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A B S T R A C T   

Long-term organic matter (OM) burial in the ocean is essential to the global carbon cycle. Mud deposits, such as 
South Yellow Sea mud deposit (SYSMD) located in the central South Yellow Sea (SYS), are ideal for the study of 
long-term OM burial. A sediment core YS-A from the SYSMD was analyzed for lignin phenols and bulk OM 
properties to reveal the driving forces of sedimentary OM (SOM) fate during the Holocene. SOM burial was found 
to be dominantly influenced by sea level rise and increased East Asian summer monsoon during 11.0–7.0 ka BP. 
During 7.0–1.0 ka BP, the fate of SOM was controlled by El Niño Southern Oscillation on the millennial time 
scale, and correlated with East Asian winter monsoon variability on the centennial time scale. Remarkably, 
anthropogenic perturbation has gradually overwhelmed long-term climate control on the fate of SOM since 1.0 
ka BP, and this phenomenon became more evident after 0.4 ka BP.   

1. Introduction 

Oceans are an important carbon sink, with the long-term storage of 
organic matter (OM) in marine sediments playing a key role in the 
carbon cycle of earth (Berner, 1990; Burdige, 2005). Particularly, ocean 
margins bury >80% of the global sedimentary OM (SOM), despite 
occupying <8% of the global ocean area (Berner, 1982; Hedges and Keil, 
1995). As the transition zone connecting the continent to the ocean, the 
high flux and efficiency of SOM burial in ocean margins can be attrib
uted to high terrestrial OM (TOM) inputs, phytoplankton productivity, 
and sedimentation rates (McKee et al., 2004; Burdige, 2005). The pro
cesses governing the fate of SOM in ocean margins, including its de
livery, dispersal, degradation, and burial (Bianchi, 2011; Wang et al., 
2020), has attracted the attention of scientists for decades and signifi
cantly influences the elucidation of the global carbon cycle. 

Previous studies have focused on global OM burial at different time 
periods such as centennium (Cuellar-Martinez et al., 2020; Pellegrini 
et al., 2021), millennium (Samper-Villarreal et al., 2018; Schwes
termann et al., 2021) and even longer timescales (Bodin et al., 2015; 
Hartke et al., 2021; Raven et al., 2023). However, there have been 

limited investigations specifically focused on the Holocene, a special 
geological period affected by climate change and anthropogenic activ
ities. The drastic climate variabilities during the Holocene inevitably 
affected terrestrial input and marine primary productivity (Pu et al., 
2013; Wang et al., 2021), and eventually affected the burial of SOM in 
ocean margins. Notably, since the Late Holocene, the increase in pop
ulation has led to enhanced cultivation and deforestation (Milliman 
et al., 1987; Ren and Zhu, 1994), which have triggered massive terres
trial inputs and affected SOM burial in ocean margins. Therefore, the 
fate of SOM in ocean margins during the Holocene should be determined 
to elucidate the carbon cycle in geological history and its future devel
opment trend. 

The eastern Chinese marginal seas are typical ocean margins on earth 
resulting from huge amount of terrestrial input, which bury approxi
mately 10% of SOM in global ocean margins (Deng et al., 2006; Hu et al., 
2016). Numerous researches have focused on the source, transportation, 
degradation, and burial of SOM in modern sediments (Bao et al., 2016; 
Zhao et al., 2021), and certain studies have explored the fate of SOM on 
the centennial scale (Liu et al., 2013; Wang et al., 2021). These studies 
found climate variability and anthropogenic perturbation as the main 
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possible factors influencing the fate of SOM in eastern Chinese marginal 
seas (Wang et al., 2021; Wang et al., 2022). Mud deposits, such as South 
Yellow Sea mud deposit (SYSMD) located in the central South Yellow 
Sea (SYS), are ideal for the study of long-term OM burial (Fig. 1a). The 
SYSMD is significant to the study of Holocene climate change and 
human activities (Hao et al., 2017; Ai et al., 2022), but only a few studies 
have focused on SOM burial during the Holocene. Two types of in
dicators are presently used for estimating the fate of organic material in 
sediments: bulk source indicators (C/N values, carbon and nitrogen 
stable isotopic composition) and organic matter biomarkers (lignins, 
straight chain aliphatic hydrocarbons and glycerol dialkyl glycerol tet
raethers). Lignins are exclusively present in vascular plants and highly 
resistant to degradation, making them an ideal tracer of TOM (Xu et al., 
2009). Previous studies used lignin phenols of sediment cores in the 
SYSMD as climate indicators since 7.0 ka BP (Gong et al., 2017; Hao 
et al., 2017). In this study, lignin phenols and bulk OM properties were 
analyzed to describe the source, degradation, and burial of SOM in the 
SYSMD during different periods of Holocene. Parameters related to 
climate change (e.g., the intensity of the East Asian summer monsoon 
(EASM), East Asian winter monsoon (EAWM) and frequency of El Nino- 
Southern Oscillation (ENSO)) and human activities (including popula
tion, sediment loads, and tree cover) were used to determine the key 
factors affecting the fate of SOM during the Holocene. 

2. Material and methods 

2.1. Material 

The SYS is a typical river-dominated ocean margin, that received 
large amounts of sediments from the Yellow River. The sea level of the 
SYS at 11.0 ka BP was approximately 40 m below the present level (Liu 
et al., 2004). At this stage, the paleo-Yellow River was deduced to enter 
the SYS at the Bohai Strait and to develop a proximal subaqueous delta 
along the northern coast of the Shandong Peninsula (Yang and Liu, 

2007). At approximately 7.0–6.0 ka BP, the sea level reached its highest 
level and stabilized, and the Yellow River estuary receded to its present 
position following transgression. The modern circulation system con
sisting of the Yellow Sea Warm Current (YSWC), the Yellow Sea Coastal 
Current (YSCC), and the Korean Coastal Current (KCC) was formed 
(Fig. 1b; Yuan et al., 2008; Moon et al., 2009). Meanwhile, the SYSMD 
gradually developed owing to the trapping effect of the modern circu
lation system (Yang et al., 2003), and undergone a two-phase process of 
“storage in summer and transportation in winter”. The sediment core YS- 
A (122.9◦N, 36.3◦E) was collected from the SYSMD (Fig. 1b) in the 
November of 2019. The water depth of YS-A is 64.8 m and the length of 
core is 240 cm. The core was subsampled at 1 cm intervals to yield 240 
sediment samples and stored at − 20 ◦C. 

