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Paleo-lacustrine sediments indicate that a mega-lake developed in the Hetao
Basin (HTB), suggesting dramatic changes in the geomorphology and surface
process of the Yellow River and surrounding regions. However, the formation time
of the mega Hetao paleo-lake (HTPL) in the HTB remains unclear. In this study, a
set of 7.6-m-thick lacustrine sediments in the middle of the HTB is dated by both
quartz optically stimulated luminescence (OSL) and K-feldspar (KF) post-infrared
infrared stimulated luminescence (p-IR IRSL, pIRIR). The results are as follows. 1)
The quartz OSL ages do not increase with depth as the KF pIRIR ages displayed but
are saturated at ca. 80–100 ka with the consequence of age underestimation. The
influence of signal saturation may occur below 96 Gy (ca. 32 ka) in this region.
Thus, the KF pIRIR ages are chosen for geomorphological evolution
reconstruction. 2) These ages suggest the level of the HTPL exceeded 1033 m
asl twice—at the early stages of MIS 7 (~255–245 ka) and MIS 5 (~130–120 ka).
However, the exact scale of the HTPL and its relationship with the Jilantai paleo-
lake is unclear. 3) This chronology suggests strong linkage between periodic
formation of the HTPL and glacial-scale climatic change.We therefore propose an
alternative hypothesis to interpret these processes: the Hobq dunefield expanded
eastward to dam the narrow Jin-Shaan Gorge during the glacial periods when the
flow of the Yellow River was weak. Then, in the beginning of the interglacial
periods, the basin was filled by abruptly resumed runoff in response to increased
glacial meltwater and precipitation on the northeastern Tibetan Plateau. Once the
lake spilt out, the loose dune dam was quickly breached.
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1 Introduction

Lacustrine sediments are important paleoclimatic archives due to their continuity,
sensitivity, and high resolution (Wang et al., 2009; Shen, 2012), especially in the arid
and semi-arid regions of the Tibetan Plateau (TP) where continuous terrestrial sedimentary
records are difficult to preserve (Yu et al., 2022). At the boundary of the modern East Asian
Summer Monsoon (EASM), a mega Hetao paleo-lake (HTPL) has been reconstructed based
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on widely distributed paleo-lacustrine sediments along the Yellow
River in the Hetao Basin (HTB) in northern China (Li et al., 2005;
Chen et al., 2008a; Jia et al., 2016). As well as being the source and
upper reaches of the Yellow River on the TP, the HTB is also linked
to the Hexi Corridor, dunefields, and the Gobi Desert to its west, and
dunefields and the Chinese Loess Plateau (CLP) to its south
(Figure 1A) through fluvial and aeolian processes (Nie et al.,
2015; Yang et al., 2018; Fan et al., 2022). Therefore, the evolution
of the HTPL may shed light on that of the Yellow River, regional
climatic change, and surface processes.

The timing and extent of the HTPL are under debate, especially
due to results from different dating methods. 14C dating suggests its
formation in Marine Isotope Stage (MIS) 3 (Yang et al., 2018; Yang
et al., 2020). Chen et al. (2008b) proposed that the HTPL had

extended to the Jilantai (JLT) Basin, forming a JLT-HT mega-lake at
~100 ka based on quartz optically stimulated luminescence (OSL)
dating, and the lake then reached its highest stand of 1080 m asl at
~50-60 ka. Jiang et al. (2012) proposed a closed HTPL at 145-100 ka
(quartz OSL), which then outflowed after reaching 1046 m asl.
Evidence from drill cores in the Ulan Buh dunefield also display
a JLT during MIS 5e–5c (Chen et al., 2013; Li et al., 2014). Recent
dating of quartz OSL and post-infrared infrared stimulated
luminescence (post-IR IRSL, pIRIR) of K-feldspar (KF) from
major shorelines in the JLT Basin further confirm paleo-lake
development during MIS 5 (~1070 m asl) and MIS 3
(~1050–1060 m asl) (Fan et al., 2022).

It is unclear whether the inconsistency in the dating of the HTPL
is due to the multiple stages of paleo-lake development or different

