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Abstract

Marginal seas are important repositories of both terrestrial and marine organic carbon (OC), accounting for
over 90% of the global marine sedimentary OC burial flux. The northeastern South China Sea (NESCS)), as
the largest semi-enclosed marginal sea in the western Pacific, provides an exceptional natural laboratory to
investigate millennial-scale OC dynamics. This study analyzes total organic carbon (TOC), stable carbon
isotopes (5'3C), radiocarbon isotopes ('4C), and lignin phenols in Core S04 from the Taiwan Shoal to

examine OC burial variations and their environmental controls since ~36.5 ka.

The results show that deep-water OC burial in the NESCS is not simply controlled by variations in organic
matter inputs. Instead, it reflects the combined influence of sea-level-controlled source-sink configuration,
monsoon-driven sedimentary dynamics, and pre-depositional reworking and mineral protection processes.
During MIS 3, relatively high TOC contents indicate OC burial under a stable source-sink configuration,
dominated by marine-derived inputs with a secondary contribution from terrestrial biospheric carbon.
During MIS 2, extremely low sea level produced two contrasting regimes. The early to middle glacial
period was characterized by high-energy cross-shelf transport and intense particle sorting, which suppressed
OC loading efficiency. In contrast, the subsequent deglacial period saw enhanced retention of fine particles
and intensified sediment reworking, leading to longer OC residence times and older apparent radiocarbon
ages. During the Holocene, strengthened East Asian Summer Monsoon conditions increased terrestrial
material supply, but high sea level combined with persistent bottom-current activity maintained a low-
loading stable state, in which OC preservation became weakly responsive to source variations and
increasingly controlled by transport and reworking processes. Overall, OC burial in the deep basin of the
NESCS reflects the coupled effects of climatic forcing and sedimentary transport—preservation processes.
These findings provide new process-based constraints on the response of deep-water carbon sinks in

continental margin systems to glacial-interglacial climate variability.
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1 Introduction

Glacial-interglacial cycles represent the central feature of Quaternary climate variability, accompanied by regular
fluctuations of approximately 100 ppmv in atmospheric CO, concentration (Liithi et al., 2008; Kohfeld and Ridgwell,
2009; Brovkin et al., 2012; Bereiter et al., 2015). Numerous studies indicate that the transport and burial of OC within
the land-ocean system play a critical role in regulating millennial-scale carbon cycle variations and their coupling with
climate (Cartapanis et al., 2016; Shi et al., 2024; Zhao et al., 2024; Wang and Wang, 2025). Unlike the modern carbon
cycle, where anthropogenic influences dominate, geological records of OC burial preserve the response and feedback
of natural carbon reservoirs to climatic forcing, providing key constraints on long-term climate-carbon interactions.
However, the mechanisms controlling OC burial across glacial-interglacial transitions and their variation among

depositional settings remain unclear. (Cartapanis et al., 2018; LaRowe et al., 2020).

Although marginal seas occupy only ~10% of the global ocean sarea, they account for about 90% of global marine OC
burial flux (Burdige, 2007; Hu et al., 2014; Cui et al., 2016b). Among them,deep-water marginal basins (>2000 m
water depth) occupy the terminal position of the shelf-slope-basin system and represent major long-term sinks for
terrigenous OC (OC,,,). Being remote from high-energy hydrodynamic processes, OC burial in such environments is
often not a direct response to climatic boundary conditions alone, but instead records substantial modification by cross-
shelf transport, resuspension-redeposition, and early diagenetic processes (Kao et al., 2006a; Cartapanis et al., 2016;
Zhang et al., 2023).