2.2. Methods 

2.2.1. Core lithology and chronology 
The age model of core YS-A was obtained by accelerator mass 

spectrometry (AMS) 14C dating of twelve mixed benthic foraminifera at 
Pilot National Laboratory for Marine Science and Technology (Qing
dao). All dates were calibrated to calendar years before “present” 
(before 1950 CE, or BP) using the CALIB 8.20 program with an updated 
calibration curve Marine20. The correction factor Delta R = − 173 ± 88 
yr, which was obtained from 10 nearest data points from Qingdao, 
Korean peninsula, Busan, Okinawa and Amani-Oshima (Southon et al., 
2002; Kong and Lee, 2005; Yoneda et al., 2007; Kim et al., 2021). To 
optimize the available dates, age-depth modeling was carried out by 
Bayesian analysis using the Bacon program in R (Blaauw and Christen, 
2011). 

2.2.2. Grain size 
Grain size analyses were measured with a laser diffraction particle 

size analyzer (Mastersizer 2000, Malven Instruments Ltd., UK) from 0.02 
to 2000 μm. The measuring error was within 3%. All the samples were 

Fig. 1. Map showing the study area, location of core YS-A (yellow pentagram) and surface current system (black arrows) around the area. The coastline was moved 
to the approximate position of present 40 m isobaths at 11.0 ka BP (the palo and present coastline is shown in black dotted line and yellow line), and proximal 
subaqueous delta along the northern coast of the Shandong Peninsula (light green area) developed. The blue dashed line indicates the possible location of the Paleo- 
Yellow River estuary. Dark grey area indicates the South Yellow Sea mud deposit (SYSMD). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

C. Zhang et al.                                                                                                                                                                                                                                   



Palaeogeography, Palaeoclimatology, Palaeoecology 634 (2024) 111958

3

washed with 10% H2O2 and 1 mol/L HCl for 24 h to remove the organic 
matter and biogenic carbonate, and immersed in sodium metaphosphate 
for 24 h prior to grain-size analyses. According to the Folk classification 
system, the grain sizes were divided into clay (< 4 μm), silt (4–63 μm) 
and sand (> 63 μm). 

2.2.3. Bulk Parameters 
All the sediment samples were analyzed for total organic carbon 

(TOC), total nitrogen (TN) and their stable isotopes, following the 
methods described by Xing et al. (2011). The freeze-dried and homog
enized samples were treated with 1 M HCl to remove inorganic carbon, 
and then rinsed several times with deionized water to neutralize them. A 
Thermo Flash 2000 elemental analyzer interfaced with a MAT253 
isotope ratio mass spectrometer was used to determine the TOC, TN 
content and stable isotopes. 

2.2.4. Lignin phenols 
Lignin analysis was carried out by a modified method based on the 

conventional alkaline CuO oxidations as described by Yu et al. (2011). 
About 1 g of freeze-dried sediment, 1 g CuO and 0.05 g Fe 
(NH4)2(SO4)2⋅6H2O was placed in a Teflon reaction vessel and 15 mL 2 
M NaOH was added to the vessel in a glove box filled with N2.Then the 
vessel was placed in an incubator at 170 ◦C for 3 h. After cooling down, 
recovery standards (ethyl vanillin and trans-cinnamic acid) were added 
to the alkaline solutions and then acidified to pH 1 with concentrated 
HCl. Samples were extracted by using a Cleanert PEP-SPE column (500 
mg, Agela Technologies), eluted with ethyl acetate, dried with N2 and 
dissolved in acetonitrile. Prior to analysis, the sample was derivatized 
with bis-trimethylsilyl-trifluoroacetamide plus 1% trimethyl
chlorosilane (BSTFA+1%TMCS) at 60 ◦C for 1 h. 

CuO oxidation products analysis were analyzed by Gas Chromatog
raphy coupled with Flame Ionization Detector (GC/FID), fitted with a 
quartz capillary TG-5MS column (30 m × 0.25 mm × 0.25 μm film 
thickness). The GC temperature was initially set at 100 ◦C and held for 1 
min, finally increased to 290 ◦C at a 4 ◦C/min rate. Helium was used as 
the carrier gas with a flow rate of 1.5 mL/min. The lignin components 
were identified based on the retention time of corresponding individual 
standards, and their quantification was carried out based on the eight- 
point standard curves. 

Lignin phenols used as molecular indicators included three vanillyl 
phenols (V: vanillin, acetovanillone, and vanillic acid), three syringyl 
phenols (S: syringaldehyde, acetosyringone, and syringic acid, two 
cinnamyl phenols (C: p-coumaric acid and ferulic acid), Other com
pounds derived from the CuO oxidation used as molecular indicators 
included three p-hydroxy phenols (P: p-hydroxybenzaldehyde, p- 
hydroxyace-tophenone, and p-hydroxybenzoic acid). The Ʃ8 (mg/10 g 
ds) and Λ8 (mg/100 mg OC) are the concentrations of 8 major lignin 
phenols (S + V + C) relative to 10 g dry sediment (ds) and normalized to 
100 mg of OC, respectively. 

2.2.5. Three end-member mixing models 
In this study, we used three end-member mixing model to distinguish 

different sources of OC. The three end-member mixing model based on a 
Monte Carlo simulation approach using δ13C and Λ8 as source markers 
was employed to distinguish the relative contributions of plant OC, soil 
OC and marine OC in the core YS-A (Andersson, 2011): 

Λ8sample = fplant ×Λ8plant + fsoil ×Λ8soil + fmarine ×Λ8marine (1)  

δ13Csample = fplant × δ13Cplant + fsoil × δ13Csoil + fmarine × δ13Cmarine (2)  

fplant + fsoil + fmarine = 1 (3)  

where, fplant, fsoil, and fmarine are the relative contributions of vascular 
plant OC, soil OC and marine OC, and the Ʌ8sample and δ13Csample are 
measured Ʌ8 and δ13C values in sediment samples, respectively. 