FIGURE 1
Geographic setting of the Hetao Basin. (A) Location of study area, major atmospheric circulation systems, and boundary of the EASM (dotted blue
line). (B) DEM shows morphology of regions around the Hetao Basin, including modern drainage system of the Yellow River, and the faults (red lines)
(modified fromCEA, 1988) dividing the basin into four sub-basins: Jilantai (JD), Linhe (LD), Baiyanhua (BD), and Hohhot Depressions (HD). The location of
ZKHB and Haojiayao cores (red dots) are also marked. Reconstructed possible area (dotted yellow line) of the HTPL according to the modern
contour line of 1033 m asl.
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dating methods. 14C dating is known to usually underestimate
lacustrine sediments of over 30 ka due to contamination from
younger carbon (Lai et al., 2014). In recent years, quartz OSL
dating has also been found to saturate much earlier than
previously realized—ca. 150 Gy in CLP (Buylaert et al., 2008;
Chapot et al., 2012) and even below 100 Gy in Qaidam Basin
(Yu et al., 2022). Alternatively, pIRIR dating of KF with a much
higher dating limit (Li and Li, 2012) may contribute to these
questions, which has been applied but limited to the JLT sub-
basin in the HTB (Li et al., 2014; Fan et al., 2022), leaving the
reliable chronology of the HTPL unsolved. In this study, 9.4-m-thick
paleo-lacustrine sedimentary records at the middle of the HTB were
studied to determine the time of the HTPL by comparing both
quartz OSL and KF pIRIR dating, and to discuss the possible
mechanisms for the formation of the HTPL.

2 Geographic setting and section

2.1 Geographic setting

The Hetao Basin, a Cenozoic faulted basin on the Ordos Plateau,
is located along the end of the upper reaches of the Yellow River
from Shizuishan to Togtoh (Figures 1A, B), with an area of ca.
28,000 km2 and altitude of 900–1200 m (Li et al., 2017a). The HTB is
composed of four sub-basins: Jilantai, Linhe, Baiyanhua, and
Houbao (Figure 1B). Late Quaternary lacustrine sediments are
widely distributed in the HTB and are usually covered by loess,
aeolian sand, and alluvium. The landscapes along the Yellow River
are mainly desert and desert steppe, with the mobile Hobq dunefield
on its southern bank (Figure 1B). Many ephemeral tributaries have
originated from the Ordos Plateau and flowed across the Hobq

FIGURE 2
(A)Overview of modern environment in the study region; the Yellow River is 3 km north of the HLG section. (B) Stratigraphy and sampling locations
of HLG section.
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FIGURE 3
(A) OSL decay curves (HLG5-1). (B) Decay curves of MET-pIRIR signals (HLG5-1). (C) Des at different stimulation temperatures (HLG5-1). (D) Dose
recovery test of 237 Gy (blue) for MET-pIRIR protocols and residual doses after sunlight bleached under different stimulation for the MET-pIRIR signals of
sample HLG5-2 (red). (E) All SAR dose response curves (DRCs) of measured quartz aliquots, which displayed different saturation levels. The lowest red
curve displayed the aliquot with the lowest D0 of only 48 Gy. (F) Renormalized DRCs (dots) and gSGC (solid line) of KF. (G) Comparisons of SAR Des
and gSGC Des. (H) Relation of De versus D0 in quartz aliquots.
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dunefield, contributing sufficient material to the alluvial and pluvial
processes in the HTB (Figure 1B).

The HTB lies along the margin of the EASM (Figure 1A) and
has a semi-arid continental climate. Its annual mean
temperature is 4°C–8°C, and annual mean precipitation is ca.
275 mm (mainly in summer) (Li et al., 2020a). However, its
annual mean evaporation is ca. 1900–2500 mm (Wei et al.,
2016), which far exceeds precipitation. Drought and large
daily temperature ranges are typical climatic characteristics
of the HTB. Under such a climate, local short, ephemeral
tributaries make a limited contribution to the Yellow River
in the HTB, and 87Sr/86Sr ratios of modern water samples
suggest that the Yellow River was the dominant water source
during the high lake phase (Fan et al., 2010). Additionally, the
annual (1956–2017) mean runoff even decreases from
306×108 m3 in Lanzhou to 208×108 m3 in Togtoh (Figure 1A;
Xie et al., 2021), suggesting that almost all the runoff to the HTB
originates from the northeastern Tibetan Plateau.

2.2 Section and OSL sampling

Section Heilaigou (HLG, 40.46°N, 109.47°E, 1033 m asl.) is
located near the mouth of the Heilai Gully and is about 20 m
above the modern Yellow River (Figure 2A). This artificial
section exposed a set of 9.4-m-thick lacustrine deposits
(Figure 2B). The section was divided into five units from bottom
to top according to sedimentary characteristics such as color, grain
size, and bedding (Figure 2B).

Unit 1 (base not reached, 3.8 m) at the base of the section is
mainly composed of well consolidated reddish-brown silty fine
sand (Figure 2B). The obvious horizontal beddings of several
centimeters thick suggest that they resulted from rapid
deposition events, such as floods. There are no gravels in this
unit and no desiccation crack on the fine-grained surface of each
couplet, demonstrating that they were subaqueous deposits.
Therefore, these sediments should be flood inputted shallow
lacustrine deposits. The thick couplets suggest that these floods
were mainly from the Heilai gully, and the reddish-brown coarse
sand layer at the top of this unit may be attributed to an intensive
flood event. Unit 2 (2.2 m) is composed of pale green silty sand
with apparent dense horizontal beddings a few centimeters thick,
suggesting a relatively deeper lake environment. Unit 3 (1.1 m) is
composed of relatively loose grayish-white clayey silt and thin
horizontal beddings, which also demonstrate a deep lacustrine
environment. Unit 4 is reddish loose dune sand with obvious
oblique beddings, and Unit 5 is sandy loess with dark soil later in
the middle part. These two aeolian units are dated to the last
Holocene deglaciation (unpublished data), implying that the lake
level did not reach this elevation during this period. However, they
are not relevant to the evolution of the HTPL and are therefore are
not studied here.

