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Several marine strata have developed along the southern coastal Bohai Sea since
the Late Quaternary, preserving abundant records of sedimentary evolution. This
region is ideal for studying the sedimentary history of a river—sea interaction area.
However, detailed sedimentological and chronological studies remain limited,
mainly focusing on the estuaries of the Mihe River. In this study, 12 optically
stimulated luminescence (OSL) samples were collected from the upper 20 m of a
101 m core to establish a chronological framework using quartz OSL dating.
Grain-size analysis was also conducted to determine sedimentological
characteristics. Results indicate that the quartz OSL ages range from >100 ka
to 6.2 + 0.4 ka, and we believe they were the minimum ages when equivalent
dose (Do) >ca. 250 Gy (sample DZK3-GO7 and below) owing to OSL signal
saturation. Our findings reveal a sedimentary hiatus between >100 ka and 19.8 ka.
Holocene sediments are found above a depth of 8.4 m with an onset age of
approximately 10.5 ka. A lacustrine layer (8.4-9.6 m) in core DZK3 was dated to
19.8-10.5 ka, which is much older than that of the limnetic and lagoon layers in
other cores in this area. Based on sedimentary facies and dating results, no
transgressive sediments were observed during marine isotope stage (MIS) 3, and
T2 (Xianxian transgression) in the southern coastal Bohai Sea only occurred in
MIS 5e. This sedimentary sequence pattern is consistent with global sea-
level changes.
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1 Introduction

During the Quaternary period, frequent sea-level fluctuations
have occurred in coastal regions due to alternating glacial and
interglacial periods (Yao et al.,, 2012; Nian et al,, 2018; Xu et al,
2019; Gao et al,, 2021). Due to strong land-sea interactions, the
southern coastal Bohai Sea is sensitive to climate change and plays a
key role in regional energy-matter exchange and environmental
evolution (Yao et al.,, 2010; Yi et al., 2013; Shi et al., 2016).

Since the Late Pleistocene, three large-scale marine transgressions
have occurred around the coastal region of the Bohai Sea: the
Cangzhou (T3), Xianxian (T2), and Huanghua (T1) transgressions
(Wang et al., 1986; Zhao et al., 1978). In recent decades, research has
mainly focused on their distribution (Wang et al., 1986; Zhao, 1986;
Liu, 2017; Yuan et al., 2024), chronology (Vi et al., 2012; Li et al., 2019;
Long et al., 2022), and evolution processes (Shi et al., 2016; Liu et al.,
2009; Yi et al., 2012, 2013). Wang et al. (1986) and Zhao (1986) first
mapped the extent of these transgressions along the coast of the Bohai
Sea using data from more than 100 cores, later modified by Liu (2017)
for the southern coastal Bohai Sea through the studies on the
characteristics of ostracods and isotopic-dating methods. However,
the spatial patterns of the three transgressions vary across the
northern, southern, and western Bohai Sea (Yuan et al., 2024).

A reliable chronology of core sediments is essential for
reconstructing the evolution of coastal zones. Earlier dating
framework of transgressions was mainly based on the '*C method
(Long et al., 2022; Zhao and Zhang, 1985), finding that the three
transgressions (from top to bottom: T1, T2, and T3) along the coast
of the Bohai Sea occurred in marine isotopic stages (MIS) 1, 3, and
5, respectively (Wang et al., 1986; Zhao, 1986). However, with the
development of the optically stimulated luminescence (OSL) dating
method, Yi et al. (2013) suggested that quartz OSL provides more
reliable ages than radiocarbon dating for pre-Holocene sediment
samples in the southern coastal Bohai Sea, leading some researchers
to propose that T2 may have occurred at an earlier stage, possibly
during MIS 3 - 5 (Yi et al., 2013; Zhang, 2021). Using feldspar OSL
dating, which overcomes the limitations of quartz signal saturation,
many scholars suggested that T1, T2, and T3 occurred in MIS 1,
MIS 5, and MIS 7, respectively (Long et al., 2022; Liu, 2017; Li et al.,
2019). Regarding the environmental evolution process since the late
Pleistocene, Yi et al. (2013) reported no major depositional
discontinuities within the upper 25 m of the core sediments on
the south coast of the Bohai Sea. However, other studies, using high-
resolution dating methods, indicate periods of sedimentary hiatuses
around the coast of the Bohai Sea correlated with glacial events (Li
et al., 2004), especially during the Last Glacial Maximum (LGM,
approximately 30 - 20 ka) (Chen et al.,, 2012; Yuan et al,, 2024),
highlighting the need for further investigation.

Despite these advancements, chronological data remain limited
for the southern coastal Bohai Sea, restricting a detailed
interpretation of its environmental evolution. In this study, a 101
m core was obtained, and 12 OSL samples were collected from the
upper 20 m to establish a chronological framework using the quartz
OSL method and reconstruct the sedimentary history of the
southern coastal Bohai Sea since the Late Pleistocene.

