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evolution in the western bohai 
sea since the middle pleistocene: 
integrating geochemical and 
paleontological records

Shuyu Wu1,2,3,4, Hongxian Chu1,2, Maoguo An3, Yongcai Feng1,2 
and Jun Liu � 1,2*
1Yantai Center of Coastal Zone Geological Survey, China Geological Survey, Yantai, China, 
2Observation and Research Station of Land-Sea Interaction Field in the Yellow River Estuary, Ministry 
of Natural Resources, Yantai, China, 3Observation and Research Station of South Yellow Sea Earth 
Multi-sphere, Ministry of Natural Resources, Yantai, China, 4Key Laboratory of Submarine 
Geosciences, Ministry of Natural Resources, Hangzhou, China

Aiming to address under-utilized geochemical proxies in the Bohai Sea (BS) due 
to analytical complexity and diagenetic uncertainty, this study present a 300-
kyr high-resolution geochemical and microfossils records from core DZQ01, 
and identified elemental proxies such as Rb/Sr, Mg/Ca, and Ni/Co ratios to 
quantify paleoclimate, paleosalinity, and paleoredox variabilty. Six depositional 
units (DU6–DU1) are identified: DU6 (300–272 cal. ka B.P.) record cold-arid 
fluvial deposition, and persistent suboxic conditions; DU5 (272–205 cal. ka 
B.P.) captures an initial shift toward warmer, more humid conditions followed 
by renewed cooling and arid conditions, recorded in tidal-flat to shallow-
marine facies; DU4 (205–90 cal. ka B.P.): is dominated by cold and arid 
conditions punctuated by a short-lived warming event; DU3 (90–57 cal. ka 
B.P.) exhibits elevated temperatures and sea levels, fully marine conditions 
marked by abundant benthic foraminifera and ostracods; DU2 (57–14 cal. 
ka B.P.) documents cold-arid conditions, incised-valley fills, and diminished 
biogenic activity; and DU1 (14 cal. ka B.P. to present) reflects warm-humid 
climate, widespread euryhaline assemblages, and high biological productivity in 
intertidal to shallow-marine setting. Glacial-interglacial cycles in BS are driven 
by orbital forcing, greenhouse gases, and ocean-atmosphere feedbacks, with 
glacials cooling/expanded ice sheets and interglacials warming/reconfigured 
circulation.

KEYWORDS

western Bohai sea, middle pleistocene, paleoclimate, paleosalinity, paleoredox, 
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 1 Introduction

Coastal zones constitute the primary interface between terrestrial and marine 
systems, exerting a pivotal role control on the sedimentary response to climate
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change and sea-level fluctuations (Weymer et al., 2022; 
Barceló et al., 2023; Wang et al., 2024; Xu et al., 2025). The Bohai 
Sea (BS) has undergone sustained Cenozoic tectonic subsidence 
that generated >200 m of stacked, high-resolution sedimentary 
strata (Hu et al., 2001; Tian et al., 2017; Wang et al., 2022; 
Wu et al., 2024a). These strata archive continuous, high-fidelity 
records of paleoclimate, paleosalinity, and relative sea-level change, 
rendering the BS an exceptional natural laboratory for deciphering 
coastal-system evolution under variable boundary conditions 
(Alqahtani et al., 2015; Bentley et al., 2016; McHugh et al., 2018; 
Mestdagh et al., 2019; Peeters et al., 2019).

Grain-size (Yi et al., 2012; Qiao et al., 2017; Lyu et al., 2020), 
microfossil (Liu et al., 2015; Zhang et al., 2019), and palynological 
proxies (Chen et al., 2012; Li et al., 2014; Cai et al., 2015; 
Li et al., 2019) have underpinned Quaternary paleoclimate 
reconstructions in the BS. Grain-size covary with monsoon 
intensity: fine fractions track the East Asian Summer Monsoon 
(EASM), whereas medium fractions record the East Asian 
Winter Monsoon (EAWM) (Qiao et al., 2017; Wu et al., 2024a). 
Microfossils assemblages quantify past water-mass temperature 
and salinity variability (Saraswat et al., 2017), and pollen spectra 
independently reconstruct temperature and humidity trajectories 
(Chevalier et al., 2020; Li et al., 2021). Transgressions coincide 
with interglacial sea-level highstand, whereas regressions typify 
glacials (Song et al., 2018). Core BH08 exhibits systematic fining-
upward trends during Marine Isotope Stage (MIS) 1 and 5 
that coincide with δ18O-defined interstadials in Arctic ice cores 
(Stuiver et al., 1995). Grain-size and color-reflectance analyses of 
the same core further reveal sustained late-Pliocene–Quaternary 
paleoclimatic and paleoredox variability, with transgressions 
driven by eustatic highstands superimposed on long-term tectonic 
subsidence. Enhanced EASM intensity during interglacials fostered 
sable warm-humid conditions across eastern China, promoting 
widespread forest cover (Yao et al., 2012). Pollen and spore fossils 
from core TJC-1 demonstrate that MIS 5, 3, and 1 correspond to 
warm, mixed-forests interval, whereas MIS 4 and 2 are characterized 
by cold, herbaceous vegetation and depressed relative sea level. 
Geochemical proxies remain under-utilised in the BS because 
analytical complexity and potential diagenetic alteration introduce 
uncertainty (Chevalier et al., 2020; Xu et al., 2023).

To enhanced fidelity, this study integrates high-resolution 
elemental geochemistry with microfossils records from borehole 
DZQ01 in the western BS, and benchmark these results against 
global sea levels and climate archives aimed at: (1) identifying robust 
elemental proxies for paleoclimate, paleosalinity, and paleoredox 
variability; and (2) integrating these data with microfossil 
assemblages, global δ18O records and sea-level curve to reconstruct 
BS evolution over the last 300 kyr. This multi-proxy synthesis will 
refine understanding of coastal-system responses to orbital and 
eustatic forcing. 

2 Regional setting

The BS is a semi-enclosed marginal continental shelf on the 
East China Sea (37°07′–41°00′N, 117°35′–121°10′E; ∼78,000 km2), 
comprises five morphological domains: Liaodong Bay, Bohai Bay, 
Laizhou Bay, the Bohai Strait, and the Bohai Central Basin (Figure 1). 

Depths are generally shallow (mean 18 m, maximum <30 m), yet 
tidal scouring along the Laotieshan Channel deepens the strait 
locally to ∼80 m (Qin et al., 1989).

The study region receives terrigenous sediments predominantly 
from four major rivers: the Yellow River (YR), Hai River (HR), 
Luan River (LR), and Liao River (LiaoR) (Figure 1). Among these, 
the YR is the largest and constitutes the primary sediment source. 
Ranking second in China in terms of sediment load, the YR annually 
discharges enormous volumes of silt and sand eastward into the BS 
(Milliman et al., 1987) and thereby forms a critical component of 
the source-to-sink sedimentary system in the basin (Shi et al., 2016; 
Yao et al., 2020). Circulation in the BS is governed mainly by 
the Yellow Sea Warm Current (YSWC) and its coastal derivatives, 
namely, the Liaonan Coastal Current (LCC) and the Bohai Sea 
Coastal Current (BSCC) (Guan, 1994; Fang et al., 2000). Saline 
water from the North Yellow Sea (NYS) intrudes through the Bohai 
Strait. In winter, the YSWC gives rise to clockwise-flowing LCC; 
in summer, the system reconfigures into the anticlockwise-flowing 
BSCC (Figure 1; Guan (1994)).