Ʌ8 of typical C3 vascular plants in the Changjiang basin were used as 
the end-member values due to lack of data from the Yellow River basin 
(Zhao et al., 2021). This is reasonable because the δ13C values of 
vascular plant OC in the Changjiang basin (− 28.10 ± 1.68‰) (Yu et al., 
2007) is within the same range as C3 plants from the Loess Plateau 
(− 26.7 ± 4.18‰) (Wang et al., 2003), which is the major particulate 
matter source to the Yellow River. And Ʌ8 values of surface sediments in 
Yellow Sea (0.98 ± 0.92 mg/100 mg OC) and East Sea (0.86 ± 0.23 
mg/100 mg OC) were fairly close (Zhang, 2012). Therefore, the 
end-member values of vascular plant OC for δ13C and Ʌ8 were − 26.7 ±
4.18‰ and 6.00 ± 5.22 mg/100 mg OC (Wang et al., 2003; Yu et al., 
2007). The average values of riverbank soil samples from the whole 
basins of Yellow River were used as soil end-member values (δ13Csoil =

− 24.86 ± 0.94‰ and Λ8soil = 2.37 ± 2.00 mg/100 mg OC) (Yu et al., 
2007; Gao et al., 2016). The end-member values of marine OC for δ13C 
and Λ8 were − 20.0 ± 1.0‰ and 0 mg/100 mg OC, respectively (Wang 
et al., 2015; Zhang et al., 2007). 

2.2.6. Statistical analysis 
Pearson correlation and a two-tailed test of significance were per

formed to determine relationships between the measured parameters 
using IBM SPSS Statistics 24.0. The Monte Carlo simulation was applied 
by a Matlab script (Version R2020b, Math Works) (Andersson, 2011). 
This model used end-member values of δ13C and Λ8, with the average 
value and standard deviation following a normal distribution. For each 
sample, 1,000,000 out of 100, 000, 000 random samples from the 
normal distribution of end-member value were taken for the above 
equations (Eqs. (1)–(3)). The details of simulation process were shown in 
Li et al. (2014). 

3. Results 

3.1. Chronology 

The AMS 14C dating is based on twelve mixed benthic foraminifera 
samples, which are shown in Table 1. The age-depth model of core YS-A 
determined using Bayesian analysis and Bacon program for R is shown in 
Fig. 2. Our age model shows that the 240 cm section of the core YS-A 
covers the 10,955 cal yr BP period. The average sediment accumula
tion rates and resolution were approximately 21.91 cm/kyr and 46 yr/ 
cm. 

3.2. Grain size and bulk properties 

Sand, silt, and clay content in this core ranged from 0.00 to 6.33%, 
48.54–74.89%, and 24.42–51.36%, with average values of 1.03 ±
1.34%, 62.04 ± 4.96%, and 36.94 ± 5.12%, respectively (Fig. S1a). The 
mean grain size ranged from 4.12 to 9.12 μm, with a mean value of 6.09 
± 0.97 μm (Fig. S1b). The sand fraction decreased from 240 to 180 cm, 
and was almost absent from 180 cm to the top (Fig. S1a). The silt and 
clay fractions showed a consistent slight increase from 240 to 180 cm, 
corresponding to the decreasing trend of the mean grain size (Fig. S1a, 
b). The mean grain size and slit fraction increased from 180 to 160 cm 
and decreased from 160 to 94 cm; the clay fraction showed the opposite 
trend (Fig. S1a, b). From 94 cm to the top, the mean grain size exhibited 
a fluctuant increasing trend with increasing slit fraction and decreasing 
clay fraction. 

The TOC and TN values ranged from 0.57% to 1.53% and 0.05% to 
0.18%, with mean values of 0.96 ± 0.13% and 0.12 ± 0.02% (Fig. S1c, 
d). TOC and TN contents displayed a positive correlation (r = 0.88, p <
0.001), suggesting that they had similar origins. The δ13C values and C/ 
N ratios ranged from − 24.79‰ to − 22.11‰ and 6.74 to 11.05, with a 
mean value of − 23.13 ± 0.57‰ and 8.39 ± 0.91 (Fig. S1e, f). δ13C 
values and C/N ratios displayed a negative correlation (r = − 0.87, p <
0.001), indicating that both proxies were useful for determining the 
source of SOM. TOC content had a minimum value and showed an 
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increasing trend in the bottom part of the core (240–180 cm), main
tained a relatively high value from 180 to 130 cm, and decreased from 
130 to 104 cm. Afterwards, it exhibited periodical fluctuation with high 
values ranging between 91 and 78 cm and 44–30 cm, and notably 
increased from 30 cm to the top (Fig. S1c). The δ13C values were rela
tively negative from 240 to 180 cm, and slightly tended towards positive 
values as they approached 90 cm, towards negative values from 90 to 80 
cm, and towards positive values from 80 to 30 cm; finally they decreased 
drastically towards the top (Fig. S1e). C/N ratios were relatively high 
from 240 to 180 cm, and then decreased slightly towards the top with 
relatively high values from 91 to 78 cm (Fig. S1f). 

3.3. Lignin phenols 

The Ʃ8 values ranged from 0.08 to 0.22 mg/10 g ds (dry sediment) 
with an average value of 0.14 ± 0.02 mg/10 g ds (Fig. S2a). The value of 
Ʃ8 increased initially at the bottom (240–180 cm), remained relatively 
high value from 180 to 144 cm, decreased at 143 to 94 cm, fluctuated 
with high values between 91 and 78 cm and 44–30 cm, and notably 
increased from 30 cm towards to the top. The Ʌ8 values ranged from 
0.09 to 0.21 mg/100 mg OC, with an average value of 0.15 ± 0.02 mg/ 
100 mg OC (Fig. S2b). A positive relationship was observed between Ʃ8 
and Ʌ8 (r = 0.55, p < 0.001), but Ʌ8 had relatively high values and 
decreased from 240 to 180 cm, which is opposite to Ʃ8. Additionally, Ʌ8 
had no obvious upward trend from 30 cm towards the top. 