Frontiers in Marine Science

10.3389/fmars.2025.1606184

2 Setting and materials

The Bohai Sea is a nearly enclosed inland sea in northern China
(Figure la), and the southern coastal Bohai Sea is an alluvial plain
formed by several regional rivers, including the Mihe, Xiaoginghe,
and Weihe Rivers (Figure 1b). These rivers originate from the
Luzhong Mountain Range and flow from southwest to northeast
into the Bohai Sea. Since the Late Pleistocene, under the effects of
land-sea interactions, the study area has undergone a sedimentary
evolution process and transformed among neritic, delta, tidal flat, and
continental shelf (Xue and Ding, 2008; Gao et al., 2018). The thickness
of the Quaternary strata increases from southwest to northeast,
ranging from tens to hundreds of meters, and the deepest thickness
can reach 360 m (Peng et al., 1992). In some areas, these Quaternary
sediments mainly consist of piedmont alluvial diluvium, coastal
sediments, and lacustrine sediments (Han et al., 2002).

A 101 m deep core, DZK3 (37°0520” N, 119°04°20” E), was
drilled on the southern coast of the Bohai Sea (altitude approximately
0 m). Based on lithological characteristics (e.g., color, grain size, and
biological fossils), the upper 20 m of the core can be divided into four
depositional units (Figure 2a): U1 (0 - 1.6 m), light yellow fine sand;
U2 (1.6 - 8.4 m), gray fine sand with large amount of shell debris; U3
(8.4 - 9.6 m), gray-black clay, presumed to be a limnological deposit;
U4 (9.6 - 20 m), light gray silt and fine sand, of which 9.6 - 11.8 m is
gray clay-silt, 12.6 — 14.9 m has a small amount of shell debris, and
174 - 189 m is reddish-brown silt (For a detailed analysis of
sedimental facies see Section 4.3.2).

To clarify the sedimentary sequence around the southern coast
of the Bohai Sea, core DZK3 and six previously published cores
were used to build a joint sedimentary profile from southwest to
northeast (also from land to sea). The previously published cores
include GK95 and GK111 (Liu, 2017), LZ908, BH1, and BH2
(Yi et al,, 2013), and DZKO01 (Yuan et al., 2024). The locations of
these cores were marked in Figure 1b, and for detailed lithological
characteristics and ages see Section 5.3.

3 Methods
3.1 OSL test methods

3.1.1 Sample preparation and equipment

Sample preparation and luminescence measurements were
conducted in a dark room under dim red light. Samples were
treated with hydrochloric acid (HCI, 10%) and hydrogen peroxide
(H,0,, 30%) to remove carbonates and organic matter, respectively.
Samples were then sieved to obtain grain size fractions of 38 - 63
pm, 63 - 150 um, 90 - 125 um, and 125 - 150 um. For pure quartz
extraction, the 90 - 125 um fraction was etched with 40%
hydrofluoric acid (HF) for 40 min, followed by 10% HCI for 20
min to remove fluoride precipitates. Quartz purity was verified
using infrared stimulated luminescence measurements (Duller,
2003; Murray et al.,, 2021).

OSL measurements were performed at the Shantou University
Luminescence Dating Laboratory using a Rise TL/OSL-DA-20
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FIGURE 1

(a) Location of the study area. The yellow rectangle represents the boundary of (b). (b) Geographical settings, drainage system, and position of core
DZK3. Locations of previous cores in the southern coast of Bohai Sea. 1: GK95 (Liu, 2017); 2: LZ908 (Yi et al,, 2013); 3: BH2 (Yi et al., 2013); 4: DZK01

(Yuan et al., 2024); 5: GK111 (Liu, 2017); 6: BH1 (Yi et al., 2013).

reader, equipped with a *°Sr/*°Y beta source (source dose rate
0.0992 Gy/s). Quartz signals were stimulated using blue light (A =
470 + 20 nm) for 40 s at 130 °C and detected with a PDM 9107Q-
AP-TTL-03 photomultiplier tube, using a 7.5 mm Hoya U - 340
detection filter. Quartz aliquots (8 mm in diameter) were mounted
on 9.7 mm stainless steel discs using silicone oil as an adhesive.

3.1.2 Equivalent dose measurements

Equivalent doses (D) were determined using a combination of
the single-aliquot regenerative-dose (SAR) protocol (Murray and
Roberts, 1998; Murray and Wintle, 2000) and the standard
growth curve (SGC) method (Lai, 2006; Lai et al., 2007; Roberts
and Duller, 2004). In this SAR-SGC procedure (Lai and Ou, 2013),
for each aliquot with natural dose, 4-6 aliquots (SAR aliquots) were
measured using the SAR protocol with 3-4 specific regeneration
doses to obtain SAR D.s and then established the SGC. Additional
12-24 aliquots (SGC aliquots) were measured to obtain their Ly/Ty
ratios. The SGC D, value of an individual SGC aliquot was obtained
by interpolating its Ly/Ty ratio into the SGC. For the construction
of SGC, regeneration dose and normalized luminescence signal (Lx/
Tx) were fitted using the following exponential plus linear equation
(Equation 1) (Lai, 2006),

Standardized OSL(I) = Imax[1 —exp( - X/Dg)] +aX+b (1)

where X is the regeneration dose, I is the (Lx/Tx) Tp, Tp is the
test dose, Imax is the normalised OSL intensity at the saturation
level, Dy is the characteristic dose at which point the slope of the
growth curve is equal to 1/e of the initial value, a is a constant
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defining the slope of the linear fitting, and b is the OSL signal
intensity at the zero-dose point. The final D, for each sample was
calculated as the arithmetic mean of all SAR D.s and SGC D.s. For
sample DZK5-G06 and DZK5-G07, only the SAR procedure was
used to determine D, due to the limited quartz grains.