The Bohai Basin is underlain predominantly by Archean-
Proterozoic crystalline metamorphic rocks and Lower Paleozoic 
marine carbonates. Subsidence commenced in the early Cenozoic 
and accommodated a thick sedimentary succession composed of 
Paleogene, Neogene, and Quaternary strata that are dominated by 
terrigenous clastic rocks (Hu et al., 2001). Situated within the East 
Asian monsoon domain, the study area experiences warm, humid 
summers and cool, dry winters (Zhang and Derbyshire, 1991). Mean 
annual precipitation is ∼700 mm, and the mean annual temperature 
is 12.6 °C. July averages 25.5 °C, whereas January averages 2.3 °C. 
Approximately 70% of the annual rainfall occurs during July 
and August. 

3 Materials and methods

3.1 Sample collection

A 203.05-m core (DQZ01) was recovered from the western 
BS offshore Tangshan by the Yantai Center of Coastal Zone 
Geological Survey (YCGS) in July 2022. The drilling site was 
located at Caofeidian (38.76565°N, 118.262905°E; Figure 1), in 
water 23.1 m depth. Drilling operations were conducted from 
the coastal research vessel Haiyang 6, reaching a total depth of 
203.15 m and yielding 187.63 m of sediment, corresponding to 
a recovery rate of 92.36%. The core was sectioned into 2-cm 
intervals for subsequent analysis. Microfossils identification was 
performed at 30-cm intervals, generating 255 samples, whereas 
geochemical analyses were conducted at 60-cm intervals, resulting 
in 147 samples. 

3.2 Microfossils identification

Foraminifera and ostracod samples were initially oven-dried at 
60 °C. Approximately 25 g of dried sediment was soaked in distilled 
water for 24 h to ensure complete disaggregation. The slurry was 
washed through a 63 μm brass sieve until the eluate was clear. The 
>63 μm residue was oven-dried at 60 °C, weighed, and transferred 
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FIGURE 1
Present schematic maps of bathymetry and regional circulation patterns in the BS (modified from (Yao et al., 2017). Red solid star denote sediment 
cores examined in this study, whereas black solid circles indicate previously reported cores from the BS and adjacent areas. Yellow line is the Yellow 
River, grey blue line is the Hai River, Bule line is the Luan River, Red line is the Liao River.

for taxonomic analysis. Based on fossil abundance, an aliquot was 
obtained by microsplitting prior to counting. Species were identified 
and enumerated under a compound microscope (Carl Zeiss Axio 
Scope A1, Germany); a minimum of 200 individuals were counted, 
or the entire aliquot when <200 specimens were present. Taxonomic 
assignments followed (Wang et al., 2023). 

3.3 Age dating

The cores spans ∼110 m of strata since ∼300ka (MIS 
8) to present day, as determined by accelerator mass 
spectrometry (AMS) 14C and optically stimulated luminescence
(OSL) dating.

AMS 14C dating was conducted at the Institute of 
Hydrogeology and Environmental Geology, Chinese Academy 
of Geological Sciences (CAGS). Identified foraminiferal or 
molluscan shells were processed via the zinc/iron (Zn/Fe) 
flame-sealed tube method and analyzed using an accelerator 
mass spectrometer (NEC 1.5SDH-1, National Electrostatics 

Corporation, United States). For samples from the western 
BS, a regional marine reservoir correction of ΔR = −334 
± 50 years was applied (Southon et al., 2002), and the 
resulting marine reservoir ages were calibrated using 
CALIB 7.0.2 (Reimer et al., 2013) to construct a high-resolution 
chronological framework.

OSL dating was performed at the Laboratory Center of the 
Qingdao Institute of Marine Geology. In the field, homogeneous silt 
horizons were selected as the target horizons; samples were collected 
using double-light-tight polyvinyl chloride (PVC) tubes to prevent 
light exposure. In the laboratory, organic matter was removed 
using 5 mL of 30% H2O2, carbonates were dissolved with 3 mL of 
10% HCl, and feldspars were removed with 40% HF. Subsequently, 
the samples were repeatedly rinsed to neutrality and dried; pure 
quartz grains (fine-grained: 4–11 μm or coarse-grained: 90–125 μm) 
were then extracted for equivalent dose (De) determination. 
OSL ages were determined using a luminescence measuring 
instrument (LEXSYG Research, Freiberg Instruments, Germany) 
and a Risø TL/OSL-DA-20 reader; analytical uncertainties were 
constrained within ±10%. 
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TABLE 1  Radiocarbon dates of core DZQ01.

Sample ID Core depth/m Materials 14C age (yr) Calibrated age (yr BP)

14C age (yr) ±1σ Cal. BP Lower range Upper range

22F-14-139 23.12 Benthic forminifera 2005 25 1785 1692 1881

22F-14-140∗ 23.13 Benthic forminifera 3135 30 3177 3071 3283

22F-14-141 24.01 Benthic forminifera 2350 25 2211 2123 2310

22F-14-142 24.5 Benthic forminifera 3350 30 3433 3342 3531

22F-14-143 24.81 Benthic forminifera 4640 35 5094 4978 5218

22F-14-144 25.12 Benthic forminifera 5060 35 5571 5470 5657

22F-14-145∗ 25.38 Benthic forminifera 3000 30 3004 2893 3108

22F-14-146∗ 25.71 Benthic forminifera 4575 35 5011 4874 5115

22F-14-147∗ 26 Benthic forminifera 4215 30 4560 4434 4661

AMS 14C dates marked with∗were excluded from the age interpolation calculation.

3.4 Major and trace element concentration 
measurement

All geochemical determinations were conducted at the YCGS 
Testing Center. Samples were oven-dried at 60 °C, powdered to
<200 mesh, and subjected to a multi-step acid digestion. Digestion 
began with 4 mL HNO3 and 1 mL HClO4; after initial reaction, 
4 mL HF and 1 mL HClO4 were added. Digestion was completed by 
the addition of 10 mL HNO3 to achieve total sample dissolution. 
Major-element abundances were determined by wavelength-
dispersive X-ray fluorescence spectrometry (Axios; PANalytical, 
Almelo, Netherlands), whereas trace-element concentrations were 
measured by inductively coupled plasma-mass spectrometry (ICP-
MS, iCAP RQ; Thermo Fisher Scientific, Waltham, Massachusetts, 
United States). 

4 Results

4.1 Chronology

The chronostratigraphic framework of core DZQ01 established 
from AMS 14C and OSL dates (Table 1, 2), applying piecewise linear 
interpolation between the dated tie points. The calculated average 
linear sedimentation rates (LSRs) ranged from 28 to 71 cm/ka.

4.2 Lithology facies and microfossils 
assemblages

The core has been subdivided into six Depositional 
Units (DUs) (Figure 2B), designated DU6–DU1 from bottom to top. 
These units are defined by microfossils assemblages and sedimentary 
structures, which span the interval from the Middle Pleistocene to 
the present.

DU6 (104.4–111 m, Early MIS 8) is dominated by brown 
silty fine sand and yellow-brown sand (Figure 2a). Microfossil 
assemblages within this unit are sparse and exclusively non-marine, 
consisting of scattered, late-stage occurrences of ostracods Candona 
extima nom. nov. (Figure 2c). Collectively, these characteristics 
indicate a non-marine fluvial depositional environment.

