results indicate that this section was formed during the last
glacial period.
The OSL ages from the bottom and the middle of the Dianzi
Section are 46.2 ± 3.1 and 31.5 ± 2.5 ka (Fig. 9, lower), respectively.
Based on linear extrapolation of the two ages, the age of the top is
about 18.2 ka, implying that the Dianzi Section was also accumulated during the last glacial period.
4.2. Color parameters
The color results are given as color-coordination system CIE
L*a*b* (Commission Internationale de L'Eclairage (CIE), 1978). For
all bulk samples, color indices of a* (redness relative to greenness)
and L* (Lightness) were used.
Redness of loess and paleosol is associated with the amounts of
iron oxides, especially hematite (Yang et al., 2001b; Yang and Ding,
2003; Sun et al., 2011). Since hematite usually forms from chemical
weathering of primary, Fe-bearing minerals (Walker, 1967), the
redness is thus climate dependent (Sun et al., 2015). In this context,

higher redness values are related to enhanced chemical weathering
and thus warmer and more humid climate. Lightness was found to
be positively correlated with carbonate contents and negatively
with organic matter contents. Pedogenic leaching can result in
lower carbonate contents (Liu, 1985; Chen et al., 2002), whereas
higher biomass during soil development usually lead to higher
organic content (Gasse et al., 1991; Zhou et al., 1996; Zaady et al.,
2001). All these factors lead to lower lightness of paleosols.
For the Lingezhuang Section, redness varies between 6.7 and
13.9 (Fig. 7a). Two peaks correspond to paleosols of S1 and S0, with
maximums of 10.3 and 13.9, respectively; whereas loess units of L2,
L1 and L0 exhibit relatively lower values, ranging from 6.7 to 12.5
(Fig. 7a). Lightness of this section varies between 53.3 and 68.1
(Fig. 7b), with relatively lower values in paleosols and higher values
in loess units. Higher redness and lower lightness in paleosols
imply enhanced chemical weathering and strongly carbonate
leaching under warm-humid climatic conditions during soil
formation.
The redness of the Xiazhupan Section does not show signiﬁcant
high values in the last interglacial paleosol (Fig. 8a), which is
different from that of the Lingezhuang Section. Because this section
is just located to the shoreline of the Bohai Sea (see Fig. 1b for
location), we suggest that during the last interglacial period, sea
water might submerge the lowest part of the Xiazhupan Section
due to the rising sea level and thus a stagnant water environment
might occur. Such an anoxic environment was not favorable for
decomposition of organic matter and the formation of hematite,
leading to the darker color and lower redness of the paleosol of S1.
The variation of lightness corresponds well to the stratigraphic
units with lower values (from 47.0 to 55.3) in paleoslos and higher
values (from 50.3 to 65.3) in loess layers (Fig. 8b), suggesting
relatively stronger carbonate leaching and higher biomass during
soil development.
For the Zouyu Section, the redness varies between 7.3 and 11.5
(Fig. 9a); and the lightness ranges from 53.3 to 60.7, which is
relatively lower in the weak soil than in loess units (Fig. 9b).
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Fig. 6. Radial plots of De distributions. Two samples from each section were selected as representatives. The dashed area indicates the ± 2s standard error band.
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Fig. 7. Vertical variations of climatic proxies of the Lingezhuang Section, including color indices (a and b), magnetic susceptibility (c) and particle size parameters (def). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

Fig. 8. Vertical variations of climatic proxies of the Xiazhupan Section, including color indices (a and b), magnetic susceptibility (c) and particle size parameters (def). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

The Dianzi Section has lower variable ranges of both redness
and lightness. The redness changes between 7.4 and 8.9 (Fig. 9g),
and the lightness varies from 57.8 to 65.8 (Fig. 9h).