The SGC D, error was determined using the following
procedure. During the Ly/Ty test, the Ly/Ty value and its error
for each aliquot were first obtained. Subsequently, the maximum
(Ln/Tx max) and minimum (Ly/Ty min) values of Ly/Ty were
calculated. These three data points were then input into the SGC for
fitting to derive the D, maximum (D, max) and minimum (D, min)
values of D.. To obtain the SGC D, error, the standard error was
applied (Equation 2) (Lai, 2006; Lai et al., 2007),

SGC D, error = % (2)
where G is the standard deviation of SGC D, and n is the
number of SGC D, points.

For a single aliquot, n is defined as 2, which corresponds to the
two data points representing the maximum (D, max) and minimum
(D, min) values of SGC D.. For an individual sample, n denotes the
number of valid SGC D, points.

3.1.3 Dose rate measurements

Uranium and thorium concentrations were determined using
inductively coupled plasma mass spectrometry, and potassium
content was measured using inductively coupled plasma optical
emission spectrometry. The concentrations were converted to dose
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FIGURE 2

(a) The photo, lithology and OSL ages of core DZK3. (b) The age-depth model, with the inset figure of the upper 9.6 m.

rates using factors from Guerin et al. (2012). The cosmic-ray
contribution was calculated based on sample altitude,
geographical location, and depth, following the method of
Prescott and Hutton (1994). Attenuation factors were used to
calculate the beta dose rates (Brennan et al.,, 1991; Guerin et al,,
2012). An estimated water content of 35% was used for the
lacustrine layer and 30% for other lithology facies. Water content
was adjusted for seasonal and historical variations, by adding an
uncertainty of + 5% (Yuan et al., 2024; 2025). Dose rates and ages
were calculated using DRAC software (Durcan et al,, 2015).

3.2 Bayesian age-depth model

The Bayesian age-depth model was applied to the OSL ages
above 9.6 m (U2-U3) using the R package “rbacon” (Blaauw and
Christen, 2011). During the calculation, samples were divided into
0.25 m thick sections. Given the evident change in sedimentation
rate at the boundary between U2 and U3 (located at 8.4 m), the
accumulation rates were set at 0.35 ka/m for U2 and 3.5 ka/m for
U3, respectively (Figure 2b).

3.3 Grain size

A total of 14 samples (Z01-Z15, except Z13) were selected from
core DZK3, next to the OSL samples, with a width of 5 cm for
particle-size analysis. During the experiment, 0.3 - 0.5 g of each
sample was pretreated with 30% H,O, and 10% HCI to remove
organic matter and carbonates, respectively. To ensure proper
dispersion of the sediment size, the samples were added with an
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appropriate amount of (NaPOj3)4 solution before measurement (Lu
and An, 1997; Wang et al., 2024a). The particle size distribution was
then analyzed using the Malvern Master sizer 3000 laser diftraction
instrument, which has a measurement range of 0.24 — 4000 um, at
Shantou University.

4 Results
4.1 Pretest for the SAR procedure

Preheat plateau tests and dose recovery tests (with a given dose
of 24.8 Gy, test dose 4.96 Gy) were performed on sample DZK3-
GO5 to determine the optimal preheat temperature and evaluate
the accuracy of the SAR procedure (Murray and Wintle, 2003).
Preheat temperatures of 200, 220, 240, 260, 280, and 300 °C were
tested, with the corresponding preheat temperatures for test doses
being 40 °C lower, and four aliquots tested for each temperature. A
stable preheat plateau was observed between 200 °C and 280 °C
(Figure 3a), as indicated by relatively stable D, values, recovery
ratio, and recuperation within the range of 0.9 - 1.1 (Figures 3b-
d). Finally, a pre-heat temperature of 260 °C was applied for 10 s
to measure both the natural and regenerative dose signals, while
220 °C for 10 s was used to measure the test dose signal (Wang
et al., 2024b).

4.2 Luminescence characteristics and ages

For samples using the SAR-SGC procedure, SGC curves were
clustered, and squeezed together with little deviation (the relative
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FIGURE 3

Preheat test results for sample DZK3-GO05. (a) D values in preheat plateau test, at each temperature, 4 aliquots were measured to obtain
corresponding values (orange) and their average values (blue), (b) Recovery ratio, (c) Recycling ratios, (d) Recuperation.