The non-lignin phenols (P) exhibited the highest content; for lignin 
phenols, S phenols were the highest followed by V and C phenols 
(Fig. S3). The P phenols content ranged from 0.05 to 0.16 mg/10 g ds 

with an average value of 0.09 ± 0.02 mg/10 g ds (Fig. S3a). S, V and C 
phenols content ranged from 0.04 to 0.11 mg/10 g ds, 0.03 to 0.07 mg/ 
10 g ds and 0.01 to 0.03 mg/10 g ds (Fig. S3b–d), with average values of 
0.07 ± 0.01 mg/10 g ds, 0.05 ± 0.01 mg/10 g ds and 0.02 ± 0.00 mg/ 
10 g ds, respectively. S was overwhelmingly dominant in lignin content, 
which means that angiosperms are the main contributors to the TOM of 
YS-A sediments. Pon/P ratios ranged from 0.02 to 0.18 with an average 
value of 0.09 ± 0.02 (Fig. S2c). The low Pon/P ratios indicated that P 
phenols were dominantly derived from plankton or other lignin-free 
materials, and scarcely from vascular plants (Houel et al., 2006). 

The S/V and C/V ratios ranged from 1.04 to 2.31 (Fig. S2d) and from 
0.22 to 0.77 (Fig. S2e), with an average value of 1.59 ± 0.27 and 0.46 ±
0.10. Their vertical distribution had similar tendency (r = 0.65, p <
0.001). The lignin-phenol vegetation index (LPVI) values ranged from 
127 to 1857, with an average of 614 (Fig. S2f). The LPVI value is 
strongly correlated with S/V (r = 0.80, p < 0.001) and C/V (r = 0.96, p 
< 0.001). S/V, C/V, and LPVI increased slightly from 240 to 180 cm, and 
yielded relatively high values from 151 to 71 cm throughout the core. 
(Ad/Al)V and (Ad/Al)S are the acid-to-aldehyde ratios of V and S phe
nols, respectively (Hedges et al., 1988; Dittmar and Lara, 2001). The 
ratios of (Ad/Al)V, (Ad/Al)S, and 3,5-Bd/V were used to characterize the 
degradation or humification state of lignin tissues. In this core, positive 
correlations were observed between the variations of (Ad/Al)V and (Ad/ 
Al)S (r = 0.39, p < 0.01). (Ad/Al)V ratios ranged from 0.19 to 1.06 with 
an average of 0.43 ± 0.15, which increased slightly from 240 to 180 cm, 
and yielded relatively high values from 150 to 110 cm throughout the 
core (Fig. S3e). (Ad/Al)S ratios ranged from 0.33 to 1.13 with an average 
of 0.83 ± 0.16. They showed increasing trends from 240 to 180 cm, and 
were highest from 150 to 80 cm throughout the core (Fig. S3f). The 3,5- 
Bd/V ratios ranged from 0.02 to 0.27 with an average of 0.15 ± 0.05; 
they yielded the lowest values and showed increasing trends from 240 to 
180 cm, then stayed relatively stable at high values towards the surface 
sediment (Fig. S3g). 

4. Discussion 

4.1. Source and degradation of SOM 

Bulk OM properties such as δ13C values and C/N ratios are commonly 
used to describe the source of SOM, because TOM has more negative 
δ13C values and higher C/N ratios than marine organic matter (MOM). 
Marine algae have C/N values that range from 4 to 10 (Meyers, 1994), 
and the C/N ratios of C3 plants are approximately 12 or more (Tyson, 
1995), whereas that of C4 plants are typically 30 or more (Meyers, 
1994). δ13C values of marine algae range from − 19‰ to − 21‰ (Fry and 
Sherr, 1984). Typically, C3 and C4 plants have δ13C values ranging from 
− 24‰ to − 32‰ and from − 9‰ to − 17‰, with average values of − 13‰ 
and − 27‰, respectively (Meyers, 1997; Lamb et al., 2006). Therefore, 
δ13C values (− 24.79 to − 22.11‰) and C/N ratios (6.74–11.05) in core 
YS-A (Fig. 3a) suggest the contribution from both TOM and MOM. 

The S/V, C/V ratios and LPVI values are used to characterize the 
vegetation sources in basin. S/V is used to distinguish lignin from 
gymnosperms (~0) or angiosperms (0.6–40); C/V is used to distinguish 
herbaceous tissues (> 0.20) from woody tissues (< 0.05; Goñi et al., 
1998; Bianchi et al., 2011). The S/V and C/V ratios ranged from 1.04 to 
2.31 and 0.22 to 0.77 (Fig. 3b), with an average value of 1.59 ± 0.27 and 
0.46 ± 0.10 in this core YS-A. The combined S/V and C/V values indi
cate that non-woody angiosperm tissues dominated TOM in this study 
(Fig. 3b). LPVI values varied from approximately 1, 3–27, 67–415, and 
176–2782 for gymnosperms, non-woody gymnosperms, angiosperms, 
and nonwoody angiosperm tissues, respectively, which are relatively 
sensitive to past vegetation change (Tareq et al., 2011). The values of 
LPVI ranged from 127 to 1857, with an average of 614 (Fig. S2f), which 
indicates that non-woody angiosperms tissues dominate the TOM in this 
core, which is similar to the interpretation of S/V and C/V. 

Results of the three end-member model showed that the proportion 

Table 1 
AMS14C dating and age model of sediment core YS-A.  