DU5 (94–104.4 m, Late MIS 8– Early MIS 7), the lower part 
of DU5 comprises densely interbedded greyish-yellow silt and 
silty clay, displaying undulating lamination, weak bioturbation, 
and abundant ferric oxide mottles. The upper part is composed 
of dark-grey silty fine sand with millimetre-scale shell fragments, 
weak bioturbation, and common ferric oxide mottles (Figure 2a). 
Benthic foraminiferal assemblages are dominated by Ammonia 
beccarii and Protelphidium granosum accompanied by brackish-
water ostracod (Neomonoceratina delicata, Sinocytheridea latiovata, 
Pistocythereis bradyi, and Pistocythereis bradyiformis). Sparse 
occurrences of non-marine ostracod (Candona extima nom. 
nov. and Ilyocypris bradyi) (Figure 2c). DU5 is interpreted as a 
littoral-neritic facies.

DU4 (44.4–94 m, Late MIS 7– Early MIS 5) grades upward from 
greyish-yellow silty clay at the base to gray fine sand at the top. Cross-
bedding, moderate bioturbation, and iron-stained silty laminations 
are ubiquitous throughout (Figure 2a). The lower part contains 
abundant non-marine ostracod, including Candona extima nom. 
nov. and Ilyocypris bradyi). In contrast, microfossil preservation 
is poor in the upper interval of DU4 (51–58 m), where scattered 
benthic foraminifera (Buccella frigida, Hemirotalia foraminulosa, 
Quinqueloculina lamarckiana, and Rotalinoides compressiuscula) 
and marine ostracod (Neomonoceratina delicata, Sinocytheridea 
latiovata, and Pistocythereis bradyi) are present (Figure 2c). DU4
is interpreted as a braided-meandering fluvial system, consisting 
of channel, floodplain, lacustrine, and deltaic-front facies, DU3
(38.1–44.4 m, Late MIS 5– Early MIS 4), the lower interval 
of DU3 consists of greyish-yellow clayey silt with silty lenses 
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TABLE 2  OSL datas of core DZQ01.

Sample ID Depth (m) U (ppm) Th (ppm) K (%) Water 
content 

(%)

De (Gy) Dose rate 
(Gy/ka)

Age (cal. 
ka B.P.)

OSL-02 26.98 1.91 6.59 1.76 20.37 48.10 2.64 18.2 ± 2.3

OSL-03 28.56 1.62 5.17 1.65 20.73 46.69 2.32 20.1 ± 3.3

OSL-05 31.26 1.37 5.07 2.18 16.86 60.20 2.81 21.4 ± 1

OSL-07 33.86 1.66 6.93 1.7 20.79 83.58 2.53 33 ± 3.5

OSL-08 36.58 1.62 6.66 1.84 15.57 141.92 2.75 51.6 ± 3.8

OSL-10 44.56 1.9 7.44 1.87 21.94 196.34 2.76 71.1 ± 6

OSL-12 48.58 1.68 6.76 1.65 24.67 193.96 2.38 81.4 ± 7.2

OSL-32 78.68 1.4 6.29 2.13 15.64 335.27 2.92 >114.9

OSL-34 81.83 1.33 6.75 1.97 13.88 354.75 2.84 >124.9

FIGURE 2
Down-core variations in sedimentological properites and microfossil assemblages of core DZQ01. (a) Lithological characteristics and chronological 
framework (age dating: “a” = AMS14C dating, “o” = OSL dating, “m” = paleomagnetic dating); (b) Stratigraphic age, depositional units, marine isotope 
stage (MIS), and sedimentary facies; (c) Microfossil aboundance and assemblages.
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and millimetre-scale laminations, intense bioturbation, localized 
muddy occurrences, and sparse carbonaceous flecks. The upper 
interval comprises of dark-grey silty clay with rich in silty lenses 
and laminations, moderate bioturbation, common carbonaceous 
specks, and scattered shell fragments (Figure 2a). Microfossil 
assemblages are diverse and well-preserved. Benthic foraminifera 
(Buccella frigida, Cribrononion cf. Tsudai, Hemirotalia foraminulosa, 
Protelphidium granosum, Quinqueloculina lamarckiana, and 
Rotalinoides compressiuscula), abundant marine ostracod 
(Bicornucythere bisanensis, Neomonoceratina delicata, and 
Sinocytheridea latiovata), together with accessory Pistocythereis 
bradyi and Pistocythereis bradyiformis, and sparse non-marine 
ostracods (Candona extima nom. nov. and Ilyocypris bradyi) 
restricted to the basal interval (Figure 2c). DU3 is interpreted as 
a neritic facies.

DU2 (26.74–38.1 m, Late MIS 4–MIS 2) is dominated by grey 
to grey-brown silt and sand with abundant biogenic structures, 
including worm burrows (Figure 2a). Microfossil assemblages rare, 
only between 26 and 28 m core depth do sparse benthic foraminifera 
(Ammonia beccarii, Ammonia tepida, and Hemirotalia foraminulosa) 
and scattered marine ostracods (Bicornucythere bisanensis and 
Pistocythereis bradyi) occur (Figure 2c). DU2 is interpreted as a 
meandering fluvial facies dominated by channel-fill sands.

DU1 (23.1–26.74 m, MIS 1) comprises a lower unit of light-
yellow biogenic silty fine sand with weak bioturbation, overlain 
by dark-grey, shell-rich silty clay with scattered black carbonaceous 
specks and moderate bioturbation (Figure 2a). Benthic foraminiferal 
assemblages are dominated by Ammonia annectens, Ammonia 
tepida, Buccella frigida, Cribrononion cf. tsudai, Hemirotalia 
foraminulosa, Protelphidium granosum, and Quinqueloculina 
lamarckiana, euryhaline marine ostracods (Bicornucythere 
bisanensis, Neomonoceratina delicata, Pistocythereis bradyi, and 
Pistocythereis bradyiformis (Figure 2c). DU1 is interpreted as a 
netitic facies. 

4.3 Major and trace element 
concentrations

Table 3 and Figure 3 present the concentrations of major 
elements (as oxide weight percentages) and trace elements (as 
individual elemental concentrations). SiO2 is the most abundant 
oxide, with concentrations ranging from 42.00 to 80.15 wt%, 
followed by Al2O3 (7.62–15.54 wt%). Among the trace elements, Ba, 
Sr, Zr, Cr, and Rb exhibit the highest mean concentrations.

4.4 Paleoenvironmental proxies

The Rb/Sr and Sr/Cu ratios and the Chemical Index of Alteration 
(CIA) are established proxies for paleoclimate reconstruction. Drill-
core DZQ01 yield maximum mean Rb/Sr values in DU1 (0.65) and 
DU3 (0.64), intermediate values in DU2 (0.43) and DU6 (0.42), and 
minima in DU4 (0.35) and DU5 (0.34). Mean Sr/Cu ratio is lowest 
in DU1 (5.61) and DU3 (5.11), increases sequentially to DU6 (11.72), 
DU5 (12.57), and DU2 (15.15), and peaks in DU4 (20.57). Mean CIA 
values are highest in DU3 (58.53) and DU1 (54.05), intermediate in 
DU5 (51.41) and DU6 (50.13), and lowest in DU4 (47) (Table 4).

TABLE 3  Mean, minimum, maximum, and standard deviation (SD) of 
geochemical elements concentrations in drill-core DZQ01 for the 
interval spanning the Middle Pleistocene to present Major elements 
(SiO2– MgO) are reported in wt%, and trace elements (Ba–U) in ppm (μg 
g−1).