OC burial in deep-sea sediments generally consists of a mixture of marine autochthonous OC and laterally transported
terrestrial OC. Marine OC (OC_,,;ine) is predominantly delivered to the deep ocean via vertical settling, whereas OC,,
undergoes cross-shelf transport, lateral redistribution, and repeated reworking before final burial (Miiller and Suess,
1979; Hedges and Keil, 1995; Burdige, 2007; Yin et al., 2024). As a result, the composition and apparent age structure
of OC,,,, are particularly sensitive to variations in source-area erosion and transport pathways. Distinguishing different
OC,,, components is therefore essential for understanding their contrasting behaviors during transport and burial in
deep-sea depositional systems. OC,.. can be separated into two components: biospheric OC (OCy,_;,) derived from
fresh vegetation and soil organic matter, and petrogenic OC (OC,qy,) sourced from the weathering of ancient
sedimentary rocks (Hilton et al., 2008; Lin et al., 2020; Zheng et al., 2017, 2024). Although OC
as an important component of the geologically inert carbon pool in the land-ocean system (Berner et al., 1983; Blair et
al., 2003; Clark et al., 2013; Cui et al., 2016a; Blattmann et al., 2018), existing studies have primarily focused on
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modern sediments from nearshore and estuarine settings worldwide, where terrestrial inputs dominate (Hilton et al.,
2011; Lin et al., 2020; Kim et al., 2023; Tao et al., 2023). Consequently, the glacial-interglacial evolution of OC .y,
and the extent to which it preserves source-area signals during cross-shelf transport and deep-sea burial, remain poorly

constrained.

Against this background, the deep-water marginal basin of the northeastern South China Sea (NESCS) provides an
ideal setting to investigate glacial-interglacial OC burial dynamics. The South China Sea (SCS), the largest marginal
sea in the western Pacific, is particularly sensitive to climatic and oceanographic forcing owing to its unique geographic
configuration, high sediment supply and accumulation (Wang et al., 2014; Liu et al., 2016; Li et al., 2018). The Luzon
Strait, the sole deep-water gateway connecting the SCS with the Pacific Ocean, plays a pivotal role in regional material
and energy exchange (Qu et al., 2006). The NESCS is characterized by a well-defined source-to-sink system, receiving
sediments from the Pearl River, Taiwan, and Luzon. Among these sources, Taiwan represents a major contributor of
OC\ero due to active tectonics and intense physical erosion, providing favorable conditions for disentangling OC,g,
components (Kao et al., 2006b; Blattmann et al., 2018, 2019; Lin et al., 2024). Moreover, sedimentary records from
this region are highly sensitive to East Asian monsoon (EAM) variability and glacial-interglacial sea-level fluctuations,
and continuous deposition enables the recovery of high-resolution records spanning orbital to millennial timescales.
Variations in the western Pacific boundary current (the Kuroshio) may further influence sedimentary processes
indirectly by modulating regional hydrographic conditions (Wang et al., 2018; Tong et al., 2023; Bertaz et al., 2024;
Zheng et al., 2024).

Previous studies have shown that in continental margins and deep-water sedimentary systems, the A™C of sedimentary
OC commonly integrate information on source carbon age together with cross-shelf transport times, resuspension-
redeposition processes, and reservoir effects (Mollenhauer et al., 2005; Bao et al., 2018). As such, AM™C can be used to
assess residence times associated with transport and recycling of OC from different sources. N/C and stable carbon
isotopes (8'C) have also been demonstrated to provide robust constraints on the relative contributions of OC;.p;, and
OCpetro»

association between OC and mineral surfaces in sedimentary systems may systematically record variations in transport

and thus serve as effective tracers for endmember identification (Hilton et al., 2010). In addition, the

pathways, recycling intensity, and preservation efficiency, offering further insight into process controls on deep-water
OC burial.

Here, we investigate sediment Core S04 from the NESCS (Fig. 1). We combine measurements of TOC, total nitrogen
(TN), 8'3C, mean grain size (Mz), specific surface area (SSA), radiocarbon isotopes, and lignin phenols with a three-
endmember mixing model based on TN/TOC and 8'3C. A'C and OC loading (OC/SSA) are further employed as



process-sensitive constraints. This integrated approach allows us to systematically examine the evolution of OC burial
across glacial-interglacial cycles and to assess how climatic forcing and sedimentary processes jointly regulate OC

burial in a deep-water marginal basin.
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Overview map of the study area and Core S04

The map illustrates the major atmospheric and oceanic circulation systems in the South China Sea, including the EASM (magenta
hollow arrows) and EAWM (purple hollow arrows), the Kuroshio and its South China Sea Branch (red arrows; Shen et al., 2022), the
South China Sea Deep Water Current (orange dashed arrows; Qu et al., 2006; Liu et al., 2010), and the South China Sea Warm Current
(green curved arrows; Liu et al., 2010). Surface circulation patterns during winter (purple arrows) and summer (magenta arrows) are
shown following Wang et al. (2020). The cyclonic eddy northwest of Luzon Island is indicated by a grey oval (Liu et al., 2011; Zhang
et al.,, 2023). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2 Regional setting