standard deviation for each sample at each regeneration dose <10%)
(Figures 4a, b). A comparison of SAR D.s and SGC D.s shows good
agreement, with errors within 10% for each sample (Figure 5). The
representative decay and dose-response curves for samples DZK3-
G02 and DZK3-GO05 are presented in Figures 4a, b. The OSL signals
rapidly decayed to background levels within the first 2 s of
stimulation, indicating a dominance of the fast component. The
dose-response curves of all samples were well-fitted using an
exponential-plus-linear function (Equation 1) to establish SGC.
The details of the OSL dating results are presented in Table 1.
Moreover, the relative contributions of the fast, medium, and
slow OSL components for sample DZK3-G05 were analyzed using
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the “numOSL” R package (Peng et al,, 2013; Peng and Li, 2017).
Figure 6 illustrates component proportions obtained from this
analysis. The fast component dominates the initial signal decay (0
- 2 s), exhibiting rapid depletion characteristic of well-bleached
quartz. Specifically, the fast component contributes approximately
64% of the initial signal (integrated within the first 0.8 s), while the
medium component accounts for about 30%. Although the medium
and slow components persist beyond 5 s, their relative contributions
to the initial signal intensity remain minor compared to the
fast component.

For each sample, the over-dispersion (OD) value was calculated
to describe the D, distribution. The OD values of all samples were
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FIGURE 4

Luminescence properties curves of representative samples (a) DZK3-G02 and (b) DZK3-G05. Abanico plot of the middle-aliquot equivalent dose (Dg)
distribution for representative samples: (c) DZK3-G01, (d) DZK3-G02, (e) DZK3-G03, (f) DZK3-G04, (g) DZK3-G05, and (h) DZK3-G06. The central
age model (CAM) calculated D, over-dispersion value (OD), the percentage of estimated Des values (including those applied in SAR and SGC
methods for sample DZK3-G01-GO06) in two sigmas, as well as the number of aliquots analyzed for each sample (n) are presented on each figure

between 8 and 15% (Table 1). The Abanico plots (Dietze et al.,
2016) of the (D.) distributions for DZK3-G01 to G06 are illustrated

in Figures 4c-h. The r

elatively low OD values represent a

completely bleached history before deposition, so the central age
model (CAM) (Galbraith et al., 1999) was applied to all samples in

D, calculation.
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Samples of DZK3-G07 and below are saturated. The
characteristic saturation dose (Dy) of DZK3-G07 was calculated.

For sample DZK5-GO07, the singl

e exponential function is

[Standardized OSL (I) = 17.5378 (1- exp (- X/113.26)) + 0.18]. D,

is 113.26 Gy. SAR De is 253 Gy, e

xceeding 2 Dy (Wintle and

Murray, 2006; Lai and Ou, 2013; Mahan et al., 2022). L,/Ty of SGC
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FIGURE 5

Comparison of D determined by SAR and SGC within 10% uncertainty (purple shaded area) and 20% uncertainty (blue shaded area).

aliquots from samples DZK3-G08 to G12 are inserted to the DZK3-
G07 SGC curve and SGC D, are all over 250 Gy. Consequently, OSL
ages from DZK3-G07 to DZK3-G12 are considered as
minimum ages.

4.3 Grain-size characteristics

4.3.1 Variations in grain size

Fourteen samples from core DZK3 were analyzed for particle
size. The particle size parameters of all samples are shown in
Figure 7. Fine silt dominates U2 and U4, with moderate
fluctuations in mean grain size from 37.83 um to 68.64 um (from
top to bottom in U2) and from 18.29 pum to 49.82 um (above sample
Z15 in U4). Silt dominates U3, exhibiting significant fluctuations
between 24.1 um and 26.8 um. Sorting coefficients of all samples
range between 1 and 2. Except for the Z07 sample, other samples
show a positive bias, with a skewness value >0.33. The kurtosis
values of samples Z01, Z02, Z03, Z10, and Z12 are wide and flat,
while those of the remaining samples are narrow. The grain size
parameter diagram shows that the average particle size of core
DZK3 is consistent with each sedimentary unit.

4.3.2 Analysis of sedimentary environment

The particle-size frequency distribution curve and cumulative
frequency curve of 14 samples are shown in Figure 8. These graphs
show that the sedimentary dynamics of each unit of core DZK3
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gradually weaken and then increase from top to bottom, in accordance
with the sediment lithology characteristics. Based on the lithology and
grain size characteristics of the sediments, U2 and U4 were identified
as marine sediments and U3 as lacustrine sediment.

The probability accumulation curve of the particle size exhibits
four to five segments (Figures 8a, ¢, ¢). Based on the different
locations of the intercept points, the sediment processes can be
classified into three types. Intercept points of 0 - 2¢, 2 - 4¢, and
>4¢ indicate rolling, saltation, and suspension processes,
corresponding to strong, moderate, and low hydrodynamic forces,
respectively. The particle size frequency distribution curve follows a
bimodal pattern with distinct secondary peaks (Figures 8b, d, f).

The average particle size of U2 sediments is 51.60 pm. The
probability accumulation curve shows that rolling, saltation, and
suspension account for 71 - 87%, 2 - 11%, and 11 - 15% of the
sediment transport processes, respectively (Figure 8a). In the grain
size frequency distribution curve (Figure 8b), the main peak falls
within 81.00 - 114.50 um, with a content of 16 — 19%, and the
secondary peak appears around 6 - 9 wm, indicating strong
hydrodynamic action that gradually weakens from top to bottom.
Due to the sediment in U2 consists of gray fine sand and contains a
large amount of shell debris, this section is identified as a
marine layer.