4.3. Magnetic susceptibility
Magnetic susceptibility (MS) depends on the types, magnetic
domains and contents of magnetic minerals (Kukla et al., 1988;
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Fig. 9. Vertical variations of climatic proxies (including color indices, magnetic susceptibility and particle size parameters) of the Zouyu (upper) and Dianzi (lower) sections. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

Kukla and An, 1989; Maher and Thompson, 1991; Maher, 2016). In
Chinese loess, the dominant magnetic minerals are magnetite,
maghemite and hematite (Heller and Liu, 1982; Liu, 1985; Maher
and Thompson, 1991; Liu et al., 1995). Soils usually have higher
magnetic susceptibility than loess, which can be interpreted by
various mechanisms. Heller and Liu (1982, 1984) argued that soil
compaction and carbonate leaching can lead to a relative enrichment of magnetite. Kukla et al. (1988) and Kukla and An (1989)
proposed that the nearly constant inﬂux of ultraﬁne magnetite
would be diluted when the dust accumulation increased during
cold periods. Zhou et al. (1990) suggested that the new formation of
magnetic minerals during pedogenic processes can partly
contribute to the enhanced susceptibility of paleosols. Sun and Liu
(2000) proposed that magnetic susceptibility may have a variety of
origins, and all of the mechanisms above as well as the effect of
source materials should be taken into consideration.
For the Lingezhuang Section (Fig. 7c), magnetic susceptibility
(MS) varies between 34.0 and 149.7  108m3kg1. Two prominent
peaks correspond to paleosols of S1 and S0, respectively; whereas
the MS values are relatively lower in loess units of L2, L1 and L0,
with average values of 74.3, 54.3 and 83.0  108m3kg1, respectively (Fig. 7c).
Magnetic susceptibility of the Xiazhupan Section changes from
54.1 to 238.9  108m3kg1 (Fig. 8c). Although there are no signiﬁcant peaks in soils, the magnetic susceptibility is relatively
higher in paleosols of S1 and S0.
For the Zouyu Section, the MS changes between 48.9 and
168.1  108m3kg1, with relatively lower values in loess and a
minor peak in the weak paleosol (Fig. 9c). Magnetic susceptibility of

the Dianzi Section varies from 31.4 to 53.2  108m3kg1 (Fig. 9i),
being much lower than the loess formed during the same period of
the other three sections.
Based on the above results, all paleosols in the studied region
exhibit higher magnetic susceptibility than adjacent loess. The
enhanced magnetic susceptibility in soils can be primarily attributed to more new pedogenic magnetic minerals due to a warmer
and wetter climate, and/or reduced dust inﬂux in response to
weaker winter winds during interglacial times.
4.4. Particle size parameters
Particle size is another commonly used climatic proxy of aeolian
sediments. Pye and Zhou (1989) suggest that particle size of aeolian
deposits mainly reﬂects wind strength. Derbyshire et al. (1995)
argued that particle size can be affected not only by wind intensity, but also by post-depositional pedogenic processes. For
aeolian deposits in North China, the median particle size and the
percentage of sand-sized fractions are commonly used to indicate
winter monsoon strength (An et al., 1991; Xiao et al., 1995; Zhou
et al., 1996). The clay-sized fraction is strongly inﬂuenced by
pedogenic processes (Bronger and Heinkele, 1989; Lu and An,
1998); therefore, its percentage can be used to reﬂect, to some
extent, the intensity of summer monsoon.
For the Lingezhuang Section, paleosols of S1 and S0 exhibit
relatively lower values in both median particle size and the percentage of sand-sized fractions (Fig. 7d and e), whereas loess units
of L2, L1 and L0 have larger median size and more sand-sized
particles. Differently, the percentage of clay-sized fraction shows
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an opposite trend, with higher values in paleosols and lower values
in loess units (Fig. 7f). Therefore, paleosols of the Lingezhuang
Section have more ﬁner particles than loess, which can be ascribed
to decreased energy of winter winds and enhanced pedogenesis in
response to a strengthened summer monsoon.
The paleosols (S1 and S0) of the Xiazhupan Section exhibit
similar or even higher values in both median size and the percentage of sand-sized fraction when compared with loess units
(Fig. 8d and e). This might be attributed to the inﬂuence of ﬂuvial
transportation. During paleosol development, strengthened summer monsoon not only resulted in soil formation, but also brought
more rainfall and thus enhanced ﬂuvial transportation. This can be
evidenced by the reworked soils and the existence of gravels within
the paleosols in the Xiazhupan Section (Figs. 3 and 7).
For the Zouyu Section, the median particle size varies between
20.0 and 38.5 mm (Fig. 9d); the percentages of sand- and clay-sized
fractions have ranges of 5.5e27.6% and 6.0e10.5%, respectively
(Fig. 9e and f). The parameters display greater amplitude of variability in loess units (especially in the upper one) than in the weak
paleosol.
For the Dianzi Section, the median particle size changes between 38.5 and 67.8 mm (Fig. 9j); the percentages of sand- and claysized fractions have ranges of 30.3e53.7% and 3.7e6.4%, respectively (Fig. 9k and l). The results indicate that the Dianzi Section
contains more coarse particles when compared with the loess of
the same age range of the other three sections.
4.5. Major and trace elements
Chemical compositions of the selected samples from the coastal
region were analyzed and compared with those of the Luochuan
Section on the central Loess Plateau (location is shown in Fig. 1a).
Variations of major- and trace-element contents are displayed using the UCC-normalized spidergrams (Fig. 10). Three main features
characterize the element abundances. First, the major- and trace-