Nine OSL samples were taken by stainless steel tubes from the
three lacustrine units. The sampling locations are shown in
Figure 2B. The OSL samples were taken by hammering stainless
steel tubes (~25 cm long and ~5 cm diameter) into the freshly
cleaned sections. Buck samples were also taken from some layers
for grain size, organic material, and carbonate measurements.

3 Methods

3.1 Luminescence dating

3.1.1 Sample preparation and experimental
equipment

The pretreatment and measurement of the nine OSL samples
were carried out in the Luminescence Research Laboratories of Linyi
University and Liaoning Normal University, China. About 2–3 cm
of materials from both ends of the tubes were removed to measure
grain size, elements, water, and carbonates, and the unexposed
internal part was used for equivalent dose (De) determination.
Grain size fractions of 63–90 μm or 125–180 μm (only for
HLG3-3) were separated by wet sieving after successively
removing the carbonates and organics with 10% HCl and 30%
H2O2. Quartz and KF were extracted using heavy liquids with
densities of 2.62–2.70 g/cm3 and 2.53–2.58 g/cm3, respectively.
The quartz was then etched with 40% HF for about 40 min to
dissolve feldspars and the alpha-irradiated outer layer (~10 μm),
followed by HCl rinsing to remove fluorides. The KF was not etched
(Duller, 1992). Aliquots with 2 mm diameters on stainless disks were
used for both KF and quartz samples. Two samples were also
measured by single-grain dating of KF.

All De measurements were performed on an automated
luminescence reader (Risø TL/OSL-DA-20-D) equipped with
a90Sr/90Y beta source, blue (470 ± 20 nm), and infrared (870 ±
40 nm) diodes, and a X-Y single-grain device. The stimulated signals
were counted by a PDM9107Q photomultiplier tube, after passing
through a 7.5 mm thick U-340 filter (for quartz) or combined Schott
BG39 and BG3 filters (for KF).

3.1.2 Luminescence characteristics and De

determination
The single-aliquot regenerative-dose (SAR) protocol (Murray

and Wintle, 2000; Murray and Wintle, 2003) and standard growth
curve (SGC) method (Roberts and Duller, 2004) were used for De

measurement of both quartz and KF. Five samples (HLG5-1, HLG5-
2, HLG3-1, HLG3-4, and HLG3-6) were measured with quartz OSL.
For quartz OSL, a modified SAR protocol (An et al., 2020) was
referred to, with a preheating temperature of 260°C for 10 s and a
cutting temperature of 220°C for 10 s; only the aliquots with very low
IRSL signal contamination and low recuperation were used. OSL
signals of the first 0.64 s stimulation were integrated for calculation
after background (last 10 s) subtraction. Figure 3A shows the decay
curves of quartz OSL signals (HLG5-1), which decayed quickly to
the background level in the first second of stimulation, suggesting
that the signals are dominated by fast components.

For KF single-aliquot De measurement, the multi-elevated-
temperature (MET) pIRIR protocol (Li and Li, 2011; Li and Li,
2012) was used in this study. Samples were preheated to 320°C for
60 s, stimulated with IR for 100 s at 50, 100, 150, 200, 250, and 290°C,
respectively, and bleached at 320°C after each nature/regeneration
cycle (Yu et al., 2022). Figure 3B illustrates the decay curves of
natural (red) and regenerative (blue) signals under different
stimulation temperatures. The signals of the initial 8 s were used,
and the last 10 s were subtracted as background (Yu et al., 2022).
Figure 3C shows an obvious De plateau between 250°C and 290°C,
indicating that the signals were well bleached and not significantly
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affected by anomalous fading (Li and Li, 2011; Fu, 2014). The
residual dose test and dose recovery test were conducted on six
solar bleached (5 days) aliquots (HLG5-2). Three of these were used
to measure the residual dose, and the mean residual dose increased
with stimulation temperatures: 32.7 ± 7.3 Gy and 39.5 ± 9.1 Gy at
250°C and 290°C, respectively (Figure 3D). A laboratory beta-dose of
231.8 Gy was irradiated to the other three aliquots. After subtracting
the corresponding residual doses, the average dose recovery ratios
(Figure 3D) under 250°C and 290°C were 1.04 ± 0.04 and 1.00 ± 0.05,
respectively. This suggests that the MET-pIRIR procedure is suitable
for KF in this region, and the signals of 250°C were used for De

calculation. Two samples (HLG5-1 and HLG5-2) were measured
using single-grain KF dating, with a two-step pIR200IR275 procedure
(Li et al., 2018a). Individual KF grains were placed on single-grain
discs with a hole diameter of 100 μm.

