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A B S T R A C T   

The southeastern coastal region of China has coastal sand dunes, which are usually called paleo-sand dunes or 
“Old Red Sandstone”. The ages and geological implications of these coastal dunes have been studied for tens of 
years but are still controversial. In this paper, we used optically stimulated luminescence (OSL) dating to 
establish the chronology of the paleo-aeolian reddish sand dunes from two representative sites in the coastal 
region of SE China. Our results indicate that the sand dunes were mainly accumulated in three periods, including 
9–6 ka (broadly corresponding to marine isotope stage (MIS) 1), 50–26 ka (MIS 3), and 110–74 ka (MIS 5). Based 
on the comparison between the regional aeolian dune records and the global sea-level fluctuations, we concluded 
that the reddish sand dunes were associated with the aeolian processes during interglacials and interstadials 
when sea-level were relatively higher compared with glacial maxima. We proposed a conceptual model to 
interpret the formation of the coastal sand dunes. We suggest that coastal dunes that formed during the glacial 
maxima could not be preserved in highstands above the present sea-level due to the lower altitude of sand dunes 
and the erosion by water waves during the subsequent marine transgression. Therefore, only aeolian sand dunes 
accumulated in higher altitudes during sea-level rise were preserved as in the coastal region of SE China.   

1. Introduction 

Coastal aeolian sand dunes are sensitive to climate change, serving as 
ideal geological archives for coastal evolution and paleo-environmental 
changes (Carter, 1991; Rust and Illenberger, 1996; Hansom, 2001; 
Woodroffe, 2002; Nel et al., 2014; Hamylton, 2017). Reddish coastal 
sand dunes usually occur in tropical and/or subtropical regions. The 
reddish color of sands is due to the iron oxide mineral coating on the 
surface of grains during intense chemical weathering in which iron is 
released from primary minerals to form free iron oxides mainly 
including goethite (FeOOH) and hematite (Fe2O3) (Walker, 1979; 
Gardner and Pye, 1981; Wopfner and Twidale, 1988; Pye and Tsoar, 
2009; Roskin et al., 2012). The factors of rubification, including source 
factors, environmental conditions, and burial time, have been discussed 

by many authors (e.g., Walker, 1979; Besler, 2008; Tsoar et al., 2008, 
2009; Roskin et al., 2012). The deposition of reddish coastal sand dunes 
is associated with sea-level fluctuations and thus can reflect coastal 
evolution and paleoclimate (e.g., Singhvi et al., 1986; Murray-Wallace, 
2002; Bateman et al., 2004, 2011; Zhang et al., 2008; Quang-Minh et al., 
2010; Tamura et al., 2011; Hu et al., 2012; Jayangondaperumal et al., 
2012; Alappat et al., 2013; Jin et al., 2017, 2018). 

Paleo-aeolian sand dunes can be found in the modern shoreline in SE 
China (Zhang et al., 1985; Wu and Wang, 2001; Zhang et al., 2008; Hu 
et al., 2012; Yu et al., 2014; Jin et al., 2017, 2018). Since the 1950s, 
many aspects of these sand dunes have been studied including sedi-
mentology (Wu and Wang, 2001; Li et al., 2011; Yu et al., 2014; Lai 
et al., 2017), chronology (Wu, 1996; Zhang et al., 2008; Hu et al., 2012; 
Yu et al., 2014; Jin et al., 2017, 2018), and paleoclimate (Wang et al., 
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2013; Shen et al., 2016). Although most previous researchers suggest 
that these reddish sediments are aeolian in origin, there are still many 
debates on their ages as well as the relationship with sea-level fluctua-
tions. Based on climatostratigraphy (Yao et al., 1985; Zeng et al., 1999), 
radiocarbon dating (Wu, 1996; Zeng et al., 1999), and thermolumines-
cence (TL) dating (Zeng et al., 1999; Tan and Wu, 2001), the age of 
reddish sand dunes was reported to be 49–25 ka. However, there are 
shortcomings in these earlier dating. For example, the climatostratig-
raphy usually has low precision and with large uncertainties, the 
radiocarbon dating can only date the sediments younger than 50 ka, and 
the TL technique is now replaced by OSL dating. Although OSL dating 
has been used for these sand dunes (e.g., Jin et al., 2017, 2018; Zhang 

et al., 2008), there are uncertainties in some ages. Jin et al. (2017, 2018) 
dated the ages of the “old reddish sandstone” by using the single-aliquot 
regenerative-dose (SAR) protocol, which yielded an age range from 110 
to 20 ka. However, details of the saturation of the OSL signal in the 
Qingfeng section were not shown, especially for some samples with De 
values of lager than 200 Gy (Jin et al., 2017). Zhang et al. (2008) re-
ported OSL dating results of sand dunes on two terraces with ages of 
~74 ka and ~ 3.5 ka, respectively. Unfortunately, the sand dunes on the 
highest terrace was not dated accurately due to an unreliable dose rate 
and thus was only inferred to be older than ~77 ka. 