element contents from both the coastal region and the Loess
Plateau generally resemble the compositions of UCC (Taylor et al.,
1983; Taylor and Mclennan, 1985). Second, compared with UCC,
loess from the two regions has enriched Ca (except for the Zouyu
Section) and depleted Na (Fig. 10a). Third, Li and Cs are signiﬁcantly
enriched in loess compared to UCC; but the enrichment of the two
trace elements is lower in the coastal loess (especially in the Dianzi
Section) than samples from the Loess Plateau (Fig. 10b). The results
indicate that the studied coastal loess has generally similar chemical compositions compared with that from the Loess Plateau, but
there are still some differences between them.
5. Discussions
5.1. Provenance of coastal loess in north China
Provenance of aeolian deposits is the basis for understanding
dust accumulation process and paleoclimatic implications. Particle
size and geochemical data were used to infer provenance of coastal
loess in eastern North China.
Particle-size cumulative distributions of the studied coastal
loess are displayed by log-probability plots (Fig. 11). The results
indicate that the curves consist of two log-normal segments and
the turning points fall around 4.0 Ф (63 mm). According to Visher
(1969), each segment represents aeolian deposits moved by
different transport modes. Based on wind tunnel experiments and
modern dust storm studies, Pye (1987) summarized different
transport modes for different particle size fractions. In comparison
with Pye's result (Fig. 11), the upper segments represent particles
ﬁner than 63 mm (>4.0 Ф), which can be transported by short-term
and/or long-term suspension and for relatively long distances. This
segment makes up about 55e70% of the total distribution. The
lower segment, with a size range from 63 to 500 mm (4.0e1 Ф),
comprises about 30e45% of the total distribution. The coarse particles of this fraction can be transported only by saltation and for

Fig. 10. UCC-normalized spidergrams for loess samples from the coastal region and the Loess Plateau. The UCC values are from Taylor and McLennan (1985). Shadows indicate the
remarkably enriched trace elements Li and Cs in loess deposits.
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Fig. 11. Cumulative probability curves of loess from the studied coastal area, as well as their correlations with the transport modes of aeolian sediments (after Pye, 1987).

short distances; therefore, such coarse particles must be derived
from local sources.
Particle size distributions of loess and paleosols from the coastal
region are compared with those from the Loess Plateau (Fig. 12).
The results indicate three major differences. First, the coastal loess
is much coarser than those from the Loess Plateau (Fig. 12a and b).
Second, samples from the two regions fall into distinct ﬁelds
(Fig. 12c and d), implying different particle-size compositions. The
aeolian deposits from the coastal region contain more sand- and
clay-sized particles. Finally, the particle size distributions of the
Loess Plateau are nearly constant, whereas the coastal loess displays large variations (Fig. 12c and d).
Moreover, both the plots of sorting versus median size (Fig. 13a)
and skewness versus median size (Fig. 13b) indicate that the samples from the coastal region and the Loess Plateau fall into different
areas. The coastal loess is much coarser, poorly sorted and has a
higher range of skewness compared with that from the Loess
Plateau. The relatively coarser median particle size and poor sorting
of the coastal loess suggest an important contribution from proximal source.
The major element compositions of bulk or fractioned samples
are useful in tracing loess provenance (Muhs et al., 1996; Muhs and
Bettis, 2000). Although weathering processes may cause some inﬂuence on major element compositions, loess accumulated during
glacial periods has been subject to weak chemical weathering and
show negligible chemical alteration under dry and cold climate
(Ding et al., 2001; Yang and Ding, 2003). Some relatively stable
major elements were selected for analysis. Both Al and Ti have the
lowest solubility in natural water (Sugitani et al., 1996). Therefore,
TiO2/Al2O3 is a useful proxy for tracing loess provenance (Sheldon
and Tabor, 2009). The contents of Si mainly depend on the
composition of aeolian dust, rather than post-depositional weathering (Peng and Guo, 2001). No apparent migration of Fe is
observed during pedogenic processes, except for changes in valence
and forms (Diao and Wen, 1999). Both the plots of TiO2/Al2O3 versus
SiO2/Al2O3 and TFe2O3 versus Al2O3 show geographic distinctions
(Fig. 14a and b), implying different provenances of loess from the
coastal region and the Loess Plateau.
The REE ratios are effective in tracing loess provenance (Liu
et al., 1993; Gallet et al., 1996; Muhs and Budahn, 2006; Sun