The dose response curves (DRC) of five quartz samples and nine
KF samples were used to establish SGCs of quartz and KF,
respectively. To further reduce the between-aliquot variation in
SAR DRCs (Figure 3E), the “global” SGC (gSGC) method (Li
et al., 2015a) was applied. Following the measurement of the
natural signal, both the normalized nature signals and the DRCs

were renormalized by extra regenerative doses (Li et al., 2015a;
2015b) of 189.8 Gy for KF and 53.9 Gy for quartz. A total of
21 quartz DRCs and 18 KF DRCs were used to build gSGCs, and
Figure 3F shows the renormalized DRCs (dots) and gSGC (solid
line) of KF. De values were obtained by matching the
renormalized natural signals to the gSGC. Figure 3G
demonstrate that the Des obtained by gSGC and SAR are
consistent for KF. The final Des were calculated with the
central age model (Galbraith et al., 1999).

3.1.3 Dose rate
The U and Th concentrations of each sample were measured by

inductively coupled plasma mass spectrometry, while the content of
K was measured by inductively coupled plasma optical emission
spectrometry. The internal K content of KF was estimated as
12.5% ± 0.5% (Huntley and Baril, 1997). The α-value of coarse-
grained KF is 0.15 ± 0.05 (Balescu and Lamothe, 1994). The cosmic
dose rates were calculated according to Prescott and Hutton (1994).
The water content was estimated as 10% ± 5% for the samples based
on the measured values and the burial environment. The dose rates
and ages were calculated with DRAC (v1.2) (Durcan et al., 2015) and

TABLE 1 Dose rates of all quartz and KF samples.

Sample ID Depth
(m)

U
(ppm)

Th
(ppm)

K (%) Water
content (%)

Mineral
(KF/Q)

Grain
size (μm)

Cosmic dose
rate (Gy/ka)

Internal dose
rate (Gy/ka)

Total

HLG5-1 2.5 4.39 ±
0.18

4.73 ±
0.19

0.92 ±
0.04

10 ± 5 KF 63–90 0.24 0.264 3.21 ±
0.21

10 ± 5 Q 63–90 0.24 2.31 ±
0.09

HLG5-2 2.8 5.33 ±
0.21

3.60 ±
0.14

0.71 ±
0.03

10 ± 5 KF 63–90 0.21 0.264 3.19 ±
0.24

10 ± 5 Q 63–90 0.21 2.22 ±
0.09

HLG3-1 4 2.71 ±
0.11

9.85 ±
0.39

1.92 ±
0.08

10 ± 5 KF 63–90 0.15 0.264 3.96 ±
0.22

10 ± 5 Q 63–90 0.15 3.10 ±
0.14

HLG3-2 4.9 3.60 ±
0.14

10.43 ±
0.42

1.82 ±
0.07

10 ± 5 KF 63–90 0.13 0.264 4.2 ±
0.24

HLG3-3 5.2 7.02 ±
0.28

5.94 ±
0.24

0.98 ±
0.04

10 ± 5 KF 125–180 0.13 0.525 3.87 ±
0.21

HLG3-4 5.9 2.89 ±
0.12

11.64 ±
0.47

2.17 ±
0.09

10 ± 5 KF 63–90 0.12 0.264 4.39 ±
0.24

10 ± 5 Q 63–90 0.12 3.45 ±
0.15

HLG1-A 7.6 3.07 ±
0.12

11.49 ±
0.46

2.2 ±
0.09

10 ± 5 KF 63–90 0.1 0.264 4.44 ±
0.25

HLG1-B 8.6 3.75 ±
0.15

11.76 ±
0.47

2.04 ±
0.08

10 ± 5 KF 63–90 0.09 0.264 4.54 ±
0.26

HLG3-6 9.3 4.22 ±
0.17

12.11 ±
0.48

2.15 ±
0.09

10 ± 5 KF 63–90 0.09 0.264 4.80 ±
0.29

10 ± 5 Q 63–90 0.09 3.71 ±
0.16
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with the conversion factors of Adamiec and Aitken (1998). The dose
rates for all samples are listed in Table 1.

3.2 Grain size and loss on ignition

The grain size of the samples was measured using a laser particle
size analyzer (Bettersize 2600) at Linyi University with a
measurement range of 0.02–2600 μm. Samples were pretreated
and measured following the method proposed by Zhao et al.
(2016). The contents of organic matter and carbonates were
determined with the loss on ignition (LOI) method using a
Muffle furnace at Linyi University. The dried (3 g, at 105°C for
12 h) samples were heated to 550°C for 3 h and then 950°C for 4 h to
analysis the contents of organic matter and carbonates, respectively
(Heiri et al., 2001).