The South China Sea (SCS) is located in the western tropical to subtropical Pacific Ocean and is a semi-enclosed deep-
sea basin surrounded by landmasses, including Luzon Island to the east, the Indochina Peninsula to the west, Malaysia
and Borneo to the south, and southern China and Taiwan Island to the north (Zheng et al., 2016, Fig. 1). Water
exchange between the SCS and western Pacific occurs through the Luzon Strait, showing a “sandwich structure” with
inflow in upper and deep layers and outflow in intermediate layers (Zheng et al., 2023). Surface circulation in the SCS
exhibits pronounced seasonal variability. During winter, cyclonic circulation prevails under the influence of the cold
and dry East Asian Winter Monsoon (EAWM), whereas in summer, the warm and humid East Asian Summer
Monsoon (EASM) drives anticyclonic circulation (Wang et al., 2014; Chen et al., 2023; Tong et al., 2023).

NESCS hosts a complex current system comprising the NE-SW-oriented Guangdong Coastal Current (GCC), the year-

round northeastward South China Sea Warm Current (SCSWC, originating from eastern Guangdong's coastal and

offshore deep waters), and the South China Sea Deep Water Current (SCSDWC) (Liu et al., 2016; Shen et al., 2022;

Tong et al., 2023). The South China Sea Branch of the Kuroshio (SCSBK) intrudes through the Luzon Strait, critically

modulating regional circulation, nutrient conditions, primary productivity, and biogeochemical cycling of carbon and
nitrogen (Wang et al., 2018a; Tong et al., 2023).

3 Samples and methods
3.1 Core S04

Core S04 is located on the continental slope of the NESCS (118°45.4’E, 21°30.2'N, water depth 2446 m below sea
level, Fig. 1) and was obtained in September 2020 by the research vessel Dongfanghong 3, with a core length of
448 cm. It was dissected longitudinally and divided into 448 samples at 1-cm intervals and lyophilized separately. Core
S04 is a homogeneous grey-black silt, with brown and grey-black silt interbedded with clayey silt in the upper section
from 0 to 188 cm, and the lower section 188-448 cm is dominated by clayey silt with occasional silt and sandy silt,

with no sedimentary discontinuity (Fig. 2).
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(a) Lithologic and grain-size composition and (b) scanning photographs of sediments from Core S04.

3.2 Chronology and age-depth modeling

11 sediment samples were selected from Core S04 for radiocarbon dating to reconstruct the chronological framework.
More than 10 mg of planktonic foraminifer Globigerinoides ruber with of shell diameters >63 um was selected from
each sample. AMS '4C analyses were completed at the Institute of Geochemistry Chinese Academy of Sciences, and
the results obtained were converted to calibrated ages using the Calib 8.20 software (Stuiver and Reimer, 2016) with
the Marine 20 calibration database (Heaton et al., 2020). Bayesian analysis using the Bacon software was applied to
build an age-depth model for the Core S04 (Table Al), the age of the carbon reservoir used for the calculation
AR =—135 + 47 yr (Luo etal., 2023).

3.3 Sediment physical properties
3.3.1 Grain size

0.1 g of each sample (n = 448) was taken at 1-cm intervals, treated with | M HCl and 15% NaOH to remove carbonate
and organic material, and dispersed with 1 M sodium hexametaphosphate. The treated samples were tested using a

Mastersizer 2000 laser diffraction particle sizer to obtain grain size, with a repeat measurement error of < £3%.
3.3.2 Specific surface area (SSA)

SSA was determined following Waterson and Canuel (2008). A total of 1 g of each sample was taken at 2-cm intervals
into glass vials respectively (n = 224) and heated in a muffle furnace at 350 °C for 12 h to remove organic material
from the samples. SSA was then measured using an automatic nitrogen adsorption analyzer (BSD-PS4, Bestdo

Instruments, China) via the five-point BET method, with repeated measurement errors < +3%.
3.4 Bulk geochemical parameters
3.4.1TOC, TN and §°C

TOC, TN, and 8'3C were analyzed at the Third Institute of Oceanography, Ministry of Natural Resources (MNR),
China. The samples were taken at 2-cm intervals (n = 224), freeze-dried, and homogenized by grinding to pass through
a 100-mesh sieve (<150 um). Approximately 1 g of each sample was treated with 1 M HCI to remove inorganic
carbon, washed to neutrality, freeze-dried, and re-ground. The treated samples were analyzed using a Thermo Flash
2000 elemental analyzer interfaced with a MAT 253 isotope ratio mass spectrometer. 8'3C composition is reported

relative to the VPDB standard using the following equation (Hsu et al., 2014):