Core 
depth 
(cm) 

Lab code Material AMS14C 
age 
(yr BP) 

Calibrated 
age 
(cal yr BP) 

Calibrated age 
range 
(cal yr BP) 

0 
QNLMA 
230131 

Mixed 
benthic 
foraminifera 

410 ±
30 0 – 

10 
QNLMA 
230132 

Mixed 
benthic 
foraminifera 

775 ±
25 395 173–596 

20 
QNLMA 
230133 

Mixed 
benthic 
foraminifera 

1155 ±
20 724 531–922 

40 
QNLMA 
230134 

Mixed 
benthic 
foraminifera 

1545 ±
20 1112 895–1317 

60 
QNLMA 
200522 

Mixed 
benthic 
foraminifera 

2290 ±
70 1939 1644–2274 

90 
QNLMA 
230135 

Mixed 
benthic 
foraminifera 

2630 ±
20 2372 2109–2667 

120 QNLMA 
200523 

Mixed 
benthic 
foraminifera 

3615 ±
40 

3562 3301–3849 

140 
QNLMA 
230136 

Mixed 
benthic 
foraminifera 

4185 ±
30 4303 3997–4587 

160 
QNLMA 
230137 

Mixed 
benthic 
foraminifera 

5350 ±
30 5712 5467–5939 

180 
QNLMA 
200616 

Mixed 
benthic 
foraminifera 

6670 ±
40 7153 6902–7397 

210 
QNLMA 
230138 

Mixed 
benthic 
foraminifera 

9700 ±
30 10,697 10,393–11,057 

240 QNLMA 
200617 

Mixed 
benthic 
foraminifera 

9890 ±
50 

10,955 10,802–11,122  
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of vascular plant OM ranged from 7.27% to 22.42% with a mean of 
11.99 ± 3.04% (Fig. 4b), the proportion of soil OM ranged from 21.16% 
to 46.89% with an average of 34.20 ± 6.89% (Fig. 4b) and marine OM 
ranged from 30.90% to 71.58% with a mean of 53.82 ± 9.87% (Fig. 4c). 
The TOM (fplant and fsoil) contribution of core YS-A was high and showed 
a decreasing trend during 11.0–7.0 ka BP (Fig. 4c), because the sea level 
rise caused directly effect of the Yellow River reduced in this period. 
Meanwhile, the fmarine yielded low values with increasing trends 
(Fig. 4c), which was probably related to the gradual recovery of marine 
production. Thereafter, TOM decreased slightly during 7.0–1.0 ka BP 
(Fig. 4c), and exhibited a drastic increasing trend 1.0 ka BP onwards 
(Fig. 4c). 

The ratios of (Ad/Al)V, (Ad/Al)S and 3,5-Bd/V are usually used to 
characterize the degradation of lignin tissues, and their values increase 
as the degree of microbial degradation increases. As V are present in all 
vascular plants, (Ad/Al)V ratios are more sensitive than (Ad/Al)S in 
determining the extent of lignin oxidative degradation (Hedges et al., 
1988). (Ad/Al)V values for fresh plant tissue range from 0.1 to 0.3, and 
for highly degraded lignin exceeds 0.6 (Dittmar and Lara, 2001). For this 
core, (Ad/Al)V ratios ranged from 0.19 to 1.06 with an average of 0.43 
± 0.15 (Fig. 4d), which indicated that TOM in this core underwent a 
moderate to high degree of microbial degradation. Furthermore, 3,5-Bd/ 
V values reveal the degree of humification of soil organic matter, 
generally <0.02 for fresh plant debris, 0.12–0.13 for peat, < 0.4 for 
surface soils, and 0.4–1.5 for subsurface or mineral soil (Kuzyk et al., 
2008). In core YS-A, 3,5-Bd/V ratios ranged from 0.02 to 0.27 with an 
average of 0.15 ± 0.05 (Fig. S3g), indicating that peat and surface soils 

with some degree of humification made a non-negligible contribution to 
TOM. Notably, no trend of downcore increasing values were noted for 
these three degradation parameters, which is consistent with previous 
studies in the SYSMD (Gong et al., 2017; Hao et al., 2017). Thus, the 
high values of degradation parameters were better attributed to the 
offshore transport of degraded TOM instead of further lignin degrada
tion after sedimentation. 

4.2. Sea level and EASM control the fate of SOM during 11.0–7.0 ka BP 

During 11.0–7.0 ka BP, sediment had a relatively large mean grain 
size, high sand content, low TOC content, and high TOM contribution 
(Fig. 5a–e). A positive correlation between TOC and grain size (r =
− 0.81, p < 0.001) indicates that hydrodynamics sorting affected the fate 
of SOM during this period (Fig. S4). The sea level of the SYSMD at 11.0 
ka BP was approximately 40 m below the present level and then rapidly 
rose to its present level at approximately 7.0 ka BP (Fig. 5f; Liu et al., 
2004). Therefore, the sedimentary environment of the SYSMD gradually 
transitioned from nearshore shallow sea to the present semi-closed shelf 
sea (Fig. 1b). The gradually finer grain size, reduced sand content, and 
relatively inferior sorting (Fig. 5a, b) correspond to the sea level rise 
during 11.0–7.0 ka BP (Fig. 5f). As the temperature and sea level 
increased during this period (Fig. 5f, g), marine primary productivity 
increased, and the sedimentary environment gradually stabilized, which 
allowed burial of SOM (Fig. 5c; Sun et al., 2011; Wu et al., 2019). 

The results of lignin phenols showed relatively low terrestrial input 
with slight variation at around 11.0–8.5 ka BP (Fig. 5d). Despite the 

Fig. 2. Age-depth model of core YS-A determined using Bayesian analysis and Bacon program for R (Blaauw and Christen, 2011) showing: a, number of Markov 
Chain Monte Carlo (MCMC) iterations used to generate the grey-scale graphs; b, prior (green) and posterior (grey) distributions of the sediment accumulation rates; c, 
prior (green) and posterior (grey) distributions of memory; d, calibrated 14C dates (green) and the age-depth model (darker grey shade represents the more probable 
calendar ages; grey stippled lines represent 95% confidence intervals; red stippled line indicates the best model). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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SYSMD being a nearshore shallow sea and relatively close to the estuary, 
relatively low vegetation cover on the Chinese Loess Plateau triggered 
by cold and dry climate may be the main factor causing the reduction in 
terrestrial vegetation input (Fig. 5h; Wu et al., 2021; Sun et al., 2022). 