4 Results

4.1 KF pIRIR and quartz OSL dating

The quartz OSL and KF pIRIR ages are shown in Table 2 and
Figure 4. The concentrated Des (Figure 5) and low over-dispersion
(OD) values based on single-grains or small aliquots indicate
homogeneous bleaching of pIRIR signals before burial. The five KF
ages in Unit 1 range from 254 ± 20 ka to 276 ± 22 ka. The two samples
from Unit 2 were dated at 245 ± 17 ka and 244 ± 18 ka, showing that
they were deposited in early MIS 7. Unit 3 yielded two single-grain KF
ages of 120 ± 9 ka and 120 ± 10 ka and one single-aliquot KF age of

131 ± 12 ka, suggesting that this unit was mainly formed during ca.
120–130 ka—the MIS 5e. The consistent single-grain and single-
aliquot ages suggest that the signals are well bleached and the ages
are reliable. It is worth noting that there is an obvious sedimentary
hiatus of ca. 110 ka between the two stages of HTPL development. In
contrast, the ages of the five quartz samples ranged from 80 ± 7 ka to
103 ± 9 ka, which cannot correspond to the stratigraphy (Figure 4).

4.2 Grain size and LOI

The frequency-distribution curves of the grain sizes of lacustrine
and aeolian sediments from the HLG section are shown in Figure 6.
The results show that the grain-size composition of the different
lacustrine units vary significantly, suggesting a different sedimentary
environment. The curves of Unit 1 show characteristics of poorly
sorted flood deposits (Liu et al., 2019) with many peaks (Figure 6A),
which suggest an unstable sedimentary environment. Unit 2 has
coarser grain size than Unit 1, with less clay to fine silt and more
coarse silt to very fine sand (Figure 6B). The dominant coarser
component is close to the dune sand in Unit 4 and sandy loess in
Unit 5 (Figure 6D). The grain size of Unit 3 is relatively finer than
Unit 2, suggesting a deeper lake with a stable sedimentary
environment and less aeolian input (Figure 6C).

Organic matter content varies from 2.17% to 22.76%, with the
highest contents occurring in Unit 3 (Figure 4). The content of
carbonates is converted to CaCO3 based on the LOI under 950°C.
The content of CaCO3 increases from Unit 2 in response to the
rising lake level, and the highest contents (42.3% in average) occur in
Unit 3 (Figure 4). Therefore, grain size and organic matter and

TABLE 2 Dating results of quartz OSL and KF MET-pIRIR.

Sample ID Depth
(m)

Mineral
(KF/Q)

Dose rate
(Gy/ka)

OD
(%)

Aliquot/grain
number

De (Gy) Calibrated
De (Gy)

Age
(ka)

HLG5-1 2.5 KF, single-grain 3.21 ± 0.21 15.7 44 386 ± 13 120 ± 9

Q 2.31 ± 0.09 28.7 14 238 ± 19 103 ± 9

HLG5-2 2.8 KF, single-grain 3.19 ± 0.24 24.8 58 384 ± 16 120 ± 10

KF 3.19 ± 0.24 14.2 20 452 ± 15 419 ± 15 131 ± 12

Q 2.22 ± 0.09 25.9 16 210 ± 14 95 ± 7

HLG3-1 4 KF 3.96 ± 0.22 15.8 22 1005 ± 39 972 ± 39 245 ± 17

Q 3.10 ± 0.14 32.1 13 284 ± 28 92 ± 10

HLG3-2 4.9 KF 4.2 ± 0.24 13.7 17 1059 ± 44 1026 ± 44 244 ± 18

HLG3-3 5.2 KF 3.87 ± 0.21 20.8 19 1082 ± 58 1049 ± 58 271 ± 22

HLG3-4 5.9 KF 4.39 ± 0.24 11.1 13 1205 ± 53 1172 ± 53 267 ± 19

Q 3.45 ± 0.15 20.5 11 337 ± 23 98 ± 8

HLG1-A 7.6 KF 4.44 ± 0.25 22.1 14 1170 ± 78 1137 ± 78 256 ± 23

HLG1-B 8.6 KF 4.54 ± 0.26 13.1 13 1187 ± 58 1154 ± 58 254 ± 20

HLG3-6 9.3 KF 4.80 ± 0.29 11.6 13 1319 ± 64 1287 ± 64 268 ± 21

Q 3.71 ± 0.16 24.3 13 295 ± 21 80 ± 7
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carbonate content all suggest that Units 2 and 3 were deposited
under a deep lake environment, especially Unit 3.