Element name Mean Min Max SD

SiO2 66.32 42.00 80.15 8.06

Al2O3 11.40 7.62 15.54 2.04

CaO 4.59 1.03 11.86 2.02

Fe2O3 3.72 1.18 11.50 1.53

K2O 2.61 2.01 3.39 0.35

Na2O 2.41 1.54 3.07 0.32

MgO 1.77 0.48 3.23 0.69

Ba 593.32 398.00 2008.00 172.17

Sr 234.53 172.00 338.00 36.68

Zr 210.08 54.40 627.00 100.17

Cr 152.54 40.20 753.00 130.33

Rb 100.19 41.70 179.00 26.64

Zn 52.63 18.70 100.00 20.80

V 57.57 17.00 101.00 20.99

Ni 38.33 11.50 121.00 17.46

Cu 20.96 5.04 207.00 22.61

Co 8.82 3.40 16.40 3.12

Th 6.44 1.70 25.10 6.19

U 1.68 1.27 3.13 0.29

The Sr/Ba, Mg/Ca, Mg/Al, and Sr/Ca ratios are widely employed 
as proxies for paleosalinity variability. In dirll-core DZQ01, mean 
Sr/Ba peaks in DU5 (0.72) and is similar across the remaining units: 
DU6 (0.66), DU1 (0.65), DU2 (0.64), DU3 (0.63), and DU4 (0.64). 
Mean Mg/Ca reaches maxima in DU3 (0.69) and DU5 (0.59), and 
minima in DU4 (0.43), DU1 (0.42), DU6 (0.39), and DU2 (0.34). 
Mean Mg/Al displays marked variability, peaking in DU3 (1.15), 
DU1 (1.02), and DU5 (0.96), and decreasing toward DU6 (0.86), DU2
(0.7), and DU4 (0.69). Mean Sr/Ca is lowest in DU1 (29.99) and 
DU3 (39.07), increases through DU6 (46.59), DU2 (52.95), and DU5
(63.46), and culminates in DU4 (83.05) (Table 4).

The U/Th, Ni/Co, and V/Cr ratios are established proxies for 
reconstructing paleoredox conditions in sedimentary systems. Mean 
U/Th is lowest in DU3 (0.18) and DU1 (0.22), increases progressively 
through DU6 (0.4), DU5 (0.42), DU2 (0.49), and peaks in DU4
(0.56). Mean Ni/Co increases from DU3 (3.29), DU1 (3.33), DU2
(3.54), and DU4 (3.88) to DU5 (4.85) and DU6 (7.15). Mean 
V/Cr increases systematically from DU6 (0.19) through DU5 (0.34), 
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FIGURE 3
Down-core variations in major (wt%) and trace (ppm) elements of core DZQ01. The elements presented left to right are as follows: major elements 
(SiO2, Al2O3, CaO, MgO, K2O, Na2O, Fe2O3) and trace elements (Cu, Zn, Cr, Ni, Co, Rb, Sr, Ba, V, Zr, U, Th).

TABLE 4  Elemental ratios as paleoenvironmental proxies.

Units Rb/Sr Sr/Cu CIA Sr/Ba Mg/Ca Mg/Al Sr/Ca U/Th Ni/Co V/Cr

DU1 (n = 8)
0.36–0.96 3.77–9.67 47.33–58.14 0.6–0.7 0.32–0.48 0.76–111 21.99–43.99 0.08–0.46 2.98–3.65 0.37–0.97

0.65 7 54.05 0.65 0.42 1.02 29.99 0.22 3.33 0.76

DU2 (n = 17)
0.28–0.55 8.77–24.27 44.4–50.49 0.54–0.69 0.21–0.53 0.38–0.95 41.64–74.86 0.41–0.64 3.1–4.28 0.44–0.69

0.43 15.15 46.99 0.64 0.34 0.70 52.95 0.49 3.54 0.60

DU3 (n = 11)
0.35–0.85 3.37–9.87 51.72–60.1 0.57–0.71 0.32–0.98 1.04–1.21 29.1–62.6 0.09–0.47 3.08–3.6 0.33–0.95

0.64 6.73 58.53 0.63 0.69 1.15 39.07 0.18 3.29 0.70

DU4 (n = 19)
0.22–0.49 6.62–39.72 41.46–59.38 0.26–09 0.15–0.64 0.37–1.37 19.43–129.49 0.34–0.76 2.52–7.24 0.18–0.82

0.35 20.57 47.00 0.64 0.43 0.69 83.05 0.56 3.88 0.55

DU5 (n = 17)
0.15–0.49 4.43–21.36 45.74–59.52 0.57–1.03 0.2–1.36 0.56–1.32 23.48–148.42 0.13–0.76 2.99–6.83 0.15–0.68

0.34 12.57 51.41 0.72 0.59 0.96 63.46 0.42 4.85 0.34

DU6 (n = 12)
0.24–0.58 3.9–25.2 44.18–64.4 0.29–1.07 0.28–0.81 0.54–1.15 27.68–76.43 0.11–0.54 4.4–11.25 0.08–0.43

0.42 11.72 50.13 0.66 0.39 0.86 46.59 0.40 7.15 0.19

The element ratios in the table are molar ratios, with the number of samples indicated in parentheses.
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DU4 (0.55), DU2 (0.6), DU3 (0.7), to a maximum in DU1 (0.76)
(Table 4). 

5 Discussion

5.1 Paleoclimate

Sedimentary deposits under humid-climate are enriched 
in Fe, Mg, Cu, Rb, Co, and Ba, whereas arid-climate 
deposits exhibit elevated Sr, Na, Ca, Mg, and Zn contents 
(Fu et al., 2018; Stankevica et al., 2020). These elemental patterns 
constitute reliable proxies for paleoclimate reconstruction.

The Rb/Sr ratio is widely employed to infer climate conditions 
and environmental evolution over geological time scales. Rb 
preferentially accumulates in clay-rich, fine-grained sediments 
under warm-humid climates, whereas Sr is hosted chiefly by 
Ca-bearing phase (e.g., calcite, dolomite) and becomes enriched 
under cold-arid conditions (Gallet et al., 1996; Chen et al., 2000). 
Consequently, warm-humid settings yield elevated Rb/Sr 
ratio owing to Rb enrichment and Sr leaching (Dasch, 1969; 
Jeong et al., 2006; Du et al., 2011; Wu et al., 2024a). Xu et al. (2018) 
used Rb/Sr ratios of sediments from core MZ05 in the Min-Zhe 
muddy area of the East China Sea to reconstruct variations in the 
intensity of the EASM over the past 2900 years, and identified a 
negative correlation between the EAWM and EASM on a centennial 
scale during the Late Holocene. Fan et al. (2022) utilized the Rb/Sr 
ratio as an indicator of chemical weathering intensity in the source 
area of deep-sea sediments from Site U1516 of the IODP expedition 
369. In monsoon-influenced Central and Eastern China, an Rb/Sr 
threshold of 0.45 distinguishes climate regimes: values <0.45 denote 
cold-dry conditions, whereas values >0.45 signify warm-humid 
climates (Chen, 1999). Rb/Sr ratio thus identify DU1 and DU3 as 
warm-humid intervals, DU2 and DU6 as transitional, and DU4 and 
DU5 as cold-arid intervals (Figure 4a).

The Sr/Cu ratio is a sensitive proxy for paleoclimate variability 
(Yan et al., 2021). Under warm-humid climates, intensified chemical 
weathering mobilies Sr into solution, lowering the Sr/Cu ratio. Low 
Sr/Cu ratios (<10) denote warm-humid conditions, whereas high 
ratios (>10) signify cold-arid climates (Tribovillard et al., 2006; 
Brookfield et al., 2020). Drill-core DZQ01 yields Sr/Cu < 10 in DU1
and DU3, consistent with humid conditions and values >10 in DU6, 
DU5, DU2, and DU4, reflecting progressive aridification (Figure 4b). 
Sr/Cu-based temperature trends corroborate the Rb/Sr record.