Based on the δ18O profile of D4 in Dongge Cave, China (Dykoski et al., 
2005), EASM exhibited a weaker intensity (Fig. 5i) during the early 
Holocene, which may resulted in lower temperatures and reduced pre
cipitation. In addition, (Ad/Al)V and(Ad/Al)S ratios had relatively low 
values and increasing trend (Fig. 4d) during 11.0–7.0 ka BP, which may 
attributed to the increased transport distances of terrestrial input caused 
by rapidly increasing sea levels (Fig. 5f). After around 8.5 ka BP, Ʃ8 
exhibited a distinct increasing trend (Fig. 5d), corresponding to the 
expansion of subtropical broadleaf forests (particularly angiosperms) 
owing to continued increase in temperature and accompanying precip
itation (Hou and Fang, 2012). 

During this period, the intensity of EAWM was relatively weak with 
fluctuations before 8.0 ka BP, and then strengthened gradually (Fig. 5j; 
Yancheva et al., 2007; Sone et al., 2013). It displayed a different 
changing tendency in the mean grain size of core YS-A (Fig. 5a), which 
perhaps implied that the EAWM had a relatively attenuated influence on 
sedimentation during this period (Zhou et al., 2015; Ai et al., 2022). 
Generally, rapidly rising sea levels and increased EASM may be the key 
factor controlling the preservation and burial of SOM in the SYSMD 
during 11.0–7.0 ka BP. 

4.3. Climatic controls on the fate of SOM during 7.0–1.0 ka BP 

The sea level at around 7.0 ka BP reached its present level and sta
bilized (Fig. 6e; Liu et al., 2004). The SYSMD gradually developed owing 
to the trapping effect of the modern circulation system since around 7.0 
ka BP (Yang et al., 2003), and undergone a two-phase process of “storage 
in summer and transportation in winter”. In summer, the discharge and 
loading of water and particles experience an increase due to the inten
sification of the summer monsoon (Liu et al., 2004; Yang et al., 2011). 
However, a large amount of sediment did not disperse to the nearby 
offshore areas, but instead accumulated in the coastal regions (Yang 
et al., 2011). In winter, the EAWM strengthens the currents as well as the 
vertical mixing process, and then breaks up the stratification formed in 
summer (Gong et al., 2017), resulting in that the sediments in the coastal 

Fig. 3. a, δ13C versus C/N ratio for all samples of core YS-A, the average values and standard deviation of δ13C and C/N during different periods are shown, where the 
background labels of organic matter sources are according to Fry and Sherr (1984), Meyers (1994), Tyson (1995) and Lamb et al. (2006); b, C/V versus S/V ratios for 
all samples of core YS-A, the average values and standard deviation of S/V and C/V during different periods are shown, the typical ranges of different vegetation 
types were from Goñi et al. (1998), Bianchi et al., 2011. 

Fig. 4. Variations of organic matter proportions and degradation parameters in 
Core YS-A. a, δ13C values (green line) and C/N (orange line) of core YS-A; b, 
plant OM fraction (green line) and soil OM fraction (orange line) of core YS-A; 
c, terrestrial OM fraction (fplant and fsoil) (green line) and marine OM fraction 
(orange line) of core YS-A; d, (Ad/Al)V ratios (green line) and (Ad/Al)S ratios 
(orange line) of core YS-A. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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areas accumulated in summer are resuspended and transported to the 
offshore areas by coastal currents such as YSCC and YSWC (Goñi and 
Hedges, 1995; Zhou et al., 2015). (Ad/Al)v and (Ad/Al)s ratios were 
relatively high during 7.0–3.0 ka BP (Fig. 4d), indicating an occurrence 
of higher degree of lignin degradation in the input seafloor sediments. 
This may be due to the warm climate and elevated temperature during 
this period (Fig. 6e; Hou and Fang, 2012), resulting in increased lignin 
degradation during transportation. Correspondingly, the sediment in 
core YS-A was fine-grained during 7.0–1.0 ka BP (Fig. 6a), and the TOC 
content and Ʃ8 value varied slightly with relatively high values (Fig. 6b, 
c). The observed phenomenon deviated from the expected pattern of 
temperature and tree cover decline, which can be attributed to the 
diminishing strength of the EASM since 7.0 ka BP (Fig. 6f). This 

deviation may be explained by the main source of sediments in the study 
area, which predominantly originates from suspended substances 
transported by the YSWC and YSCC during the winter since 7.0 ka BP. 

Although the changes in the proxies have been relatively stable since 
7.0 ka BP, phase changes still occur. The mean grain size, TOC content 
and Ʃ8 value had the similar variation trends with ENSO on millennial 
time scale during 7.0–1.0 ka BP (Fig. 6a–d). Notably, core YS-A was 
relatively coarse grained, and had relatively higher TOC content and Ʃ8 
value (Fig. 6a–c) during 3.0–1.0 ka BP than during 7.0–3.0 ka BP, which 
is supported by strong statistical significance (p < 0.05). Meanwhile, 
TOC content (r = 0.37, p < 0.01) and Ʃ8 value (r = 0.38, p < 0.01) 
existed positive correlation (Fig. S5) with the variability of ENSO events 
during 7.0–1.0 ka BP (Fig. 6d; Haug et al., 2001; Moy et al., 2002). In 
addition, many other proxies such as biogenic silica, wt% Fe and sea 
surface temperature have been linked to the ENSO events on the 
millennial time scale (Barron et al., 2004; Chen et al., 2015; Nan et al., 
2017; Li et al., 2021). ENSO has a significant influence on the on the 
current circulation (Hu et al., 2015). During an ENSO event, there was 
an intensification of the North Equatorial Current, which in turn 
enhanced the northward flow of the Kuroshio Current (Kashino et al., 
2009). As a result, the YSWC, which is a branch of the northward Kur
oshio Current, transported a greater amount of terrestrial material to the 
SYSMD (Hu et al., 2012). In addition, enhanced YSWC driven by ENSO 
event may have greater impact on marine productivity (Kim and Kucera, 
2000; Huang et al., 2005), and thus affect the contribution of MOM 
(Fig. 5c). Therefore, we suggest that ENSO events may be the dominant 
factor controlling the fate of SOM during 7.0–1.0 ka BP. 