During the last two decades, the OSL dating of quartz and infrared 
stimulated luminescence (IRSL) of feldspar have been greatly improved 
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Fig. 1. Map shows the Haitan Island and the locations (red stars) of the Qingfeng and Junshan sections. (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. (a) Goole Earth maps showing the locations of the Qingfeng and Junshan sections; and (b) The prevailing wind directions (the rose diagram) of the Haitan 
Island since 1950 (data from the National Meteorological Information Centre of China, http://data.cma.cn). (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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(e.g., Aitken, 1998; Murray and Wintle, 2000; Murray and Olley, 2002; 
Lai, 2006; Wintle and Murray, 2006; Li and Li, 2011, 2012; Kars et al., 
2014; Li et al., 2014; Fu et al., 2020). The development of the SAR 
protocol (Murray and Wintle, 2000) has allowed accurate estimation of 
the equivalent dose (De) of quartz and thus has been widely applied in 
OSL dating. For older deposits, potassium-feldspar (K-feldspar) is a 
better mineral than quartz because it has a higher luminescence satu-
ration dose. To overcome the anomalous fading of the IRSL signal of 
feldspar, the post-IR IRSL (Buylaert et al., 2009; Kang et al., 2010; Thiel 
et al., 2011; Roberts, 2012; Kars et al., 2014; Wang et al., 2014; Madsen 
and Liu, 2018) and Multi-Elevated-Temperature post-IR IRSL (MET- 
pIRIR) dating methods (Li and Li, 2011, 2012; Li et al., 2013) have been 
developed to isolate a non-fading IRSL signal. Using these new tech-
niques, quartz and K-feldspar dating can provide accurate results and a 
longer chronology for a wide range of depositional environments. 

In this study, both the SAR (quartz) and MET-pIRIR (K-feldspar) 
dating techniques were used in order to date ages of the coastal dunes in 

SE China. The aims of this paper are: (1) to provide a luminescence 
chronology of coastal dunes from two sections; (2) to understand the 
relationship between the accumulations of reddish aeolian dunes and 
the eustatic sea-level fluctuations; (3) to discuss the aeolian processes of 
episodic dune buildings in the coastal area. 

2. Geological setting, materials, and methods 

2.1. Geological setting 

The study area is located in the Haitan Island in the Fujian Province 
of SE China, which is separated from Taiwan by the Taiwan Strait 
(Fig. 1). 

The Haitan Island has a subtropical climate, which is controlled by 
the East Asian monsoon characterized by hot/humid summer and mild/ 
dry winter. The mean annual precipitation (averaged from 1981 to 
2010) is about 1300 mm (National Meteorological Information Centre, 

Fig. 3. Photopraphs show the outcrops and sampling positions of the Qingfeng (a-c) and Junshan sections (d-f). Iron-rich crusts are shown in Fig. 3b and c.  
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http://data.cma.cn). The specific geographic location of this island 
(facing to the Taiwan Strait) results in frequent strong winds, with an 
average wind speed of 17.3 km/h (National Meteorological Information 
Centre, http://data.cma.cn). The local maximum instantaneous wind 
speed can be up to 30 m/s and the main directions are NNE and NE (data 
from the National Meteorological Information Centre, http://data.cma. 
cn) (Fig. 2). 

On Haitan Island, paleo-aeolian sand dunes occur either as isolated 
outcrops or as overlapped dune ridges parallel to the coast. These dunes 
can be up to 10 km long with elevations of 7 to 90 m above sea level. The 
Qingfeng (25◦39.76′ N, 119◦46.77′ E) and Junshan (25◦36.72′ N, 
119◦48.34′ E) sections are located in the northeastern corner of the 
Haitan Island (Fig. 2a), facing to the Taiwan Strait in the east. The 

Qingfeng section is a relict paleo-sand dune accumulated on the top of 
granites in the northeastern corner of the island; and the Junshan section 
is on the windward slope of coastal hills (Fig. 2b). 

2.2. Materials 

The Qingfeng section has a basal elevation of 21 m above sea level, 
and it has a thickness of 12 m (Fig. 3a). Three beds (I to III) were 
identified based on the color, size and sedimentary textures. The top unit 
of this section (Unit I) is a reddish-brown sand bed (from top to a depth 
of 3.3 m) which has a massive structure. Underlying this bed, there is a 
2.3 m-thick light-yellow fine-grained pedogenic layer (Unit II), which is 
characterized by the existence of irregular dark-brown iron-rich 

Fig. 4. (a) Equivalent dose as a function of preheat temperature; (b) Representative SAR growth curve for an aliquot of sample JS-03. The black squares and red 
square indicate representative and natural signals, respectively, which have been sensitivity-normalized. The equivalent dose is indicated by arrow. The inset figure 
shows a typical rapidly decaying signal occurring during optical stimulation (open blue circles). (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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(ferritic) crust (hematite and/or goethite) at its base (Fig. 3b). The iron 
crust was due to the prolonged chemical weathering and the oxidation of 
Fe2+ (iron) to Fe3+. The lowest part of the section (Unit III) is a dark 
reddish sand bed with iron crust at a depth of 9 m (Fig. 3c). The positions 
of the OSL samples are shown in Fig. 3a. 