The average particle size of U3 sediments is 25.45 pm. The
probability accumulation curve shows that rolling, saltation, and
suspension account for approximately 60 — 65%, 19 — 24%, and 15 -
17% of the sediment transport processes, respectively (Figure 8c).
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TABLE 1 OSL dating results from core DZK3.

10.3389/fmars.2025.1606184

Grain  Aliquot . U Th Water OSL . .
Sample Depth . a Aliquot Overdispersion
D (m) Size Size No (mg/ (mg/ Content age
(um) (mm) : kg) kg) (ka)
1.48 8.64 2.01 124 6.2
DZK3-GOl | 2.60-2.7 -12 2412(1)° + + 15 +
3-GO0 60-270 | 90-125 8 6*+12(1) +£0.07 | +043 305 +0.11 £05  +04 SE3
0.16
1.42 546 19 1.89 13.0 6.9
DZK3-G02 | 3.40-3.50 90-125 8 6*+12° ) ) + 305 ) ) ) 8§+2
+£0.07  +027 £012 | 03  +05
0.17
1.
6(1)° 1.92 6.94 68 2.03 22.1 10.9
DZK3-G03 = 6.78-6.85 = 90-125 8 Y + 30+5 14+3
+12(1) £010 | £035 £012 | 08  +08
1.92 7.70 1.68 231 21.2 10.5
DZK3-G04 35-7.4 -12 24120 : ) + + : : : 12 +
3-G04 | 735745 | 90-125 8 o £0.10 | +035 305 +012 | +08  +08 3
0.17
2.97 8.23 173 2.52 24.1 10.4
DZK3-G05 | 8.55-8.65 90-125 8 6*+23° ) ) + 305 ) \ : 11+1
+£0.15  +0.41 +0.13 £05  +06
0.17
1.77
. 3.64 9.64 238 47.9 19.8
DZK3-G06 | 9.25-9.35 | 90-125 8 13 + 3545 9+3
+£0.18  +048 £014 | +13 +12
0.18
10.20 2.57 020 7 2.07 253
DZK3- o -12 4 ) : + + ’ 1
3607 030 90-125 8 +013 | +051 305 +013 | +15 100
0.18
10.80 2.10 g7a 161 2.11
DZK3-G08 : 90-125 8 12° : : + 30+5 : 5250 >100
10.90 £0.11  +0.44 +0.12
0.16
1.70
11.50- N 2.07 8.48 2.12
DZK3-G09 90-125 8 12 + 30+5 5250 >100
11.60 £0.10 | +042 +0.12
0.17
12,55 2.33 010 68 2.18
DZK3-G1 o -12 12° : : + + : >2 1
3-G10 12.65 90-125 8 +0.12  +046 05 +0.12 0| >100
0.17
13.20 2.03 soa 17 2.06
DZK3-Gl11 : 90-125 8 12° . . + 30+5 : 5250 >100
13.30 +£0.10  +0.40 +0.12
0.17
13.75 1.94 8.41 1.68 2.07
DZK3-G12 : 90-125 8 13° ) ) + 30+5 : 5250 >100
13.85 £0.10 | +042 +0.12

*The superscript a and b indicate aliquot numbers for SAR and SGC protocol, respectively. Parenthesized figures denote the quantities of aliquots classified as outliers, which are defined as values

that exceed four standard deviations (6) from the mean D..

In the frequency distribution curve (Figure 8d), the main peak falls
within 40 - 57 um, with a content of 8 - 11%, and the secondary
peak appears at 6 um, indicating that the hydrodynamic effect of
this sedimentary unit is weak. Given its gray-black clay composition
and high organic matter content, this section is determined to be
lacustrine sediment.

Three representative samples, Z07 (10.35 m), Z08 (10.9 5m),
and Z12 (12.70 m), were selected from the upper part of U4. The
probability accumulation curve shows that rolling accounts for
59.62%, 63.46%, and 82.69% in the three samples, respectively
(Figure 8e). The saltation component contents constitute 19.22%,
21.16%, and 3.85%, while the suspended component contents
account for 21.16%, 15.38%, and 13.58%, respectively (Figure 8e).
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The particle size frequency distribution curve of Z07 exhibits a
unimodal pattern, with the main peak at 28.66 um and a content of
6 - 7% (Figure 8f). Those of other two samples exhibit both bimodal
pattern, with the main peak ranging from 81.05 to 96.39 um
(content: 10 - 14%) and the secondary peak at 10.13 um
(Figure 8f). These results indicate a gradual strengthening of the
dynamic environment of this unit from top to bottom. Given that
the probability accumulation and frequency distribution curves of
Z12 are similar to those of Z0l and contain the sedimentary
characteristics of shell debris, U4 is identified as a marine layer.
In addition, previous studies found that this unit was mainly
influenced by marine conditions and may be related to the
Huanghua transgression (Yao et al, 2014; Yi et al,, 2013).
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Furthermore, the reddish-brown layer at a depth of 17.4 - 18.9 m
can be a marker layer of T2 (Vi et al,, 2013).