The CIA indirectly constrains paleoclimatic and weathering 
intensity via the depletion of mobile elements (Ca, Na, K) and 
enrichment of stable elements (Al, Ti). CIA values of 80–100 
signify intense weathering under warm-humid conditions. 60–80 
moderate weathering, and 40–60 weak weathering under cold-
arid regimes (Fedo et al., 1995). All six DUs exhibit CIA <60, 
implying cold-dry conditions (Figure 4c) (Neisbitt and Yong, 1982). 
The discrepancy with Rb/Sr and Sr/Cu interpretations likely reflects 
grain-size control on chemical weathering.

Interpretation of Rb/Sr, Sr/Cu ratios, and CIA as paleoclimate 
proxies requires explicit consideration of sediment grain-size effects 
and source rock effects, as grain-size variability can bias their 
geochemical signatures and confound paleoclimatic reconstruction: 
Rb preferentially resides in clay minerals and fine fractions, 

whereas Sr is enriched in coarser feldspar and calcite grains; 
during weathering and transport, Rb accumulates in fine fractions 
and Sr is preferentially leached—leading Rb/Sr to increase with 
hydrodynamic sorting rather than solely climatic forcing. For Sr/Cu, 
Cu is enriched in organic matter and clays, and arid climates elevate 
the ratio by concentrating Sr in coarse fractions (while humid 
climates lower it via Sr leaching and Cu enrichment in fines); 
neglecting grain size may erroneously attribute Sr/Cu fluctuations 
to climate, as elevated ratios could reflect coarser sediment supply 
rather than aridity. CIA is also grain-size dependent: fine fractions 
undergo more intense weathering, increasing Al and K contents and 
thus CIA values, whereas coarser, less weathered particles yield lower 
CIA—meaning ignoring grain-size effects may misascribe high CIA 
in fine sediments to particle size rather than climate-modulated 
weathering intensity.

In marine geology, Ti2O3/Al2O3 ratio is a well-recognized proxy 
for tracking terrestrial clastic input: Ti is predominantly derived 
from detrital minerals (e.g., ilmenite, rutile) with strong resistance 
to chemical weathering, while Al is mainly associated with clay 
minerals (also terrigenous). Thus, Ti2O3/Al2O3 effectively reflects 
the relative contribution and provenance stability of terrestrial 
clastic materials.

First, correlation analyses between the Ti2O3/Al2O3 ratio and 
three key proxies—Rb/Sr, Sr/Cu, and the CIA—yielded weak 
correlations, with r-values of 0.18, −0.37and 0.17, respectively 
(Figure 5). This indicates no direct evidence that these paleoclimate-
related proxies are disturbed by variability in terrigenous source rock 
composition. Furthermore, Geochemical proxies exhibit differential 
sensitivity to grain size (Tabor and Myers, 2015). CIA display a 
strong positive correlation with Mz (r = 0.89, Figure 5). High 
CIA values correspond to fine-grained silt (r = 0.81) and clay
(r = 0.85); thus elevated CIA chiefly records the weathering signature 
of fine-grained fractions. Conversely, Sr/Cu is inversely correlated 
with Mz (r = −0.81) and positively correlated with sand (r = 0.84, 
Figure 5). Hense, Sr/Cu serves as a proxy for coarser-grained, 
arid depositional setting. Rb/Sr exhibits a modest correlation with 
Mz (r = 0.47, Figure 5), indicating limited grain-size dependence. 
Because Rb/Sr is enriched in fine-grained fractions, it more faithfully 
records climate-driven compositional changes. Consequently, Rb/Sr 
is the most reliable independent paleoclimate indicator examined.

5.2 Paleosalinity

The Sr/Ba, Mg/Ca, Mg/Al, and Sr/Ca ratios are established 
paleosalinity proxies that discriminate depositional environments. 
These ratios exhibit distinct patterns across marine, terrestrial, and 
transitional settings.

Sr/Ba ratio increase with salinity, being markedly higher in 
seawater than in freshwater (Chen et al., 1997). Sr is highly 
mobile and derived from seawater and mineral weathering, 
whereas Ba originates from crustal weathering, detrital input, 
and biogenic processes. In seawater, Sr exceeds Ba and becomes 
increasingly dominant at elevated salinities (Brand and Veizer, 1980; 
McArthur et al., 2008; Allmen et al., 2010). Consequently, Sr/Ba 
effectively discriminates depositional environments: marine setting 
yield Sr/Ba >0.8, transitional environment 0.5–0.8, and terrestrial 
system <0.5 (Tang, 2019). Sr >160 ppm further supports marine 
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FIGURE 4
Box-plots of paleoclimate-related geochemical proxies in Core DZQ01: (a) Rb/Sr ratio, (b) Sr/Cu ratio, (c) Chemical Index of Alteration (CIA).

conditions (Chen et al., 1997), and elevated Sr/Ba may also 
reflect elevated marine productivity (Wang A. H. et al., 2021; 
Dashtgard et al., 2022). In drill-core DZQ01, Sr/Ba ranges from 
0.5 to 0.8 across all six DUs, consistent with a marine-terrestrial 
transitional settings and DU5 attains the highest ratio (≈0.72), 
whereas the remaining units cluster narrowly (0.63–0.66), limiting 
the discriminatory power of Sr/Ba for intra-core paleosalinity 
reconstruction (Figure 6a).

In seawater, Mg and Ca display contrasting solubility behaviour. 
Rising salinity enhances Mg solubility but promotes Ca precipitate 
or desolvation. Consequently, Mg becomes enriched relative to Ca, 
elevating the Mg/Ca ratio in high-salinity setting (Ma et al., 2023). 
The Mg/Ca ratio is also modulated by provenance and weathering 
intensity; dolomite dissolution, for example, preferentially releases 
Mg over Ca, further elevating sedimentary Mg/Ca (Billups and 
Schrag, 2003; De Nooijer et al., 2017; Dunlea et al., 2017). 
Mg/Ca is widely applied as a paleosalinity proxy: >1 indicates 
marine conditions, 0.4–1 brackish water, and <0.4 freshwater 
(Martín et al., 2008; Peng et al., 2021). In drill-core DZQ01, DU2 and 
DU6 yield Mg/Ca <0.4, consistent with freshwater deposition. DU1, 
DU3, DU4, and DU5 record Mg/Ca = 0.4–1, indicative of brackish 
conditions. DU4 occupies the freshwater-brackish boundary, 

whereas DU3 attains the highest salinity, reflecting pronounced 
marine incursion (Figure 6b). These pronounced Mg/Ca differences 
underscore salinity fluctuations among stratigraphic intervals.

The Mg/Al ratio discriminates depositional environments. Mg 
derives predominantly from seawater and covaries with salinity 
(Berg et al., 2019), whereas Al, source chiefly from terrigenous 
clay minerals as insoluble aluminosilicates, is sensitive to salinity. 
Elevated Mg/Al denotes high salinity and marine dominance, lower 
ratio imply freshwater conditions or enhanced terrigenous influx 
(Gravina et al., 2022; Chen et al., 2023). Diagnostic thresholds are: 
Mg/Al <1 (freshwater), 1–10 (brackish water), 10–500 (marine), 
>500 (Stanistreet et al., 2020). In dirll-core DZQ01, Mg/Al averages 
<1in DU2, DU4, and DU6 (freshwater). 1–10 in DU1, DU3, 
and DU5 (marine-terrestrial transitional), the latter appreciable 
terrigenous input (Figure 6c).