The Junshan section is located on the windward slope of the local 
Junshan Hill, which is 600 m west of the present coastline (Fig. 2b). It is 
a mega paleo-sand ridge with a height of 93 m (Fig. 3d). Four units (I to 
IV) can be subdivided according to sedimentary features. The uppermost 
unit is characterized by yellowish loosely accumulated sands, being 
different from the other underlying reddish sands. Five samples (JS-01, 
JS-02, JS-03, JS-04, and JS-05) were collected from different layers of 
this unit (Figs. 3d, f). The second unit (II) is a relict reddish-brown sand 
bed which has cross-bedding structure with an angle of repose of 33◦

(Fig. 3d). Two samples (JS-06 and JS-07) were collected from this unit 
(Fig. 3f). The third unit (III) is a more reddish sand bed. Three samples 
were collected from this unit (JS-08, JS09 and JS-10) (Figs. 3d, f). The 
lowest part of the section (unit IV) is characterized by the most reddish 
(brick-red) color, and the OSL sample of JS-11 was collected from this 
unit (Fig. 3d). 

3. Methods 

Samples were collected by using stainless steel tubes (5 cm in 
diameter and 25 cm long) to avoid exposure to sunlight. A 3 cm layer 
was removed in each outcrop to avoid any exposure to sunlight, and 

then the tube was hammered into the outcrop. When the tube was taken 
out, its two ends were covered by black-plastic bags. They were opened 
in the laboratory under subdued red light, and the samples in both ends 
of each tube were used for the measurements of water content and 
concentrations of U, Th, and K. The innermost portion was treated with 
10% hydrochloric acid (HCl) to dissolve carbonates and iron oxides, and 
10% hydrogen peroxide (H2O2) was used to remove organic matter. 
Then the 90–125 μm fraction was obtained by dry sieving. K-feldspar 
grains were separated using the heavy liquid of sodium polytungstate 
with a density of 2.58 g/cm3. Subsequently, they were immersed in 10% 
hydrofluoric acid (HF) for 10 min to clean grains and also to remove the 
layer at the grain surface irradiated by external alpha particles (Li and 
Li, 2012). The quartz-rich fraction was separated by using heavy liquids 
with different densities (2.62 and 2.75 g/cm3) and subsequently etched 
using 40% HF for about 40 min to remove feldspar contamination and 
the outer part of grains which is affected by alpha radiation (Mejdahl 
and Christiansen, 1994). Both K-feldspar and quartz grains were cleaned 
by using 10% HCl and high-purity water to remove any residual fluo-
rides after etching before final drying. The purity of quartz was checked 
by examining the absence of the feldspar contamination using IRSL 
(Duller, 2003) and the 110 ◦C peak (Li et al., 2002). Separated K-feldspar 
and quartz grains were mounted on the center of each aluminum disc 
(9.8-mm-diameter) with silicon oil. 

The pretreatment and OSL measurements were carried out in the 
Luminescence Dating Laboratory, at the Institute of Geology and 
Geophysics, Chinese Academy of Science by using an automated Risϕ 

Table 1 
Sample depths, dose rates and optical dating resultsa,b  

Serial 
No. 

Sample Depth 
(m) 

U 
(ppm) 

Th 
(ppm) 

K 
(%) 

Water 
(%) 

U/Th 
ratio 

De (Gy) Number Cosmic ray 
(Gy/ka) 

Dose rate 
(Gy/ka) 

Central age 
(ka) 

1 QF-01 1.0 1.76 9.31 1.43 10 0.19 34.7 ± 1.4 22 0.18 ± 0.04 2.47 ± 0.15 14.1 ± 1.0 
2 QF-02 1.5 1.85 8.92 1.55 5 0.21 71.8 ± 2.4 23 0.17 ± 0.03 2.69 ± 0.17 26.7 ± 1.9 
3 QF-03 3.3 0.98 5.22 1.41 4 0.19 100.3 ±