5 Discussion

5.1 OSL chronology for core DZK3

A chronological framework for core DZK3 was established
using OSL samples and a Bacon Bayesian age-depth model based
on the Bacon model (Blaauw and Christen, 2011) for the upper 9.6
m (Figure 2b, see Method 3.2). OSL ages range from >100 ka below
10.2 m to 6.2 + 0.4 ka at 2.60 - 2.70 m. The dating results were
generally consistent with the stratigraphic order (Figure 2). The
OSL ages in U4 are considered as minimum ages. Sample DZK3-
GO07 at 10.25 m yielded an age >100 ka, while the D, values of
DZK3-G08 and deeper samples exceeded 250 Gy, indicating ages of
at least 100 ka. Based on lithology (see Section 2), grain size results,
and the chronological framework, U4 is interpreted as a
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transgressive environment, likely developed during MIS 5 or
earlier. A long hiatus exists between U4 and U3 with an age gap
between >100 ka and 19.8 ka. In U3 (8.40 - 9.60 m), OSL dating of
samples DZK3-G06 and DZK3-G05 yielded ages of 19.8 + 1.2 ka
and 10.4 £ 0.6 ka, respectively. The lithology of U3 consists mainly
of dark-gray organic-rich clay, indicative of a lacustrine
environment. Limnetic layers, which were widely developed in the
Laizhou Bay during the early Holocene, are regarded as marker
layers at the lower boundary of the Holocene (Yuan et al., 2024;
Tian et al., 2016; Xu et al., 2018). The chronology of DZK3 shows
that the lake developed earlier than the limnetic layers observed in
other cores around the area (Tian et al., 2016; Xu et al., 2018), which
is closely related to the regional geomorphology (see Section 5.3).
OSL ages from U2 (8.4 - 1.6 m) span from 6.2 to 10.5 ka, indicating
that transgressive deposition began at approximately 10 ka. The
upper 1.6 m consists of fluvial deposits, but OSL samples were not
collected for this section.

The sedimentation rates for U3 and U2 were estimated using
the Bayesian age-depth model. During the deglaciation period

frontiersin.org


https://doi.org/10.3389/fmars.2025.1606184
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Xu et al.

10.3389/fmars.2025.1606184

100+
90
80+
70
60 -
50
40+
30
201
10

(a)

Cumulate probability (%)

Grain (®)

100
90
80
70
60-
50
407
30
20
10

(c)

Cumulate probability (%)

-20 2 4 6 8101214161820

Grain (®)
(e)

Cumulate probability (%)
(<))
o

-20 2 4 6 8101214161820

202 4 6 8 10121416 18 20

Grain (®)

FIGURE 8

(b) 4,
:\;10-
> 8 -
v
c
v 6 4
=
o 4 -
1S
(VY
2 .
0 - ~r o v
0 10 100 1000
Grain (um)
(d) 124 —2Z05
— Z06
oy
c 6
z
T4
(]
1S
w2
0 - T ¥
0 10 100 1000
Grain (um)
(f)
] [— zo7
16 708
144 Z09 J
o — Z10
S =
o104 — z14
c — Z15
o 8-
>
g
w 4
2| /==
0 -~r — e
0 10 100 1000

Grain (um)

Grain size probability accumulation curves (a, ¢, e) and frequency distribution curves (b, d, f) of the 14 samples from U2 (a, b), U3 (c, d), and U4 (e, f)
for core DZK3. The samples ID are shown in Figure 7. The curves with the same color in each unit derive from the same sample.

(U3), the sedimentation rate was approximately 0.12 m/ka.
However, this rate increased significantly (approximately 1.5 m/
ka) during the Holocene transgression. The differential
sedimentation rates since deglaciation are attributed to differences
in geomorphology and climatic influence.

5.2 Sedimentary hiatus
The hiatus spanning >100 ka to 19.8 ka in core DZK3 likely resulted

from weakened sedimentation caused by strong weathering and
enhanced downcutting erosion of rivers under dry and cold climatic
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conditions. Such hiatuses generally exist in coastal plains or delta areas.
Previous studies have identified five sedimentary hiatuses along the
coastal plain of the western Bohai Sea since the Late Quaternary, all
related to cold climates. These hiatus ages are estimated as 4 - 5.5 ka, 10
- 25 ka, 25 - 29 ka, 29 - 68.5 ka, and 80 - 140 ka, respectively (Li et al,,
2004). Two ages of 35.1 + 5.3 ka (OSL, depth at 16.9 m) and 8.5 + 0.1 ka
(14C, depth at 16.7 m), obtained for core BT113 on the west coast of
Bohai Bay, suggest a long depositional hiatus caused by surface exposure
and desertification during MIS 3 to LGM period, when sea levels
continuously decreased (Chen et al., 2012).