The Sr/Ca ratio serves as a proxy for surface-water 
paleoproductivity. During plankton growth, Ca2+ is preferentially 
incorporated into skeletal carbonate, whereas Sr2+ uptake is limited 
(Jin et al., 2011; Mario et al., 2020). Competitive uptake of these 
geochemical analogues generates an inverse Sr/Ca-productivity 
relationship: elevated productivity release Ca2+ and lowers Sr/Ca, 
diminished productivity raises the ratio (Stoll and Schrag, 2001; 
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FIGURE 5
Pearson's correlation coefficient heatmap among selected major oxides and trace elements, together with grain size and lithology fraction in sediment 
core DZQ01. Notes: ∗p < 0.05; and ∗∗p < 0.01.

Peek and Clementz, 2012; Zhang et al., 2020). DU1 and DU3 exhibit 
lower Sr/Ca (30, 39, high productivity), DU4 and DU5 elevated 
Sr/Ca (83, 63, low productivity), and DU2 and DU6 intermediate 
values (53, 47, moderate productivity) (Figure 6d).

Geochemical signatures indicate that DU1 and DU3 record high-
productivity, marine-terrestrial transitional settings; DU5 represents 
a moderate-productivity transitional environment influenced by 
terrigenous flux.; DU2, DU4, and DU6 denote low-productivity 
freshwater deposition.

Interpretation of Sr/Ba, Mg/Ca, Mg/Al, and Sr/Ca as 
paleosalinity proxies must account for grain-size effect. Sr is 
concentrated in coarser carbonate grains and seawater, whereas 
Ba is adsorbed onto organic matter and clay minerals, enriching 
finer fractions; coarsening thus elevates Sr/Ba (Wei and Algeo, 2020; 
Wang A. H. et al., 2021). Ca resides chiefly in coarse-grained calcite 
and aragonite; increased coarse fractions raise Ca content. Mg 
is incorporated via adsorption onto clay or precipitation within 
carbonate, and fine-grained clay and carbonate preferentially 
sequester Mg. Coarse-carbonate dominance lowers Mg/Ca, 
whereas fine-particles enrichment elevates it (Barker et al., 2005; 
Hoogakker et al., 2009; Poulain et al., 2015; Kim et al., 2021). Al, 
hosted in aluminosilicates, is enriched in clay-rich, fine-grained 

fractions. Mg preferentially adsorbs onto fine particles, elevating 
Mg/Al and biasing paleosalinity estimate (Von et al., 1990). Coarser 
grain adsorb Sr, raising Sr/Ca (Peek and Clementz, 2012).

Sr/Ba versus Mz yields r = −0.024, indicating neglibible grain-
size control; Consistent with earlier findings, Sr/Ba is a weak 
paleosalinity proxy. Mg/Al versus Mz (r = 0.72) is strongly grain-
size dependent. Mg/Ca and Sr/Ca exhibit moderate with Mz (|r| 
= 0.51–0.52), implying limited grain-size influence (Figure 5). 
Consequently, Mg/Ca and Sr/Ca provide the most robust 
paleosalinity signals in the study area. 

5.3 Paleoredox environment

The U/Th, Ni/Co, and V/Cr ratios are widely employed as 
robust proxies of paleoredox conditions. Under oxic conditions, 
U is readily mobilised and transported from the soild phase to 
the water column, whereas Th remains largely immobile within 
the sedimentary matrix. Consequently, oxic settings yield low 
U/Th ratios, whereas anoxic to hypoxic environments, promote U 
enrichment and generate elevated U/Th values (Riquier et al., 2006; 
Ruffell et al., 2006; Adelabu et al., 2021). U/Th <0.75 indicates 
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FIGURE 6
Box-plots of paleosalinity-related geochemical proxies in Core DZQ01. (a) Sr/Ba ratio, (b) Mg/Ca ratio, (c) Mg/Al ratio, and (d) Sr/Ca ratio. The cutoff of 
the Sr/Ba, Mg/Ca, and Mg/Al according to the references.

oxic conditions, 0.75–1.25 hypoxic conditions, and >1.25 anoxic 
conditions (Jones and Manning, 1994). In the six DUs of core 
DZQ01, U/Th ratios are consistently <0.75, with only a few 
exceptions in DU4, signifying persistently oxic bottom water 
since the Middle Pleistocene. Notably, DU1 and DU3 exhibit 
the lowest U/Th values, underscoring episodes of pronounced 
oxygenation (Figure 7a).

Both Ni and Co are incorporated into pyrite (Karl, 1975). Under 
reducing conditions, Ni preferentially complexes with organic 
matter and sulfides phases, forming stable sulfide that accumulate 
in the sediments column. Conversely, Co remains stable under 
oxic conditions, scavenged by Fe− and Mn− oxyhydroxides that 
precipitate onto particle surfaces. Under reducing conditions, 
Co solubility increases, facilitating its remobilization into 
the water column and diminishing its sedimentary retention 
(Chao et al., 2021). Ni/Co <5 denotes oxic conditions, 5–7 hypoxic 
conditions, and >7 anoxic conditions (Jones and Manning, 1994). 
In core DZQ01, DU6 yields Ni/Co >7, indicating episodic anoxia. 

DU5 displays hypoxic signatures, whereas DU1–DU4 exhibit Ni/Co 
<5, consistent with oxic deposition (Figure 7b).

Under oxic conditions, V (pentavalent HVO4
2- and H2VO4

−) 
has low sedimentary concentrations (Breit et al., 1991). Cr 
(hexavalent CrO4

2-) scavenged into sediments lowering V/Cr 
ratio (Calvert and Pedersen, 1993). Reducing conditions, V 
reduces (precipitates/sequesters), Cr shifts to trivalent (mild) 
or more soluble (strong), elevating V/Cr ratio (Francois, 1988; 
Crusius et al., 1996). V/Cr <2 indicates oxic conditions; 2–4.25 
hypoxic conditions; and >4.25 anoxic environment (Ernst, 1970; 
Jones and Manning, 1994). Throughout the six DUs V/Cr remains 
<2, consistent with persistently oxic deposition (Figure 7c). These 
V/Cr signatures contrast with the Ni/Co record, which exhibits 
an inverse stratigraphic trend. This discrepancy likely reflects the 
dominant terrigenous origin of V and Cr, whose ratios are therefore 
strongly modulated by provenance and detrital composition. 
Conversely, Ni and Co behavior is governed primarily by redox 
processes within the depositional environment. Consequently, V/Cr 
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FIGURE 7
Box-plots of paleoredox-related geochemical proxies in Core DZQ01. (a) U/Th ratio, (b) Ni/Co ratio, and (c) V/Cr ratio. The cutoff of the U/Th and 
Ni/Co according to the references.

and Ni/Co track different biogeochemical mechanisms and should 
be interpreted cautiously when employed as paleoredox proxies.