3.5 
25 0.14 ± 0.03 2.10 ± 0.15 47.8 ± 3.7 

4 QF-04 3.6 2.41 12.20 1.98 11 0.20 130.7 ±
5.2 

21 0.12 ± 0.03 3.18 ± 0.20 41.1 ± 3.0 

5 QF-05 4.5 1.66 8.91 1.71 10 0.19 130.9 ±
8.4 

26 0.11 ± 0.02 2.60 ± 0.17 50.4 ± 4.6 

6 QF-06 5.1 1.62 8.14 1.53 11 0.20 116.9 ±
5.7 

16 0.11 ± 0.02 2.36 ± 0.15 49.6 ± 4.0 

7 QF-07 
(Quartz) 

6.0 1.49 7.55 1.44 7 0.20 173.2 ±
5.3 

19 0.10 ± 0.02 2.29 ± 0.15 75.4 ± 5.4 

8 QF-07 (K- 
feldspar) 

6.0 1.49 7.55 1.44 7 0.20 309.1 ±
15.3 

13 0.10 ± 0.02 2.86 ± 0.23 108.1 ± 10.4 

9 QF-08 8.3 1.51 8.31 1.41 9 0.18 164.2 ±
7.7 

14 0.08 ± 0.02 2.26 ± 0.14 72.7 ± 5.7 

10 QF-09 9.5 1.59 8.07 1.47 13 0.20 165.0 ±
6.9 

20 0.08 ± 0.02 2.21 ± 0.14 74.4 ± 5.7 

11 QF-10 
(Quartz) 

11.9 1.41 5.68 1.65 5 0.25 209.7 ±
10.1 

18 0.07 ± 0.01 2.36 ± 0.17 88.5 ± 7.5 

12 QF-10 (K- 
feldspar) 

11.9 1.41 5.68 1.65 5 0.25 515.7 ±
27.2 

9 0.07 ± 0.01 2.93 ± 0.24 175.9 ± 16.9 

13 JS-01 0.2 0.66 3.21 1.20 6 0.21 12.3 ± 0.5 19 0.22 ± 0.05 1.72 ± 0.13 7.2 ± 0.6 
14 JS-02 0.5 0.49 2.40 1.17 5 0.20 10.5 ± 0.5 16 0.20 ± 0.04 1.60 ± 0.12 6.6 ± 0.6 
15 JS-03 7.5 0.56 3.32 1.36 3 0.17 13.7 ± 0.4 22 0.09 ± 0.02 1.81 ± 0.14 7.6 ± 0.6 
16 JS-04 8.0 0.48 2.24 1.15 7 0.21 11.2 ± 0.2 24 0.09 ± 0.02 1.43 ± 0.11 7.8 ± 0.7 
17 JS-05 12.0 0.61 3.47 1.40 9 0.18 14.4 ± 0.5 18 0.06 ± 0.01 1.71 ± 0.13 8.4 ± 0.7 
18 JS-06 14.0 0.90 4.58 1.99 11 0.20 95.8 ± 3.5 24 0.05 ± 0.01 2.34 ± 0.17 41.0 ± 3.4 
18 JS-07 15.0 0.65 3.28 2.11 6 0.20 117.8 ±

9.4 
17 0.05 ± 0.01 2.44 ± 0.19 48.3 ± 5.4 

19 JS-08 16.0 0.55 3.22 1.32 8 0.17 126.7 ±
5.0 

20 0.05 ± 0.01 1.62 ± 0.07 78.4 ± 4.6 

20 JS-09 20.7 1.31 6.87 1.64 14 0.19 147.0 ±
2.8 

18 0.03 ± 0.01 2.16 ± 0.09 68.0 ± 3.7 

21 JS-10 19.0 1.20 6.24 1.33 5 0.19 170.3 ±
6.9 

20 0.04 ± 0.01 2.02 ± 0.14 84.2 ± 6.7 

22 JS-11 23.0 0.74 3.65 1.50 5 0.20 193.8 ±
7.2 

18 0.03 ± 0.01 1.91 ± 0.15 101.2 ± 8.6  

a Equivalent dose determined by the single aliquot regenerative dose method under blue light excitation (470 nm) (Murray and Wintle, 2003) on the 90–125 μm 
quartz fraction. Central age model of Galbraith et al. (1999) was used. 

b The analytical errors are within ±10‰ for the U, Th, and K contents and ± 5‰ for water content. 
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TL/OSL DA 15 reader with a 90Sr/90Y beta source. The IR laser diode (λ 
= 830 ± 10 nm) and the blue light emitting diodes (LED) (λ = 470 ± 30 
nm) deliver up to 400 W/cm2 and 50 W/cm2 respectively, but only 90% 
of their full powers were used for stimulation. For SAR measurement, 
the emission was collected through a Hoya U-340 (λ = 7.5 mm) filter. 
SAR emission was integrated over the first 0.5 s of stimulation out of 40 s 
of measurement and the background was based on emissions for the last 
2 s interval. For all the IRSL measurement, filters of Schott BG-39 and 
Corning 7–59 were placed in front of the photomultiplier tube to restrict 
transmission from UV to blue (320–480 nm). The first 1.4 s integral of 
the initial decay curves minus background, estimated from the last 4 s 
integral of the 100 s stimulation was used for De calculation. 