Based on the study of Li et al. (2004), the depositional discontinuity
observed in this study (>100 to 19.8 ka) corresponds to the second,
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third, and fourth sedimentary hiatuses, dating to MIS 2 - 4.
Paleontological studies further indicate that this hiatus occurred in a
cold and dry climate, during which sea levels dropped to -120 to -80 m,
causing the base level of erosion to decline and limiting sedimentation
(Li et al,, 2004). The hiatus may also be due to the enhancement of river
downcutting caused by sea level decline. Deep river valleys commonly
formed in the lower reaches of rivers and estuaries in low sea-level
stages, especially during the LGM (Xu et al,, 2019; Lai et al,, 2025).
Similar depositional discontinuities have been observed in other cores
along the southern coast of the Bohai Sea. The astronomical
chronology of core 1z908 indicates two slow deposits at a rate of
approximately 0.02 - 0.05 m/ka, which are regarded as possible
discontinuities at 16.6 m (34 ka) and 28.2 m (100 ka), corresponding
to the end and beginning of T2 (Vi et al., 2012) and belonging to MIS 3
and MIS 5, respectively. A comparable depositional discontinuity,
dating to 37 - 71 ka, was observed in core DZKO1 between 11.85 m
and 12.65 m (Yuan et al., 2024).

Similar cases of depositional discontinuities during MIS 2 - 4
have been widely reported in delta areas (Xu et al., 2022; Yim et al.,
2008). For example, recent studies have found that little or no
deposition occurred during ca. 38 — 14 ka in the Yangtze Delta (Gao
et al., 2022; Liu et al,, 2022). In the Pearl River Delta, a depositional
discontinuity of 70-8 ka was identified in core P5 - 4 at 26.35 -
26.75 m (Lin et al, 2023). Additionally, core SXG06 shows
discontinuous deposition between 10.55 m and 11.5 m, with an
age range of117-35 ka, and the first continental layer (12.5 - 10.5
m) consists of a thin 2 m deposit, indicating weak deposition (Lin
et al., 2024).

5.3 Lacustrine strata

Coastal limnetic and lagoon sediments of the Heituhu
Formation are widely developed along the southern coast of
Bohai Sea, with ages ranging from 3210 + 190 to 11785 + 160 a
BP (Wang et al, 1999). These sediments were underlain by
floodplain sediments of the LGM and overlain by mid-late
Holocene transgression deposits (Xu et al., 2018). Marker layers
of the Heituhu Formation, found at the bottom of the Holocene
layer, are commonly observed in cores (Figure 9). For instance, The
dark-gray organic-rich layer at 10.2 - 10.8 m in core LZ908 yielded
al"c age of 8.2 £ 0.05 cal ka BP (10.2 m) and an OSL age of 9.7 + 0.8
ka (10.7 m) (Yiet al,, 2012). The same layer in core BH1 has ages of
9.7 + 0.8 ka (OSL) and 5.5 + 0.07 cal ka BP (**C), and in core BH2,
the ages are 5.2 + 0.08 cal ka BP (**C) and 9.7 + 0.8 ka (OSL) (Yi
et al., 2013). These results indicate that the limnetic facies in the
coastal region were early Holocene sediments. Regarding the
evolution of lakes along the southern coast of the Bohai Sea,
previous studies have focused on lakes in nearby regions that
formed during the historical period (Guo, 1990; Zhang et al., 2004).
Many of these lakes, such as Judian Lake and Biehua Lake, evolved
from lagoons after transgression at 6 ka (Guo, 1990; Han et al., 2002;
Zhang et al., 2003).

The lacustrine layer (U3, 8.4 - 9.6 m) in core DZK3 was dated to
19.8 - 10.5 ka, which is significantly older than the limnetic and
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lagoon layers in other cores. Additionally, there is a hiatus spanning
>100-19.8 ka between the lacustrine position and the underlying
layer, where there are no floodplain sediments from the LGM. This
indicates that the development of this lacustrine facies layer differs
from that reported in previous studies (Xu et al, 2018).
Additionally, according to a 10,000-year scale climate and
geomorphology model, lake development generally occurred in
interfluvial depressions after the river valleys were filled (Xu et al.,
2019). This time was estimated to be approximately 12 ka by
geomorphological studies of the lower Yellow River plain (Wang
etal., 1999; Zhao et al., 2023). Specifically, the lacustrine facies layer
developed on top of the paleochannel during the Late Pleistocene to
Early Holocene in north of the Luzhong Mountains (Tian et al.,
2025). The 'C ages of these lacustrine layers are 9165 + 120 a BP,
9515 + 125 a BP, and 9650 + 190 a BP, which are consistent with the
formation age of the Heituhu Formation (Zhang, 1990; Zhang et al.,
2004). However, the lacustrine facies of DZK3 in this study are not
consistent with the two cases mentioned above. Therefore, their
formation may be attributed to a small water storage depression and
shaped by the evolution of local microtopography.