When employing U/Th, Ni/Co, and V/Cr ratios as paleoredox 
proxies, the influence of grain size and organic matter input 
must be explicitly evaluated. U preferentially associates with 
organic matter and clay minerals and thus becomes enriched 
in fine-grained sediments under reducing conditions. Under 
oxidising conditions, however, U is mobilised via dissolution and 
subsequently reprecipitated in coarser lithologies such as sands 
or gravel (Andersen et al., 2014; Wang J. et al., 2021). The 
elevated porosity and permeability of these coarse facilitate fluid 
circulation and secondary U enrichment, elevating U/Th ratios 
relative to finer-grained counterparts. Co is dominantly hosted 
in terrigenous detrital minerals and is therefore concentrated 
in coarse particles, whereas Ni is preferentially bound to clay 
minerals, organic matter, and Fe-Mn oxyhydroxides in fine-grained 
fractions, yielding higher Ni/Co ratio in mud-rich sediments 
(Bajwah et al., 1987). V is likewise enriched in fine-grained 
sediments through complexation with organic matter and clay 
minerals, whereas Cr is concentrated in coarse-grained heavy-
minerals assemblages (Wei, 2012). Consequently, fine-grained 

sediments exhibit elevated V/Cr ratio, whereas coarse-grained 
sediments display lower values.

First, the correlation coefficients between the U/Th, Ni/Co, 
and V/Cr ratios (paleoredox proxies) and the C/N ratio (organic 
matter source proxy) are all very low, with values of 0.29, −0.087, 
and −0.0034, respectively—thus ruling out the influence of organic 
matter input on these paleoredox proxies. Correlation analyses 
between these elements proxies and Mz reveal a strong negative 
correlation for U/Th (r = −0.72), confirming preferential enrichment 
of U in coarser-grained lithologies. Ni/Co exhibits a statistically 
insignificant correlation (r = 0.0093), whereas V/Cr is moderately 
positively correlated with Mz (r = 0.22), consistent with enrichment 
in fine-grained sediments. Collectively, these data indicate that 
Ni/Co is the most reliable paleoredox indicator among the three 
ratios, as it least affected by grain-size variability. 

5.4 Evolution of sedimentary environments

During the Late Cretaceous–Paleogene (66–23.03 Ma), the 
structural nature of the Tan-Lu Fault Zone transitioned from a 
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pre-existing compressive-shear regime to an extensional regime 
(Zhu et al., 2004). This extension acted as a dominant driver 
of the Bohai Basin, regulating the development and positioning 
of tectonic depression within the basin (Huang and Liu, 2014). 
Since the initiation of the Quaternary (∼2.58 Ma), the regional 
tectonic framework has been defined by the collaborative interplay 
of multiple plates: in the western sector, the Tibetan Plateau 
underwent rapid uplift—accompanied by northeastward tectonic 
expansion—driven by the far-field effects of sustained collision 
between the Indian and Eurasian Plates; in the eastern sector, 
a complex “trench-arc-basin” tectonic system (a hallmark of 
active continental margins) was developed along the eastern 
margin of the East Asian Continent, controlled primarily by the 
subduction and consumption of the Pacific Plate beneath the 
Eurasian Plate (Wang et al., 2011).

Against this tectonic backdrop, the Minzhe Uplift Zone and 
Miaodao Uplift Zone, located in the eastern continental shelf of 
China, experienced regional-scale subsidence (Sun et al., 2022). 
This subsidence event directly triggered the reconstruction of the 
paleogeomorphic framework in the shelf domain: the originally 
semi-enclosed continental setting gradually transited into a proto-
basin with the capacity to retain seawater, ultimately facilitating and 
governing the formation of the Yellow Sea and BS. This integrated 
evolutionary process of tectonics and geomorphology not only 
furnished the essential accommodation space for multiple episodes 
of large-scale transgressions in eastern China since the Quaternary 
but also fundamentally established the land-sea distribution pattern 
of this region.

Core DZQ01 in the BS preserves a continuous sedimentary 
record since the Middle Pleistocene, which documents three 
transgressions-regressions cycles. Integration of paleoclimate, 
paleosalinity, and paleoredox proxies enables the subdivision of 
this sedimentary succession into six evolutionary stages. 

5.4.1 DU6 (early MIS 8 period, 300–272 cal. ka 
B.P.)

The lithology is dominated by sand and silty sand, characterized 
by a relatively coarse median grain size (Figures 8a,h). Lower 
Rb/Sr ratio indicates prevailing cold-arid conditions (Figure 8b), 
whereas Mg/Ca and Ni/Co values denote a fluvial-lacustrine, 
fresh-water environment whose bottom waters evolved from 
hypoxic to oxic and subsequently return to hypoxic conditions 
in the BS (Figures 8c,d). According to LR04 benthic δ18O record 
(Lisiecki and Raymo, 2005), global eustatic sea levels were 
relatively low at ∼300 cal. ka B.P., a time corresponding to the 
transition from MIS9 to MIS8. Subsequently, global sea-surface 
temperatures and eustatic sea-level began to rise after 300 cal. 
ka B.P. but this rising trend reversed after ∼285 cal. ka B.P. 
(Miller et al., 2005) (Figure 8e). Sedimentation was dominated by 
YR-derived fluvial and overbank deposits (Wu et al., 2024b). Recent 
modelling suggests that the Arctic ice sheet contracted during 
much of MIS 8, a trend that appears to conflict with concurrent 
increase in benthic δ18O values (Hao et al., 2024). This apparent 
contradiction may reflect intensification of Antarctic bottom water 
formation, whose cooling signature propagated through the deep 
ocean and is recorded by rising δ18O. In East Asia, the coeval 
strengthening of the EAWM exerted the dominant climatic control
(Wu et al., 2024a).

5.4.2 DU5 (late MIS 8–Early MIS 7 period, 
272–205 cal. ka B.P.)

The Rb/Sr ratio indicates that the earliest part of DU5
continued the cold-dry conditions of DU6, followed by a progressive 
temperature rise (Figure 8b). Between 260 and 230 cal. ka B.P., 
declining benthic δ18O values (Figure 8g) signal a shifted to warmer, 
humid climate (Figure 8b), and global eustatic sea level began 
to rise (Figure 8f). Peak warmth was attained ∼240 cal. ka B.P. 
(Figure 8e), coinciding with maximum marine transgression across 
the study area (Figure 8b). Bottom waters were predominantly 
hypoxic, with transient anoxic between 253 and 256 cal. ka B.P. 
(Figure 8c). After 230 cal. ka B.P., two millennial-scale cool-warm 
oscillations are recorded globally (Lisiecki and Raymo, 2005; 
Miller et al., 2005) (Figure 8e); nevertheless, the study area 
remained comparatively cold and dry (Figure 8b). The Mg/Ca 
record reveals two discrete marine incursions, early (272–260 cal. 
ka B.P.) and late (230–210 cal. ka B.P.) in DU5 (Figure 8d), whereas 
Ni/Co ratio indicate persistent hypoxic conditions (Figure 8c). 
Lithologically, the succession corresponds to grogradationsl tidal-
flat to shallow-marine facies. Benthic foraminiferal assemblages 
suggests a warm, shallow, brackish setting, and only transient, 
localised freshwater influxes (Figure 8i). DU5 represents a 
shallow-marine depositional system modulated by orbitally 
paced climate warming, eustatic sea-level rise and fluctuating
redox conditions.

High-resolution U-series chronologies from the Austrian Alps 
constrain the onset of MIS 7e warming to 242.5 ± 0.2 cal. ka B.P., with 
peak interglacial conditions persisting from 241.8 to 236.7 ± 0.6 cal. 
ka B.P. (Wendt et al., 2021). Consistently, planktonic foraminiferal 
records from site MD12-3429 in the northern South China Sea 
indicate elevate surface-water nutrients and recurrent bottom-water 
hypoxia throughout MIS 7 (Li et al., 2017). 