The quartz equivalent dose was acquired by using the SAR protocol 
of Murray and Wintle (2000). The pre-heating temperature experiment 
was performed to evaluate the effect of temperature on thermal transfer 
of the regenerative signal prior to the application of SAR dating protocol 
(Murray and Wintle, 2003). A preheat temperature of 240 ◦C for 10 s 
was determined for the regeneration and a cut-heat to 220 ◦C for the test 
dose OSL measurements (Fig. 4a). Moreover, a zero dose was used for 
monitoring recuperation effects. Additionally, a repeat dose, same as the 
first regeneration dose, was used for checking the reproducibility of 
sensitivity correction (i.e. recycling ratio). Aliquots with recuperation 
higher than 5% or recycling ratio beyond the range of 1.0 ± 0.1 were 
discarded for age calculations. Using one aliquot of JS-03 as an example, 
Fig. 4b shows the OSL signal growth and decay curves. The shape of the 
OSL decay curve indicates grains are dominated by the fast component 
(Li and Li, 2006; Steffen et al., 2009). A first-order exponential function 
was used to fit the growth curve and then to yield an estimate of De 
(Murray and Wintle, 2000). 

We also applied MET-pIRIR protocol (Li and Li, 2011, 2012) to date 
the K-feldspar grains of the coastal dunes. In such protocol, the IRSL 
signals of K-feldspar were measured by progressively increasing the IR 
stimulation temperature from 50 to 300 ◦C in steps of 50 ◦C. These IRSL 

signals at different stimulation temperatures were termed as the MET- 
pIRIR signals (Li and Li, 2011, 2012). The MET-pIRIR protocol has 
been tested and applied to aeolian sediments in northern China (Li and 
Li, 2011, 2012; Fu et al., 2012; Fu and Li, 2013; Lü et al., 2018). In this 
study, we applied a MET-pIRIR protocol which was improved by Li and 
Li (2011, 2012). For samples of QF-07 and QF-10, thirteen and fifteen 
aliquots were measured respectively. A preheat at 320 ◦C for 60 s was 
used for both regenerative and test dose IRSL measurements. The IRSL 
signals from regenerative doses were measured and each measurement 
was obtained by increasing the stimulation temperature in steps of 
50 ◦C. Typical decay curves of the MET-pIRIR signals of sample QF-10 
are shown in Fig. 5. The initial intensity of IRSL at 50 ◦C is the stron-
gest, and the others have lower values. Then a “hot” IR bleaching at 
325 ◦C for 100 s followed the end of the IRSL measurements for each test 
dose in order to minimize the residual signal. 

The environmental dose rate is an estimation of sediment exposure to 
ionizing radiation from uranium, thorium, potassium, and cosmic 
sources after deposition (Table 1). Uranium and thorium concentrations 
were measured by using Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) (Bailey et al., 2003), whereas the potassium content was 
analyzed using Atomic Absorption Spectrophotometry (AAS) method 
(Williams et al., 1962) at the Analytical Laboratory, Beijing Research 
Institute of Uranium Geology. The concentrations of uranium, thorium, 
and potassium were converted into beta and gamma dose rates (Guérin 
et al., 2011). The cosmic dose rate is calculated considering the sample's 
geographic location, altitude and depth (Prescott and Stephan, 1982; 
Prescott and Hutton, 1994). The internal dose rate of K-feldspar was 
calculated using a K concentration of 13 ± 1% and a Rb content of 400 
± 100 ppm (Huntley and Hancock, 2001; Zhao and Li, 2005; Li et al., 
2008). 

Moreover, in order to study the origin of dune sands, micro- 
structures of quartz grains were examined by using a scanning elec-
tron microscopy microscope. Quartz grains extracted from two samples 

Fig. 6. Profiles of the Qingfeng and Junshan sections, the sampling positions and the OSL ages are also shown.  
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(QF-06 and JS-08) were dispersed in alcohol, mounted on glass-topped 
stubs, gold-coated, and examined under an AM-Ray 1000B scanning 
electron microscopy equipped with energy dispersive X-rays. 

4. Results 

4.1. OSL chronologies of the Qingfeng and Junshan sections 

The OSL ages of 22 samples are shown in Table 1 and Fig. 6. In order 
to check the reliability of OSL ages, histograms of the De distribution of 
four samples (QF-04, QF-05, JS-04, and JS-06) are shown in Fig. 7. All 
these examples have De values that show a normal distribution. The 
other samples have similar De distributions. 

Ten samples from Qingfeng section were dated (Fig. 6). The ages of 
these samples can be divided into 4 groups. QF-01 and QF-02, obtained 
from the uppermost unit (I), have OSL ages of 14.1 ± 1.0 ka and 26.7 ±
1.9 ka, respectively. The age of the pedogenic layer (unit II) ranges from 
50.4 ± 4.6 to 41.1 ± 3.0 ka (QF-03, QF-04, QF-05, QF-06). Three 
samples (QF-07, QF-08, QF-09) from the upper part of the third unit 
have similar OSL ages of approximate 75 ka (overlapping each other). At 
the bottom of this unit, the quartz OSL dating of sample QF-10 yielded 
an age of 88.5 ± 7.5 ka. However, the luminescence signals of quartz 
from 12 discs (67%) of QF-10 were saturated (Fig. 8a). Therefore, quartz 