et al., 2007). Eu/Eu* is used to indicate the extent of Eu anomaly.
Moreover, LaN/YbN and GdN/YbN are also used to reﬂect abundances
of light REE and heavy REE, respectively (Muhs and Budahn, 2006;
Muhs et al., 2008). Compared with the Loess Plateau, loess from the
coastal region exhibit higher values of Eu/Eu*, and both the Eu/Eu*
versus LaN/YbN and the Eu/Eu* versus GdN/YbN plots show
geographic distinctions, implying some differences in their dust
sources (Fig. 14c and d).
Additionally, other trace elements and their ratios can also
provide important information of aeolian provenance (Liu et al.,
1993; Muhs et al., 1996; Sun, 2002a, b; Muhs and Budahn, 2006).
U and Th are mainly hosted in heavy minerals or adsorbed by clay
minerals (Muhs and Budahn, 2006; Sun et al., 2007). The common
host minerals for Sc and Cr are micas, amphiboles and clay minerals
(Muhs and Budahn, 2006). Zr and Hf are found almost exclusively in
zircon, but Zr/Hf ratios might be different in zircons derived from
different sources (Sun et al., 2007). Both the plots of the Th/Sc
versus Th/U and the Zr/Cr versus Zr/Hf indicate that the samples
from the coastal region and the Loess Plateau fall into different
areas (Fig. 14e and f).
Both granulometric and geochemical properties indicate that
the source materials of the coastal loess are partially different from
that of the Loess Plateau. Then a question arises: where is the
source region for the coastal loess?
The studied area is situated in the East Asian monsoonal region.
Dust materials from the gobi and sand deserts in the northwest of
China and the southern Mongolia, can be transported by northwesterly winter monsoon, partly contributing to the coastal loess
(Liu, 1985; Cao et al., 1988; Sun et al., 2001; Sun, 2002a; Zhang et al.,
2004). Compared with the Luochuan Section, the studied region
has longer distances from the inland gobi and deserts. Given that
the grain size of aeolian deposits is inﬂuenced by source-sink distance (Yang and Ding, 2004), the studied coastal area can receive
more ﬁne distal particles transported by winter monsoon. This can
partly account for the higher content of clay-sized particles in the
coastal loess. It is important to note that the loess materials for the
studied coastal area were not solely from the inland arid areas.
According to our granulometric evidence, together with previous
studies (e.g., Cao et al., 1988; Liu and Zhao, 1995; Yu, 1999; Zhang
et al., 2012), the loess in the coastal region has also proximal
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Fig. 12. Particle size distributions (a and b) and ternary diagrams comparing relative contents of clay-, silt- and sand-size particles (c and d) of loess and paleosols from the studied
coastal region and the Luochuan Section in the central Loess Plateau.

Fig. 13. Plots of median size versus sorting (a) and median size versus skewness (b) for loess samples from the coastal region and the Luochuan Section in the central Loess Plateau.

sources from the neighboring shelf area. During cold glacial periods, global sea level dropped due to the expansion of ice sheets
and sea ices in high latitudes. In the last glacial, the sea level of the

East China Sea even dropped more than one hundred meters (Yu,
1995; Li et al., 2014), and the shelfs of the Bohai Gulf and the Yellow Sea were totally exposed (Fig. 15a). The exposed dry shelf even
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Fig. 14. Plots of TiO2/Al2O3 versus SiO2/Al2O3 (a), TFe2O3 versus Al2O3 (b), Eu/Eu* versus LaN/YbN (c), Eu/Eu* versus GdN/YbN (d), Th/Sc versus Th/U (e) and Zf/Cr versus Zr/Hf (f) for
loess samples from the studied coastal area and the Luochuan Section in the central Loess Plateau.