5 Discussion

5.1 Upper limit of quartz OSL dating in HTB

A comparison of KF pIRIR and quartz OSL ages in the HLG
section reveals disagreement (Table 2). The OSL ages of the five
samples vary between 80 and 103 ka, and they do not increase with
depth like the pIRIR ages, which yield a consistent sequence from
120 ka to 268 ka. Considering that the residual dose (32.7 Gy) of the
pIRIR signals have been subtracted, we attribute this disagreement
to the underestimation of quartz OSL ages. The D0 values range
from 48 Gy to 177 Gy, with an average value of 106 Gy. The red line
in Figure 3E illustrates one of the earliest saturated quartz DRC,
which has a D0 of only 48 Gy; Figure 3H demonstrates that Des of
almost all the quartz aliquot measured with SAR protocol
(141–547 Gy) are close to or exceed the average saturation level
of 2 D0 (Wintle andMurray, 2006). Some individual grains saturated

even before 96 Gy (ca. 32 ka with an average dose rate of ca. 3 Gy/ka
in HTB). These early-saturated grains may affect the results of the
whole aliquots, even though the aliquots may have a higher
saturation level (Yu et al., 2022). Additionally, according to the
study of loess-paleosoil sequences on the CLP, although the DRCs
may have a higher saturation level, the natural signals saturate much
earlier, at ca. 150 Gy (Chapot et al., 2012). This offers another
interpretation of the underestimation of aliquots with Des of lower
than 2 D0. Therefore, most quartz aliquots in this study should have
been affected by signal saturation.

Fan et al. (2020) also suggested that the quartz in the JLT sub-
basin, southwestern HTB, saturated at ca. 150 Gy. Many other
studies have demonstrated that quartz in the arid and semi-arid
regions and the TP in China has a much lower saturation level than
previously thought, such as loess in the western CLP (150 Gy,
Buylaert et al., 2008; Wang et al., 2018), Tianshan (125 Gy, Li
et al., 2016), and shorelines in the Gaxun Nur Basin (132 Gy, Li
et al., 2017b). Additionally, according to the detailed comparisons
between quartz OSL and KF MET-pIRIR ages of aeolian and fluvial
sediment in the Qaidam Basin by Yu et al. (2022), even though the
values of 2 D0 varied between 90 and 240 Gy (184 Gy on average),

FIGURE 4
Lithological characteristics, quartz OSL, and KF MET-pIRIR ages and contents of carbonates and organic matter in HLG section.
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the effect of saturation may occur as early as 74 Gy (27.5 ka, with
corresponding pIRIR age of 42 ka).

In contrast, the pIRIR dating usually has a much higher
saturation level (Thiel et al., 2011; Buylaert et al., 2012),
supporting studies of mega-lake evolution since MIS 7 or MIS
9 in, for example, the Ejina (Li et al., 2018b) and the Qaidam
Basins (Cao et al., 2021; Ding et al., 2021). In this study, the Des of
the MET-pIRIR range from 384 to 1319 Gy, with most within 2 D0.
Even if the ages with relative higher Des of ca. over 1000 Gy may be
affected by saturation, this may not change the pattern of the HTPL
occurring during MIS 7 and MIS 5.

5.2 Evolution of the HTPL during MIS 7 and
MIS 5

According to the chronological and sedimentological analysis,
the paleo-lacustrine records in the HLG section demonstrate two
stages of HTPL.

Stage I: early MIS 7. Although the five KF ages in Unit
1 correspond within errors, in consideration of the worse
bleaching of flood origin sediments (An et al., 2020; Liu, 2020 ;
Yang et al., 2022) and feldspar, we suggest taking an average of the
two youngest ages (254 ± 20 ka and 256 ± 23 ka)—255 ±
23 ka—which is almost the same as that of Unit 2—245 ± 18 ka.
This suggests that the two distinct units were deposited within a
short period: the early stage of MIS 7. Unit 1 suggests a shallow lake
with a high depositional rate (thick coarse-fine couplets of over
10 cm, oxidizing environment). The discontinuity of the greenish
layer and the occurrence of the overlying coarse-grained sandy flood
layer suggest fluctuation of the lake level. Unit 2 suggests a deeper
lacustrine environment with low sedimentary rate, as revealed by
thin horizontal beddings and high carbonate contents (Figure 4).
The higher aeolian dust input (coarser silt to very fine sand,
Figure 6B) also demonstrates decreased fluvial input under a
highstand. Therefore, the sedimentary characteristics reveal
abrupt lake level rise (to over 1033 m asl) during the early MIS 7.

Stage II: early MIS 5. The two ages constrain the formation of
the last stage of the dated mega-lake to the early MIS 5. The white

color, high content of organic materials and carbonates, and the
finest grain-size composition all demonstrate that the lake level
during MIS 5 was higher than that of MIS 7—much higher than
1033 m asl.