was replaced by K-feldspar to date the age of QF-10 because the lumi-
nescence signals of K-feldspar saturate at a much higher level than 
quartz. K-feldspar De estimations at the six stimulation temperatures (e. 
g. 50, 100, 150, 200, 250, 300 ◦C) were yielded (Fig. 8b). They were 
converted to ages and plotted in Fig. 8b. In the MET-pIRIR age plot, the 
age values increase progressively from 50 to 200 ◦C, while constant and 
statistically indistinguishable age values were obtained for the MET- 
pIRIR signal from 200 to 300 ◦C. Therefore, the age of this sample is 
about 175.9 ± 16.9 ka at 200 ◦C. Moreover, QF-07 was also dated using 
MET-pIRIR protocol in order to check the accuracy of the K-feldspar age 
of QF-10, although the quartz luminescence signals of sample QF-07 
were not saturated (Fig. 8c). We used the same procedure as the sam-
ple QF-10 and observed an age plateau between the stimulation tem-
peratures of 200–250 ◦C (Fig. 8d), which yielded a K-feldspar age of 
108.1 ± 10.4 ka. Obviously, this age is about 32.7 kyr older than the 
quartz OSL age. Multiple hypotheses have been proposed to account for 
the age overestimation of K-feldspar (Zhang and Li, 2020), such as signal 
inheritance (Colarossi et al., 2018; Liu et al., 2016), thermally trans-
ferred signal (Nian et al., 2012; Qin and Zhou, 2012), and dose depen-
dent sensitivity change (Li and Li, 2013; Fu et al., 2015). Given these 
uncertainties, we suggest that the K-feldspar age of QF-10 may be used 
as a maximum age. 

In the Junshan section, the OSL dating results of eleven samples are 
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also shown in Fig. 6. All the five samples of Unit I (JS-01, JS-02, JS-03, 
JS-04, and JS-05) have similar ages of 8–6 ka (Fig. 6). Two samples (JS- 
06 and JS-07) of Unit II have OSL ages of 48–41 ka. Three samples of 
Unit III (JS-08, JS-09, and JS-10) have ages ranging from 84 to 68 ka. 
One sample of Unit IV (JS-11) has an age of 101.2 ± 8.6 ka. 

4.2. Scanning electron microscopy analysis 

Scanning electron micrographs of quartz grains from samples QF-06 
(Figs. 9a, b) and JS-08 (Figs. 9c, d) are shown in Fig. 9. The particle sizes 
of quartz from these two sections range from 100 to 300 μm, but mostly 
having diameters of ca. 250 μm. Most of the quartz grains have sub- 
rounded shapes (Fig. 9a-d) and commonly have typical dish-shaped 
depressions (Fig. 9a to c). The above sedimentary features are charac-
teristics of aeolian transportation (Mckee, 1979). 

5. Discussions 

5.1. The reliability of the dose rate 

Chemical weathering is considered to be an important factor for dose 
rate measurement in luminescence dating (Olley et al., 1996; Jeong 
et al., 2007; Zhang et al., 2008, 2019; Jin et al., 2018, 2021). When the 
sediments experience strong chemical weathering, the mobile elements 
will be leached. The chemical weathering may cause secular disequi-
librium in the uranium and thorium decay series after deposition. In 
most weathered sediments, thorium is regarded as a highly immobile 
element and the 232Th decay chain is expected to be in secular equi-
librium in most natural materials during weathering (Braun et al., 1993; 
Olley et al., 1996). Compared with thorium, uranium is relatively mo-
bile (Mathieu et al., 1995; Olley et al., 1996; Dequincey et al., 2002; 
Chabaux et al., 2003). Usually, the U/Th ratio can be used to judge the 
equilibrium conditions in sediments. Stronger chemical weathering 
corresponds to a decreasing ratio of U/Th (Zhang et al., 2008, 2019; Jin 
et al., 2018, 2021). We calculated the U/Th ratios in the Qingfeng and 
Junshan sections (Table 1). Our results show that 95.5% of the U/Th 
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ratios are in the range of 0.17 and 0.22. This narrow range of values is 
more homogenous compared to those of Zhang et al. (2008) (Fig. 10). 
Although the U and Th contents in the Qingfeng section are greater than 
the samples in the Junshan section, the U/Th ratios are very similar. We 
suggest that although the samples might have experienced some 

chemical weathering, the nearly homogenous U/Th ratios imply that 
effect of the past chemical weathering on the dose rate was not 
significant. 