formed desert-like landscape during the last glacial maximum (Yu,
1999; Zhao et al., 2001), and became potential dust source during
glacial times.
Moreover, there are also local hills facing the coastal region. The
rock detritus caused by physical weathering can be out washed to
the piedmonts and coastal shelf. All these sediments can be sorted
and transported by local winds and mixed with the distal dust and
proximal exposed shelf particles, accumulating in the studied region (Fig. 15a). The proximal local sources can interpret higher
content of coarse particles and poor sorting of the coastal loess.
During interglacial periods when the shelf was submerged by sea
water, the contribution of the proximal exposed shelf largely
decreased; the loess materials were mainly derived from the inland
arid areas, as well as the alluvial sediments from nearby hills

(Fig. 15b).

5.2. Paleoclimatic implications of the coastal loess since the
penultimate glacial
The studied area is located in the East Asian monsoonal region,
therefore, dust accumulation and post-depositional alterations
would be inﬂuenced by variations in East Asian monsoon circulations. In order to explore paleoclimatic implications of the coastal
loess, proxy variations of the representative Lingezhuang Section
(redness, magnetic susceptibility and particle size parameters)
were compared with the marine SPECMAP d18O records (Imbrie
et al., 1984) (Fig. 16). Although there are sedimentary hiatuses in
the studied costal loess, the general good correlations between
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Fig. 15. Conceptual models showing the provenances of loess deposits in the coastal region of North China. (a) During glacial periods, except dust materials transported by the
northwesterly winter monsoon from the inland gobi and sand deserts, the exposed shelf due to the dropped sea level and the alluvial sediments from local hills can also become
proximal sources. (b) During interglacial periods when the sea level rises, the contribution of the shelf reduced, and the loess materials were mainly derived from the inland arid
areas as well as the alluvial sediments of nearby hills.