At present, the KF pIRIR dating has confirmed the existence
of a mega JLT paleo-lake during MIS 3 and MIS 5 (Fan et al.,
2022). In this study, our MET-pIRIR250 ages also confirms the
existence of a mega-lake in the HTP during MIS 5 and further
extends its existence to MIS 7 for the first time. Although the
HTPL has been dated to different stages by quartz or 14C (Li
et al., 2005.; Chen et al., 2008a; Jiang et al., 2012; Jia et al., 2016;
Yang et al., 2018; Yang et al., 2020), this might be difficult to
compare with the new KF pIRIR ages (this study; Fan et al.,
2022) because 14C usually underestimates lacustrine sediments
beyond 30 ka (Lai et al., 2014) while this study finds that quartz
OSL may also subject to saturation when over 96 Gy, which
equals ca. 32 ka for lacustrine samples with average dose rate of
3 Gy/ka in the HTB. In this case, most former ages of the HTPL
dating to over 30 ka by quartz OSL or 14C may need further re-
evaluation. For example, the quartz OSL ages of ~145–100 ka,
which suggested HTPL formation during MIS 5, had Des of ca.
280–310 Gy (Jiang et al., 2012), and were very likely
underestimated. In addition, lacustrine sediments of the
same stages may occur at any elevation below the lake
level—for example, lacustrine sediments dated to MIS 5 were
reported at 1070 m asl (Fan et al., 2022), 1050–1080 m, etc. (Li
et al., 2005) and 1033 m asl (this study). Therefore, we may only
estimate the minimal scale (~14,470 km2, Figure 1B) of the
HTPL based on its minimal elevation of 1033 m asl at
present, if the topographic changes since MIS 7 are not
considered. Additionally, without exact lake level elevation, a
detailed chronology of lacustrine strata in the Dengkou Uplift
area (Figure 1B), and a reliable estimate of the extent of the Ulan
Buh dunefield, the relationship between the HTPL and JLT
paleo-lake during these stages remains unclear. Further
chronological studies by, for example, KF pIRIR dating of
lacustrine sediments or shorelines in multiple sites will be
needed to reconstruct the scale of the paleo-lake in the
whole HTB.

FIGURE 5
De distribution of KF samples measured with single-grain (HLG5-1 and HLG5-2) and single aliquot (HLG3-2).
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5.3 Possible mechanisms for the formation
of the HTPL

After the Jin-shaan Gorge was cut through at ca. 1.2 Ma, the
HTB was connected to the modern Yellow River, which gradually
drained its original lake (Pan et al., 2009; 2011; Jia et al., 2016; Li
et al., 2017a). However, thereafter the mega-lake resumed
occasionally since at least mid-Pleistocene (Li et al., 2005.; Li
et al., 2007; Chen et al., 2008a; Jiang et al., 2012; Jia et al., 2016;
Yang et al., 2018; 2020; Li et al., 2020a; Fan et al., 2020). This
requires the closure of the HTB and an adequate water supply.
Tectonic activity and climatic change are widely accepted as the
dominant mechanisms (Chen et al., 2013; Wei et al., 2016). Here,
we discuss the possible mechanisms for the resuming of
the HTPL.

5.3.1 Climatic change
There is almost no dispute on the water supply for the

formation of the HTPL. Former studies proposed that abundant
precipitation from the strong ASM was the main factor for the
paleo-lake development in the HTB during MIS 3 and MIS 5
(Chen et al., 2008b; Cheng et al., 2016; Wei et al., 2016; Fan
et al., 2022). Our new KF pIRIR ages constrain the development
of HTPL to the early stage of MIS 7 and MIS 5 (Figure 7A), when
the ASM was enhanced (Figure 7B; Cheng et al., 2016) under
relative higher isolation (Figure 7C; Berger and Loutre, 1991)

and higher sea level (Figure 7D; Spratt and Lisiecki, 2016).
Climate in the northeastern TP and the western CLP—the main
water source for the upper Yellow River—has been proven to be
humid during MIS 7 and MIS 5 by loess studies (Li et al., 2020b;
Sun et al., 2021 (Figures 7E, F)) and lacustrine sediments (Cao
et al., 2021; Ding et al., 2021). The timing of the beginning of
interglacial periods also suggests that increased meltwater from
source regions on the TP during deglaciation also contributed to
the evolution of the mega-lakes (Ding et al., 2021; Huang et al.,
2023).

5.3.2 Damming of the HTB
The re-damming of the HTB, was previously attributed to

tectonic uplift (Chen et al., 2008b; Li et al., 2020a), such as the
formation of the HTPL during MIS 5e-5c being attributed to the
rapid tectonic uplift at the northeastern margin of the Ordos
Plateau (Chen et al., 2008b). Although a tectonic uplift event at
ca. 100 ka has been proposed based on stratigraphic records
from the ZKHB and Haojiayao cores (Figure 1B) in the eastern
HTB (Li et al., 2007; Jiang et al., 2012), robust chronology and
some crucial information such as the location and extent of the
uplift are still needed to directly link tectonic activity to the
close of the HTB.