5.2. Aeolian origin of the paleo-sand dunes 

The origin of the reddish sand dunes of SE China has a long history of 
debate since the 1960s (e.g., Yao et al., 1985; Zhang et al., 1985; Wang 
et al., 1998; Zeng et al., 1999; Lai et al., 2017). One view is that these 
sands were transported by wave or tide and deposited in a proximal 

Fig. 9. Scanning electron micrographs of quartz grains of samples QF-06 (a, b) and JS-08 (c, d).  
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coastal environment (Zhang et al., 1985; Li, 1986). Another opinion 
suggests that the reddish sand dunes were transported by winds for some 
distances from the coast (Wu, 1996; Zhu et al., 1988; Wang et al., 1998; 
Shen et al., 2016). We demonstrate that the reddish coastal dunes are 
aeolian in origin based on the following three lines of evidence:  

(1) Field investigation can provide the most direct evidence of 
aeolian sand dunes. The outcrop in the Junshan section clearly 
shows cross-bedding (Fig. 3d), which has an angle of repose of 
33◦. This is in the range of angle of repose of aeolian sand dunes 
(30 to 35◦) (Atwood-Stone and McEwen, 2013), being bigger 
than that of cross-bedding forming in any fluvial setting (usually 
less than 22◦). Additionally, the dune sands are poorly cemented 
and well sorted, being also common features of aeolian dune 
sands.  

(2) The surface microstructures of quartz grains can be also used to 
examine the sediment transport history (Cardona et al., 2005; 
Damiani et al., 2006; Warrier et al., 2016). The sub-rounded 
shapes and dish-shaped depressions (Figs. 9a, b) are typical fea-
tures of aeolian sands. 

(3) Topography is a fundamental factor controlling sand trans-
portation and deposition in the Qingfeng and Junshan sections. 
These two sections are located on the windward slopes of local 
hills facing the coastline (Fig. 2). The local hills reduce the wind 
speed and block the movement of the aeolian sand dunes. Taking 
the Junshan section as an example, dune sands of this section are 
typical climbing dunes (Fig. 11). Pye and Tsoar (2009) proposed 
that aeolian sediment and airflow depend on topography at all 
length scales in mountainous regions. Topography can decelerate 
airflow and form upwind obstacle of moving sands, resulting in 

upwind accumulations of sands (climbing dunes). The distribu-
tion of paleo-sand dunes in the Junshan section demonstrates that 
topography had an important influence on the sand accumulation 
in this area. 

5.3. Relationship between the accumulations of coastal dunes and the 
eustatic sea-level fluctuations 

The relationship between the evolution of coastal dunes and sea- 
level change has been studied and various models have been proposed 
(e.g., Murray-Wallace, 2002; Bateman et al., 2004, 2011; Porat and 
Botha, 2008; Andreucci et al., 2009; Tamura et al., 2011). Dating of 
coastal dunes has demonstrated that their formation is in relation to sea- 
level highstands (e.g., Murray-Wallace, 2002; Bateman et al., 2004, 
2011; Porat and Botha, 2008; Murray-Wallace et al., 2010; Tamura 
et al., 2011). Meanwhile, there are several coastal dunes related to sea- 
level lowstands (e.g., Andreucci et al., 2009). No matter coastal dunes 
develop at low or high sea levels, these models all suggest that sea-level 
change is a trigger for coastal dune building (Ritchie, 1972; Lees, 2006), 
and the development of the aeolian sand dunes in coastal regions is 
highly coherent with marine transgression or regression processes. 

The paleo-aeolian sand dunes in the coast of SE China, have been 
used to infer paleoclimate and sea-level changes (Zhang et al., 2008; Jin 
et al., 2017, 2018). These earlier studies suggest that the aeolian dunes 
corresponded to lower sea levels (Wu et al., 1995; Zeng et al., 1999; Wu 
et al., 2000; Jin et al., 2018), although some recent researchers suggest 
that sand accumulations could occur during higher sea levels (Jin et al., 
2017). 

The OSL ages of this study provide a novel chronology of aeolian 
sand deposition in SE China (Fig. 6). Fig. 12 shows the relationship 
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between the OSL ages and the reconstructed sea-level fluctuations since 
the Penultimate glaciation (data from Grant et al., 2012, 2014). 

Our chronologies indicate that most of the paleo-aeolian sand dunes, 
preserved in the study area, accumulated in three periods: 9–6 ka 
(broadly corresponding to MIS 1), 50–26 ka (MIS 3), and 110–74 ka 
(MIS 5). These stages were also periods of relative higher sea-levels 
compared with those in the glacial maxima due to the melting of polar 
ice-sheets in the warmer period (Fig. 12). Although there is an OSL age 
of 175.9 ± 16.9 ka, this age is a MET-pIRIR age of K-feldspar with large 
uncertainty. Generally, we did not find paleo-aeolian sand dunes formed 
during the Penultimate glacial (MIS 6) and the colder stages of the last 
glacial (MIS 2 and MIS 4) (Fig. 12). 

We interpret the formations of the paleo-aeolian coastal dunes by 
using a conceptual model (Fig. 13). For the formation of sand dunes, 
three factors are necessary: (1) sand supply, (2) winds, and (3) preser-
vation (e.g., Lancaster et al., 2002; Chase and Thomas, 2007; Singhvi 
and Porat, 2008; Jayangondaperumal et al., 2012). Such conditions for 
dune formation can occur both in glacial and interglacial periods in the 
coastal regions. In order to interpret the dune formation and preserva-
tion in the studied regions we need to have knowledge about the past 
sea-level fluctuations and continental shelf evolution. 