In addition to the dominant effects of ENSO events on the millennial 
timescale, the SOM burial in the SYSMD is seemingly controlled by 
EAWM on the centennial timescale. Evidently, the sediment grain size, 
TOC content, and Ʃ8 values increased synchronously (Fig. 6a–c) during 
1.1–1.5, 2.8–3.2, 4.1–4.3, 4.6–4.8, 5.1–5.3 and 5.7–6.0 ka BP, which is 
consistent with the four cold climate events (centennial-scale “Bond 
cycles” 1 to 4; Fig. 6g; Bond et al., 2001). In addition to these global cold 
events, our records of these proxies also revealed high value period at 
approximately 2.3–2.7 ka BP, which responded to the strong EAWM 
records of FG01 (Fig. 6g; Sone et al., 2013). This phenomenon is also 
reflected in other cores in the SYS (Fig. S6). During Bond events, the 
formation of expanded sea-ice cover over the North Atlantic and slowing 
of the oceanic-current conveyor system possibly enhanced the intensity 
of EAWM (Hao et al., 2017) and caused the entire Northern Hemisphere 
to experience considerably colder winters (Broecker, 2006; Wanner 
et al., 2008). Meanwhile, increased EAWM enhanced the strength of the 
coastal currents such as YSCC and YSWC, and transport more and 
coarser sediments form estuaries to SYSMD (Hu et al., 2012; Zhao et al., 
2014), ultimately increasing TOM contribution to the SYSMD. These 
data indicate that Bond events-led changes in EAWM intensity may be 
an important factor controlling the fate of SOM in the SYSMD on the 
centennial time scale. 

4.4. Human impacts gradually overwhelm long-term climate control on 
SOM deposition since 1.0 ka BP 

Different from previous studies (Gong et al., 2017; Hao et al., 2017), 
the variation trends of TOC content, Ʃ8 values, and TOM contribution 
show a synchronous and rapidly increasing trend since 1.0 ka BP 
(Fig. 7a–c), which is contrary to the insignificant changes in EAWM and 
ENSO events (Fig. 7g). Notably, the increasing trend of these proxies 
were more evident after 0.4 ka BP. Simply put, the long-term climate 
control is inapplicable on the SOM burial in the SYSMD during this 
period. Similar phenomena have been observed in numerous studies and 
are thought to be driven by human activities (Wang et al., 2018; Chen 
et al., 2020; Pei et al., 2020), but their commencement times may differ. 
In this study, no significant differences were found in the degradation 
parameters, including (Ad/Al)V, (Ad/Al)S, and, 3,5-Bd/V, at the topmost 
of the core. Therefore, we believe that the influence of OM degradation 

Fig. 5. Records of grain size, TOC and lignin phenols during 11.0–7.0 ka BP. a, 
Mean grain size core YS-A; b, sand content of core YS-A; c, TOC of core YS-A; d, 
Ʃ8 of core YS-A; e, TOM contribution of core YS-A; f, relative sea level from 
Yellow Sea (Liu et al., 2004); g, temperature anomaly record derived from 
China (Hou and Fang, 2012); h, Holocene record of tree cover from the Daihai 
Basin in the Loess Plateau (Sun et al., 2022); i, The δ18O profile of D4 from 
Dongge Cave in China (Dykoski et al., 2005); j, The δ18O profile of FG01 from 
Fukugaguchi Cave in Itoigawa (Sone et al., 2013). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 6. Comparison of the Holocene records of grain size, TOC and lignin phenols with climate records. a, Grain size (green line) and trend line (pink line) of core YS- 
A; b, TOC content (green line) and trend line (pink line) of core YS-A; c, Ʃ8 (green line) and trend line (pink line) of core YS-A; d, ENSO events per 100 years (green 
line) (Moy et al., 2002) and trend line (pink line); e, relative sea level from Yellow Sea (green line) (Liu et al., 2004) and temperature anomaly record derived from 
China (orange line) (Hou and Fang, 2012); f, Holocene record of tree cover from the Gonghai Basin in the Loess Plateau (green line) (Sun et al., 2022) and the δ18O 
profile of D4 from Dongge Cave in China (orange line) (Dykoski et al., 2005); g, The δ18O profile of FG01 from Fukugaguchi Cave in Itoigawa (green line) (Sone et al., 
2013) and cold climate events (Bond events) labeled 1 to 4 during 7.0–1.0 ka BP (orange line) (Bond et al., 2001). The red rectangles refer to changes of grain size, 
TOC, and Ʃ8 driven by the enhanced intensity and frequency of ENSO events. The grey areas refer to changes of grain size, TOC, and Ʃ8 driven by the strengthening 
trend of the EAWM intensity related to Bond events. The yellow areas refer to changes of grain size, TOC, and Ʃ8 driven by the other increased EAWM period. The 
black triangles are age control points. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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at the top of YS-A may be limited. According to historical records, early 
Chinese civilization developed around the Loess Plateau at the political, 
economic, and cultural center of China (Zhao et al., 2013). Historically, 
approximately 10 million people lived on the Loess Plateau at 1.0 ka BP 
and the population has shown an increasing trend since 1.0 ka BP 
(Fig. 7d; Zhao et al., 2013). During the Qing dynasty (approximately 0.3 
ka BP), the population in the Loess Plateau increased relatively rapidly 
because of the governmental tax policies (Fig. 7d; Wang et al., 2006). 
TOC content (r = 0.88, p < 0.01), Ʃ8 values (r = 0.86, p < 0.01), TOM 
contribution (r = 0.93, p < 0.001), and population were found to have a 
positive relationship since 1.0 ka BP (Fig. S7). The rapid population 
growth will inevitably increase the environmental bearing pressure, 
thus directly changing the ecological environment of the Loess Plateau. 