In addition to tectonic uplift, we propose an alternative
hypothesis for the closure of the HTB: it might have been
dammed by accumulation of dunes at the northern end of the

FIGURE 6
Grain-size frequency distribution of lacustrine samples from lacustrine Units 1–3 (A–C) and their comparisons with aeolian sand and sandy loess in
Units 4 and 5 (D).
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Jin-Shaan Gorge (Figure 8). Plentiful sedimentological evidence
from the HTB indicates that the development of the HTPL is
characterized by the alternation of geomorphic landscapes such
as rivers, deserts, and lakes (Li et al., 2007; Li et al., 2014; Li et al.,
2017a). This suggests that the evolution of the HTPL might be
associated with aeolian–fluvial interaction (Yu et al., 2022). Dune
damming plays a crucial role in blocking the extension of rivers
and trapping water in lakes, and is more common in arid and
semi-arid regions (Magaritz and Enzel, 1990; Ben-David, 2003).
Not only have some small-scale ephemeral streams like Wadi
Ruth in the Negev Dunefield and the Tiekui River in the Qaidam
Basin been dammed by dunefield expansion (Roskin et al., 2017;
Robins et al., 2022; Yu et al., 2022), but large rivers such as the
Nile could also have been dammed by the expanded Sahara
(Vermeersch and Neer, 2015).

The two stages of HTPL development in the early MIS 7 and
MIS 5 demonstrate their strong linkage to glacial-scale climatic
changes. The height of the valley shoulder of the Jin-Shaan
Gorge provides favorable terrain conditions for the
construction of a dune dam. Under the cold and arid climate
during MIS 8 and MIS 6 (Figure 8), the Hobq dunefield might

have expanded eastwards to accumulate in the Jin-Shaan Gorge,
resulting in the damming of the HTB. On the other hand, the
Yellow River might have frequently dried-up and therefore had
insufficient flow to remove the accumulated dune sand in the
Jin-Shaan Gorge. Then, during subsequent deglaciation,
dunefield accumulation/expansion might have continued (Lu
et al., 2013; Xu et al., 2015; Yu et al., 2015; 2022) with increased
fluvial-sourced sand supply and strong wind (Yu et al., 2022),
further facilitating the damming of the gorge. The sufficient
water supply from increased precipitation and glacial meltwater
during the humid MIS 7 and MIS 5, including the deglaciation
periods before them, may have resulted in a quick rise of the lake
level; when it exceeded the dune dam, the HTPL may have
overspilled and caused dune dam breaching. Unconsolidated
dune sand facilitates a quick dam breach, resulting in an abrupt
disappearance of the mega-lake. Therefore, damming and
breaching in the Jin-Shaan Gorge could well explain the
multistage formation of the HTPL, especially its close
association with climatic change on the glacial-interglacial
scale. Further sedimentological and chronological evidence is
needed to support this hypothesis.

FIGURE 7
Comparison of (A) formation time of HTPL with (B–F) regional and global climatic records. Legends of A are the same as those in Figure 4, and ages
marked with green circles are not used. (B) δ18O records of cave stalagmites in regions controlled by ASM (Cheng et al., 2016). (C) Summer solar
insolation at 30° N (Berger and Loutre, 1991). (D) Sea level change (Spratt and Lisiecki, 2016). (E)Magnetic susceptibility and (F)mean grain-size records of
Jingyuan loess from the northeastern CLP (Sun et al., 2021).
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6 Conclusion

Lacustrine sediments were dated by quartz OSL and KF MET-
pIRIR to determine the formation time of the Hetao paleo-lake (HTPL)
in the Hetao Basin (HTB). Two main conclusions were drawn: one is
the methodology of luminescence dating, and the other is related to the
region’s geomorphic processes. The OSL ages from quartz are
underestimated due to signal saturation (as low as 96 Gy for some
quartz aliquots). Therefore, KF pIRIR dating is used to cross-check with
quartz OSL ages for samples older than MIS 3. KF dating results show
that HTPL experienced two apparent highstand periods (over 1033 m)
during the early MIS 7 (255–245 ka) and early MIS 5 (130–120 ka).
However, these data are not sufficient to demonstrate the scale of the
HTPL and its relationship with the JLT paleo-lake. We propose an
alternative hypothesis to explain the periodic occurrence of the HTPL
and its strong linkage to glacial-scale climatic changes. The HTB was
closed because the northern end of the Jin-Shaan Gorge was dammed
by the expanded Hobq dunefield during cold and arid glacial periods,
and then the HTPL formed quickly in response to increased glacial
meltwater and precipitation on the northeastern Tibetan Plateau at the
beginning of interglacial periods. The subsequent breaching of the loose
dune dam might have terminated the development of the HTPL when
the lake level exceeded the outlet of the dune dam.
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