It has been demonstrated that the sea-level fluctuations are 
controlled by the melting and growth of polar ice-sheets as well as the 
changing shelf-accommodation (due to tectonics and the amount and 
rate of sediment supply) (Pico et al., 2017). The studied region is located 
in a relatively stable tectonic domain of South China Block (Yin, 2010), 

and there is no large river diversion during the studied time scale. In 
such a short time, the effects of tectonic uplift and sediment supply can 
be negligible. The predominant factor governing sea-level changes is the 
glacial isostatic adjustment. 

Previous studies have shown that the sea level was ~120 m lower 
than the present during MIS 2 (Fleming et al., 1998; Lambeck and 
Chappell, 2001; Clark and Mix, 2002; Osterberg, 2006; Rabineau et al., 
2006) and was ~100 m lower during MIS 4 (Pico et al., 2017). The 
greatly exposed continental shelf due to sea-level drop in glacial stages 
led to the coastal dune formation (Fig. 13a). However, the studied area is 
located on the continental shelf of the East China Sea, facing the Taiwan 
Strait (Fig. 1) which has a width ranging from 130 to 360 km and a water 
depth of less than 60 m in 3/4 of its total area (Li et al., 2006). In this 
context, a sea-level drop of 100–120 m during MIS 2 and 4, led to the 
exposure of the Taiwan Strait and resulted in a ~ 200 to 350 km east-
ward retreat of the shoreline (Fig. 13a). The long distance from the 
shoreline, combined with the blocking of the Central Mountain Range 
(up to 3860 m above sea level) in Taiwan, was not favorable for the sand 
movement to the studied sites (Fig. 13a). Meanwhile, lower sea-level 
coastal dunes could be easily washed away by water waves during a 
subsequent marine transgression. This can account for why there are no 
corresponding dune sands of MIS 2 and MIS 4 preserved in the studied 
region. 

During the periods of MIS 1 and 5, sea-level rose to the present height 
(MIS 1) or only up to 60–40 m lower in most time of MIS 5 (Fig. 12) 
driven by the melting of the polar ice-sheet. During these periods, the 

Fig. 13. Conceptual models show the evo-
lution of aeolian sand dunes in the coastal 
zone of SE China. (a) Sea level drop during 
the last glacial maxima (MIS 4 and 2) 
exposed both the continental shelf and the 
Taiwan Strait, and the coastal sand dunes 
might develop in a lower elevation, but was 
several hundred kilometers away from the 
present coastline and blocked by the topo-
graphic barrier of Taiwan Island; (b) Sea 
level rise during the warm periods (espe-
cially for MIS 1 and 5) was favorable for the 
accumulation of aeolian coastal sand dunes 
at higher altitudes transported by prevailing 
winds.   
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Taiwan Strait was occupied by sea water, the rise of sea-level was 
favorable for the sand movement by winds from coastline to a higher 
land on the windward slope of hills, which formed climbing dune sands 
(Fig. 13b). During MIS 3, although the sea-level would be ~60 m lower 
than at present, 1/4 of the Taiwan Strait was still occupied by sea due to 
the fact that only 3/4 of its present area is shallower than 60 m (Li et al., 
2006). Without the topographic barrier of the Taiwan Island, the coastal 
sands could be transported by strong winds to higher altitudes in land 
and thus preserved as paleo-sand dunes. In this context, the paleo- 
aeolian sand dunes formed in MIS 5, 3, and 1 were located at higher 
altitudes, they could not be washed away by water waves and thus 
preserved on the windward slope of hills in the coastal region of SE 
China. 

6. Conclusions 

The paleo-aeolian coastal sand dunes in southeast China provide 
important information about continental shelf evolution and sea-level 
changes since the beginning of the Penultimate glaciation. Our OSL re-
sults from two representative sites reveal that the paleo-aeolian reddish 
sand dunes were accumulated during the last interglacial (MIS 5), the 
interstadial of the last glaciation (MIS 3), and the Holocene (MIS 1). Our 
new results are contrary to some previous argument that the preserved 
reddish coastal sand dunes in SE China were formed in cold periods. 

Although dune formations could occur both in glacial and intergla-
cial times, the sand dunes formed in the glacial maxima were not pre-
served in the present coastal region in SE China. Such dune sands were 
difficult to move to higher altitudes due to the sea-level drop and the 
largely retreated shoreline. Moreover, these low elevation dunes might 
be washed away by water waves during the subsequent marine trans-
gression. In this context, coastal dunes in higher altitudes that accu-
mulate during higher sea-level phases could be more easily preserved, 
this is the case of the paleo-aeolian sand dunes in the coastal region of SE 
China. 
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