5.4.3 DU4 (late MIS 7–Early MIS 5 period, 
205–90 cal. ka B.P.)

Global climate deteriorated progressively: surface temperatures 
declined (Figure 8e), benthic δ18O values increased (Figure 8g), 
and eustatic sea level fell (Figure 8f) (Lisiecki and Raymo, 2005; 
Miller et al., 2005). The study area evolved into a brackish-
to-freshwater transitional setting characterized by persistently 
oxic bottom water (Figures 8c,d). Despite the global warming 
and eustatic sea-level rise that occurred 130–110 cal. ka B.P. 
(corresponding to MIS 5e; Figures 8e–g), this warming episode did 
not interrupt the overarching cold and arid climatic regime in the 
BS (Figure 8b). Sedimentation was dominated by extensive fluvial 
systems–braided and meandering channels, flood-plains and small 
lakes–sourced chiefly from the YR, LR, and LiaoR (Wu et al., 2024b).

Microfossil analyses indicate that during the severe cold-stage of 
the DU4, the study area was dominated by perennial freshwater lakes 
and low-gradient fluvial networks. Scattered benthic foraminifera 
first appeared between 130 and 110 cal. ka B.P. (Figure 8i). These taxa 
record a brief, low-magnitude marine incursion, which corresponds 
to the global high-sea-level event of MIS 5e. 

5.4.4 DU3 (late MIS 5- MIS4 period, 90–57 cal. ka 
B.P.)

During MIS 5a (∼90–71 cal. ka B.P.), global eustatic 
sea level stood ∼10–20 m below than the present-day level 
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FIGURE 8
Composite Stratigraphic Profile of the Sedimentary Environment Characteristics from the core DZQ01. (a) Mean grain size; (b) Rb/Sr ratio; (c) Ni/Co 
ratio; (d) Mg/Ca ratio; (e) Average temperatures; (f) Global sea-level changes (Miller et al., 2005); (g) Deep-sea δ18O record (Lisiecki and Raymo, 2005);
(h) Lithological characteristics and chronological framework; (i) Downcore variation distribution of benthic foraminifera, marine ostracods, and 
non-marine ostracods represent the total counts of each taxonomic group in Figure 2.

(Miller et al., 2005) (Figure 8e). Despite this relatively depressed 
global sea level, the western BS experienced warm and 
humid climate regime (Figure 8b) and developed continuous 
neritic facies deposits in response to regional relative sea-level 
rise during this interval (Figure 8d). These sediments were 
accumulated in a shallow-marine characterized by fully oxic 
conditions (Figure 8c). Microfossil assemblages indicate a warm, 
nearshore, low-moderate salinity environment subject to periodic 
freshening and record minor, localised freshwater discharge
(Figure 8i).

Collectively, DU3 reflects a fully marine depositional system 
established in response to orbitally forced warming and rapid sea-
level rise. Tropical Pacific sea surface temperature (SST) during 
MIS 5 were governed by variations in eccentricity, obliquity, 
and precession, intensifying ENSO-like variability and driving a 
northward migration of the ITCZ (Mark, 1998). 

5.4.5 DU2 (late MIS 4–MIS 2 period, 57–14 cal. ka 
B.P.)

This interval encompasses the last glacial period from MIS4 
to MIS2 and is characterised by a monotonic decline in global 

temperatures (Figure 8e), rising δ18O values (Figure 8g) and 
falling eustatic sea level (Figure 8f). The study area lay under 
persistent cold-arid conditions (Figure 8b) and accumulated 
continental, freshwater deposits (Figure 8d) delivered by the YR, 
LR, and LiaoR (Wu et al., 2024b). DU2 is dominated by meandering-
river facies, microfossil assemblages imply brief, low-energy 
incursions of warm, shallow marine or intertidal water, probable 
within isolated estuarine embayment during periods of slightly 
elevated relative sea level.

Rare-gas measurement on a 0.24 m ice core from Taylor 
Glacier (Sarah et al., 2021) indicate that Marine Oxygen 
Isotope Temperature (MOT) reached its minimum for the 
last glacial cycle during MIS 4, whereas atmospheric CO2
and δ18O did not peak until MIS 2. Ocean cooling thus 
outpaced both ice-sheet expansion and CO2 drawdown, driving 
a continuous decline in ocean temperatures from MIS 4 to MIS 
2. Continental records from northern Europe (Karin, 2013) 
likewise document the progressive growth of continental-scale 
ice sheets and increasing aridity between 70 and 15 cal. ka 
B.P., corroborating the sustained deterioration of global climate 
during MIS 4–2. 
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5.4.6 DU1 (MIS 1 period, 14 cal. ka B.P.–Present)
Since 14 cal. ka B.P., global temperatures has risen steadily 

(Figure 8e), and eustatic sea levels has climbed to its present 
highstand (Figure 8f). The study area has entered a warm, humid 
climatic regime (Figure 8b). At the DZQ01 site, continuous mixing 
of YR fresh water with marine incursions has produced a brackish, 
fully oxic, coastal-shallow-marine environment (Figures 8c,d). 
Benthic foraminiferal assemblages are dominated by euryhaline, 
warm-water taxa, characteristic of intertial and inner-neritic 
settings with moderate to high salinity. Confirming sustained 
marine influence. The progressive enrichment of these taxa up-
core records the landward migration of the shoreline to its
modern position.

Frederikse et al. (2020) attributes the post-glacial sea-level rise 
to the thermal expansion of seawater, mass loss from glaciers 
and ice sheets, and anthropogenic alterations in terrestrial water 
storage–processes that have collectively elevated global mean sea 
level throughout MIS 1. 

6 Conclusion

1. High-resolution geochemical profiles from core 
DZQ01constrain six DUs (DU1–6) in the western BS. Rb/Sr 
discriminate warm interglacial intervals (DU1, DU3) from 
cold-arid glacial stages (DU2, DU4, DU5, DU6). Mg/Ca 
distinguishes freshwater (DU2, DU6) versus brackish-marine 
setting (DU1, DU3–5). Ni/Co traces a progressive oxygenation 
trend from anoxic DU6 to fully oxic DU1.

2. DU6 (300–272 cal. ka B.P., Early MIS 8)–cold-arid fluvial; DU5
(272–205 cal. ka B.P., Late MIS 8–Early MIS 7) – glacial oneset, 
mid-unit eustatic highstand, then regressive; DU4 (205–90 cal. 
ka B.P., Late MIS 7–Early MIS 5) – domainantly cold-arid with 
brief 130–110 cal. ka B.P. marine incursion; DU3 (90–57 cal. ka 
B.P., Late MIS 5- MIS4) – last interglacial marine transgression; 
DU2 (57–14 cal. ka B.P., Late MIS 4–MIS 2) –sustained cold-
arid meandering-rive; DU1 (14 cal. ka B.P. – Present, MIS 1) 
–post-glacial coastal-marine.

3. These glacial-interglacial alternations are governed 
by orbital forcing, modulated by ocean-atmospheric 
circulation, ice-sheet dynamics and regional hydro-climate
feedbacks.

4. In furture research, over-reliance on single geochemical 
element indicators should be avoided. Instead, a multi-
indicator system integrating “major elements (for 
provenance identification) + trace elements (for redox 
condition reconstruction) + isotopes (for paleoenvironment 
restoration)” should be established. This integrated 
methological framework can significantly mitigate ambiguity 
in the analysis of sedimentary environment.
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