Fig. 16. Comparisons of multiple climatic proxies (including redness, magnetic susceptibility and particle size parameters) of the Lingezhuang Section with the SPECMAP d18O
record (Imbrie et al., 1984).
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them indicate that paleoclimatic changes in the coastal region of
North China since ca. 180 ka have been controlled by global scale
factor, mostly through it controlling on East Asian monsoon
circulations.
The oldest loess unit of the Lingezhuang Section was accumulated between 179.6 and 164.7 ka (during the penultimate glacial),
corresponding to the early part of the marine oxygen isotope stage
(MIS) 6 (Fig. 16). It has been reported that there was extensive icesheet advance in high latitudes of North Hemisphere during MIS 6
t and Keskinen, 2003; Demuro et al., 2012). The expansive
(e.g., Bege
ice sheet pushed more cold air from the polar area southward, and
enhanced high pressure cell over the Siberian region. Therefore, the
Siberia High was largely strengthened, and its duration was prolonged, leading to a much enhanced winter monsoon. Consequently, the studied coastal region was characterized by a cold/dry
climate.
Such a climate condition was not favorable for chemical
weathering and pedogenesis, therefore accounting for the lower
redness, lower magnetic susceptibility and less clay-sized particles
of the loess deposits (Fig. 16). Moreover, the sea level dropped due
to increased ice volume, resulting in shelf exposure. The exposed
shelf, together with enhanced local winds, would provide more
proximal, coarse materials to the nearby loess sites, leading to a
higher content of sand-sized particles in the loess unit.
It is worthy to stress that the top of this loess unit yielded an OSL
age of 164.7 ± 8.9 ka, indicating that there was a sedimentary hiatus
between the penultimate glacial loess and the overlying lastinterglacial paleosol (Fig. 16). We have the following
interpretations.
The marine oxygen isotopes indicate that MIS 6 is characterized
by relatively more positive oxygen isotopes in the late stage (ca. 165
to 130 ka, Fig. 16), mostly implying increased ice volumes. The
relatively enlarged polar ice sheet during this period intensiﬁed
Siberian High as well as the cold/dry east Asia winter monsoon. This
enhanced cold/dry climate during the late MIS 6 was also evidenced
by expanded deserts in north China (Sun et al., 1998) and the
aeolian sand accumulation at the upper part of the penultimate
loess (L2) in the northern Loess Plateau (Sun and Ding, 1998; Sun
et al., 1999).
Therefore, the strengthened cold/dry winter monsoon winds,
together with sparse vegetation cover, led to strong wind deﬂation,
accounting for the sedimentary hiatus during the late MIS 6 in the
studied coastal loess (Fig. 16).
During the last interglacial (between ~130 and 74.5 ka), the
northern hemisphere ice sheet greatly melted due to interglacial
warming. The decay of the ice sheet reduced cold air outbreaks
from the polar region to middle latitudes, led to the decreased
Siberia High and then a weakened East Asian winter monsoon;
whereas the East Asian summer monsoon intensiﬁed due to
increased sea surface temperature (SST) and an enlarged West
Paciﬁc Warm Pool (WPWP).
Additionally, it has been reported that the sea surface of Bohai
might be 2e4 m higher than present level during the last interglacial period (Li et al., 2012). The increased sea/land ratio, together
with the higher SST and enlarged WPWP, resulted in a dominant
warm/humid summer monsoon in the coastal region of North
China, being favorable for the development of the reddish paleosol.
The warm/humid climate of the last interglacial was characterized
by reddish color, higher magnetic susceptibility and more claysized particles. The lower percentage of sand-sized fraction was a
response to the weakened winter monsoon as well as the shrunk
local sources due to the rising sea level (Fig. 15). Moreover,
strengthened summer monsoon also brought more rainfall and
thus enhanced ﬂuvial transportation, leading to the reworked soil
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and the existence of gravels within the last interglacial paleosol.
During the last glacial period, the climate changed to cold/dry
again. The enlarged inland deserts (Sun et al., 1998), together with
the local exposed coastal shelf, provided more potential aeolian
sources. Increased dust supply, along with the much strengthened
winter winds, account for the thick, coarse loess accumulation
during this glacial period. The cold/dry climate was evidenced by
the lower values of redness, lower magnetic susceptibility, and less
pedogenic clay-sized fraction (Fig. 16).
It is worthy to stress that there was a sedimentary hiatus during
the last glacial maximum, indicated by an OSL age of 19.9 ± 1.7 ka at
the top of the last glacial loess in the Lingezhuang Section and the
erosion surface between this loess bed and the overlying Holocene
soil (Fig. 16). This can be explained by strong wind deﬂation process
during the last glacial maximum. Both the stronger winds and bad
vegetation cover was not favorable for dust accumulation during
this episode, accounting for the observed sedimentary hiatus.
During the Holocene, the climate in the coastal region became
warm and humid again. The enhanced southeast summer monsoon
winds was favorable for the development of the Holocene paleosol,
characterized by relatively higher values of redness, magnetic
susceptibility, clay-fraction particles, and less coarse sand fraction
(Fig. 16). The warm/humid climate was interrupted by a relatively
cooler and drier climate of late Holocene, marked by a reworked
loess accumulation since 3.4 ka.
6. Conclusions
(1) Luminescence dating of the aeolian deposits in the coastal
region of North China yields ages ranging from the penultimate glacial to the latest Holocene, suggesting that the
coastal loess was accumulated during late Quaternary.
(2) Granulometric and geochemical comparison between samples from the studied coastal region and the Loess Plateau
indicate the provenances of them are somewhat different.
The coastal loess was derived from: (a) dust transported by
the northwesterly winter winds from the distal gobi and
sand deserts in the inland arid areas; (b) materials from the
exposed dry shelf when the sea level was lower during
glacial periods; (c) alluvial sediments from local hills.
(3) Correlations between the proxy variations of the representative Lingezhuang Section and the marine SPECMAP d18O
records indicate that paleoclimatic changes in the coastal
region of North China during late Quaternary was a response
to the changed East Asian monsoon circulations, driven by
variations in global ice volume. During glacial periods,
increased ice volume and the intensiﬁed Siberia High caused
a strengthened winter monsoon. The cold and dry climate in
the coastal region, together with exposed shelf and enhanced
winds, were beneﬁcial for loess accumulation. Reversely,
during the last interglacial and the mid-Holocene, the
melting ice sheets in high latitudes led to a weakened Siberia
High and thus a weaker winter monsoon. The coastal region
therefore was characterized by a warm and humid climate
associated with stronger summer monsoons, which was
favorable for soil development.
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