5.4 Holocene sedimentary sequence
around the southern coast of the Bohai
Sea

As shown in Figure 9, the Holocene stratum around the
southern coast of the Bohai Sea exhibit three distinct
characteristics: (1) The base of the Holocene strata is located at
approximately -10 m, and the depth increases from land to sea (e.g.,
GK95, - 89 m; DZK3, - 8.4 m; DZKO1, - 11.8 m; BH2, - 13 m;
GK111, - 12.5 m; BHI1, - 16 m); (2) The onset of Holocene
deposition generally dated to approximately 9 - 10 ka (e.g.,
L7908, 9.7 + 0.8 ka; DZK3, 10.5 + 0.8 ka; DZKO01, 9.5 + 0.6 ka;
BH2, 8.9 + 0.7 ka; BHI, 9.7 £ 0.8 ka); (3) A dark-gray, organic-rich
layer (limnetic facies, Heituhu Formation) can be used as a marker
for the base of the Holocene (e.g., LZ908, BH1, BH2, and DZK01)
(Xu et al., 2018; Yi et al.,, 2013; Yuan et al., 2024).

5.5 Transgression chronology for T1 and T2

Since the Late Pleistocene, three large-scale transgressions
(from top to bottom: T1, T2, and T3) have occurred along the
coast of the Bohai Sea due to sea-level fluctuations. The extents of
these transgressions are shown in Figure 1b (Wang et al., 1986; Yi
et al.,, 2013; Liu, 2017; Li et al., 2019; Yuan et al., 2024). On the
southern coast of the Bohai Sea, T2 has the largest range, followed
by T1, and T3 has the smallest range (Yuan et al., 2024).

The earlier dating framework for the transgression layers along
the coast of the Bohai Sea was primarily based on '*C method, with
the three transgressions (T1, T2, and T3) occurring in MIS 1, 3, and
5, respectively (Wang et al., 1986; Zhao, 1986). The age of T1 is well
established. However, because of the impact of the dating cap (Lai
and Fan, 2014; Song et al,, 2015) and contamination by younger
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carbon (Yim et al., 1990), the *C age of T2 should be treated with
caution (Zhang, 2021; Long et al,, 2022). Although the theoretical
upper limit can reach 50 ka, '*C ages beyond 30 - 40 ka often lead to
inaccurate results (Lai and Fan, 2014; Song et al., 2015; Long et al.,
2022). Additionally, *C ages for pre-Holocene sediments may have
been underestimated due to the pollution of new carbon (Yim et al.,
1990). As shown in Figure 9, for core BH1, the OSL ages of T2 are
92 + 9 ka and 123 + 15 ka, whereas the adjacent e ages are 46 * 4
cal ka BP and >46 cal ka BP. In addition, "*C-based age models
suggest that the distribution extent of the MIS 3 transgression is
wider than that of the MIS 5 transgression along the Bohai Sea
Coast, which is not consistent with the global sea-level change
pattern (Yi et al,, 2013; Long et al., 2022). Therefore, the formation
time of T2 in the Bohai Sea likely corresponds to MIS 5 or earlier
than MIS 3, as previously reported (Long et al., 2022).

On the southern coast of the Bohai Sea, studies using OSL
dating also suggest that T2 formed earlier than MIS 3. As shown in
Figure 9, Yi et al. (2013) proposed that T2 on the southern coast of
the Bohai Sea developed during MIS 3 - 5 based on "*C and OSL
dating (e.g., cores LZ908, BH1, and BH2). Meanwhile, Liu (2017)
suggested T2 corresponded to MIS 5 (core GK111, >99 + 14 ka). For
core DZK3, the OSL ages of samples DZK3-G06 and DZK3-G07 are
19.8 + 1.2 ka and >100 ka, respectively, and there is a sedimentary
hiatus between U3 and U4. Therefore, we suggest that no
transgression sediments were deposited in the study area during
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MIS 3, which is similar to the dating results of core DZKO01 (Yuan
et al., 2024).

Based on the OSL dating results of core DZK01 and DZK3, T2
occurred at least in MIS 5e (115 - 130 ka), and there were no marine
sediments in MIS 5a-d (71 - 115 ka). There are two reasons for this
phenomenon: One possibility is that marine sediments have been
eroded, but there is still a fluvial unit of MIS 4 - 2 in core DZK01, so
it is unlikely; The second reason is that T2 in the southern coastal
Bohai Sea only occurred in MIS 5e. However, owing to the
saturation of quartz OSL ages and a lack of foraminifera
identification, especially in the strata above the reddish-brown silt
layer of U4, further investigation is required.

6 Conclusions

Using the quartz OSL dating method, we established the
chronostratigraphy of core DZK3 from the southern coastal
Bohai Sea, with ages ranging from >100 ka to 6.2 + 0.4 ka.
Additionally, we reconstructed the sedimentary evolution of the
region from the LGM to the Holocene.

According to the OSL dating results, grain size analysis, and
lithologic characteristics, the Holocene sediments in core DZK3
were deposited since 10.5 = 0.8 ka at a depth of 84 m. A
sedimentary hiatus was detected with an age gap of >100-19.8 ka.
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The lacustrine layer (8.4 - 9.6 m) in core DZK3 was dated to 19.8 -
10.5 ka, which is significantly older than the limnetic and lagoon
layers in other cores. A comparison with published data indicates
that the onset ages of the Holocene deposition are approximately 9
- 10 ka around the southern coast of the Bohai Sea, at a depth of
approximately 10 m. In addition, according to the sedimentary
facies and dating results, no transgressive sediments were observed
during MIS 3 in the study area, and T2 in the southern coastal Bohai
Sea only occurred in MIS 5e.
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