Following the significant growth in population, certain advanced 
production tools have emerged, thereby allowing for the transformation 
of nature. In addition, the new unified states have encouraged farmers to 
clear forests to expand cultivable land (Wu et al., 2020). The cultivable 
land area has been expanding constantly since 1.0 ka BP, with the 
development of population and agricultural technology (He et al., 
2023). In particular, the population growth of over 25 million people 
during the Qianlong period of the Qing Dynasty led to the reclamation of 
almost all arable land, which ultimately led to the formation of an 
agricultural landscape (Cheng, 2010). During this period, wheat was 
widely cultivated in the Yellow River Basin, with wheat accounting for 
half of most of the northern region (Tian, 2018). According to a previous 
study, forest coverage was >50% during the Western Zhou dynasty 
(approximately 3.0 ka BP), and reduced to 40%, 33%, and 15% within 
the subsequent centuries (Zhao et al., 2013). By 1949, only 3–7 million 
ha of forestland covered nearly 6% of the Loess Plateau, mostly in the 
mountainous region (Zhao et al., 2013). Sun et al. (2022) indicated that 
both vegetation and tree covers declined significantly (Fig. 7e) with the 
intensification of human activities. With decreasing vegetation cover, 
the loess became easily erodible (Ren and Zhu, 1994), and soil erosion 
rates rapidly increased (Fig. 7f). Accelerated soil erosion, in addition to 
causing loss of topsoil as a result of soil quality degradation in an irre
versible direction, also lead to catastrophic flooding events (Lal, 2003). 
When anthropogenic perturbation was negligible, sediment load dis
charged into the sea through the Yellow River was approximately 
0.1–0.2 Gt/yr (Milliman et al., 1987; Saito et al., 2001), but the sediment 
load has been an order of magnitude higher in the last thousand years 
(Fig. 7f; Ren and Zhu, 1994; Saito et al., 2001; Wu et al., 2020). 
Furthermore, TOC content (r = 0.76, p < 0.05), Ʃ8 values (r = 0.81, p <
0.01), TOM contribution (r = 0.85, p < 0.01), and sediment load have 
shown positive correlation since 1.0 ka BP (Fig. S7). Cultivation and 
deforestation caused by population growth have led to the reduction in 
forest cover and the escalation in soil erosion, resulting in increased 
input of TOM during this period. These variations drastically increased 
the terrestrial materials exported to the sea, and resulted in higher TOM 
contribution to the SYSMD, thereby corresponding to the relatively high 
values of TOC content and Ʃ8 in core YS-A since 1.0 ka BP. Notably, TOC 
and Ʃ8 values had highest values since 0.4 ka BP, along with the dra
matic increase in population and sediment load from the Yellow River. 
Therefore, human impacts have gradually overwhelmed long-term 
climate control on the fate of SOM since 1.0 ka BP, and this phenome
non became more evident after 0.4 ka BP. 

5. Conclusions 

Using the multiple proxies (grain size, bulk properties and lignin 
phenol index) of YS-A sediment core throughout the Holocene, this work 
has discussed the variations of TOM burial during different periods of 
Holocene, and linked its variability to climate change and human ac
tivities in the Yellow River Basin. Non-woody angiosperms dominated 
the TOM, and TOM in this core underwent a moderate to high degree of 
microbial degradation. During 11.0–7.0 ka BP, the EAWM exhibited 
relatively attenuated influence, sea level rise and increased EASM may 
be the key factors controlling the fate of SOM in the SYS. During 7.0–1.0 
ka BP, the fate of SOM was controlled by ENSO events on the millennial 
time scale, and correlated with Bond event-led EAWM variability on the 
centennial time scale. Since 1.0 ka BP, TOC, Ʃ8, and TOM contribution 
has increased rapidly, contrary to the lower intensity of EAWM and 
ENSO events, possibly owing to the superimposition of intense human 
activities. Cultivation and deforestation caused by population growth 
have led to the reduction in forest cover and the escalation in soil 
erosion, resulting in increased input of TOM during this period. There
fore, anthropogenic perturbation has gradually overwhelmed long-term 
climate control on the fate of SOM since 1.0 ka BP, and this phenomenon 
became more evident after 0.4 ka BP, which providing evidence for the 
ongoing debate on the timing of human influence on OM burial in the 

Fig. 7. Comparison of the records of TOC, Ʃ8 and TOM contribution with 
human activities records since 2.0 ka BP. a, TOC record and five points moving 
average of core YS-A; b, Ʃ8 record and five points moving average of core YS-A; 
c, TOM contribution record and five points moving average of core YS-A; d, 
Changes of population in the Loess Plateau (Zhao et al., 2013); e, Holocene 
record of vegetation cover (dark green line) and tree cover (light green line) 
from the Gonghai Basin in the Loess Plateau (Sun et al., 2022); f, Sediment load 
(yellow line) in the Loess Plateau (Wu et al., 2020) and soil erosion rates (or
ange line) in the Loess Plateau (Zhao et al., 2013); g, The δ18O profile (blue 
line) of FG01 from Fukugaguchi Cave in Itoigawa (Sone et al., 2013) and ENSO 
events (purple line) per 100 years (Moy et al., 2002). The black triangles are age 
control points. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Mendoza, P.G., Carnero-Bravo, V., et al., 2020. Temporal records of organic carbon 
stocks and burial rates in Mexican blue carbon coastal ecosystems throughout the 
Anthropocene. Glob. Planet. Chang. 192, 103215. 

Deng, B., Zhang, J., Wu, Y., 2006. Recent sediment accumulation and carbon burial in 
the East China Sea. Glob. Biogeochem. Cycles 20, GB3014. 

Dittmar, T., Lara, R.J., 2001. Molecular evidence for lignin degradation in sulfate- 
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