513C (%0) = (Rsample /RVPDB 'l) % 1000 (1)

where Rgpp1e and Ryppp are the ratios of 13C/12C in the sample and the standard, respectively. Based on the repeated

measurements of international reference materials, the precision of TOC and TN measurements is £0.02 wt% and



+0.002 wt%, respectively, while the precision of §'3C analysis is better than £0.2%o.
3.4.2 Radiocarbon (**C) analysis and expression

Follow the method described by Ausin et al. (2023), 12 sediment samples were selected for radiocarbon ('#C) analysis.
Samples were pretreated following the same procedure as for TOC analysis: inorganic carbon was removed with 1 M
HCI, washed with deionized water until neutral, and freeze-dried. The treated samples were measured for '“C/'2C
ratios using an accelerator mass spectrometer (AMS). The radiocarbon content of TOC is reported as the fraction of
modern carbon (Fm), relative to the '*C abundance of atmospheric CO, in 1950 CE. Isotopic fractionation during

sample preparation and measurement was corrected using the measured 8'3C values.
3.5 Lignin phenols

Lignin was analyzed by a modified method based on the conventional alkaline CuO oxidations method described by
Yu et al. (2011). About 1 g of 100-mesh (<150 um) sediment was accurately weighed together with 1 g of CuO and
0.05 g of Fe (NH,4),(SOy),-6H,0 in a Teflon reaction vessel, and 10 mL of 2 M NaOH was added in a glove box
filled with N,. The Teflon reaction vessel was then placed in a reactor and heated for 3 h at 170 °C. After cooling to
room temperature, the recovered standards (ethyl vanillin and trans-cinnamic acid) were added to the alkaline solution.
The mixed solution was transferred to a centrifuge tube with 15 mL of 1 M NaOH, the supernatant was collected, and
the solution was adjusted to pH = 1 using 6 M HCI. The sample was extracted using a Cleanert PEP-SPE column
(500 mg, Agela Technologies), eluted with ethyl acetate, blown dry under nitrogen, and redissolved in acetonitrile. The
resulting solution was mixed with bis-trimethylsilyl-trifluoroacetamide and 1% trimethylchlorosilane (BSTFA+1%
TMCS) and derivatized at 60 °C for 1 h. Lignin phenols in the derivatized solutions were analyzed using a Thermo

Fisher 1300 gas chromatograph (GC) equipped with a flame ionization detector (FID).

Lignin phenols used as molecular proxies included three vanillyl phenols (vanillin, acetovanillone, and vanillic acid),
three syringyl phenols (syringaldehyde, acetosyringone, and syringic acid), three p-hydroxy phenols (p-
hydroxybenzaldehyde, p-hydroxyacetophenone, and p-hydroxybenzoic acid) and two cinnamyl phenols (p-coumaric
and ferulic acids). Lignin concentration is expressed as Xg (mg/10 g dry weight), calculated as the sum of S + V + C,
and normalizing to 100 mg OC gives Ag (mg/100 mg OC) (Hedges-and-Mann;1979Hedges and Mann, 1979; Tareq et
al., 2004). The concentration of each lignin oxidation product was calculated using an internal calibration curve based
on a single lignin-phenol standard. The standard curves for all target compounds showed excellent linearity within the

analytical concentration range (R? > 0.999).
3.6 Three endmembers mixing model

The use of TOC/TN together with the §!3C to constrain organic matter sources has been widely applied in studies of
continental shelf and deep-sea sedimentary environments (Yu et al., 2010; Zhang et al., 2014; Bi et al., 2015; Wang et
al., 2020; Jeong et al., 2023; Liu et al., 2023; Li et al., 2024). OC derived from different sources differs systematically
in photosynthetic pathways, organic matter composition, and sensitivity to early diagenetic alteration, resulting in
distinguishable TOC/TN and sBc signatures (Hedges et al., 1997; Meyers, 1997; Hilton et al., 2010).

Given that OC in the study area is primarily composed of marine autochthonous material and terrigenous inputs, and
that multiple regional provenance studies based on clay mineral assemblages, Sr-Nd isotopes, and rare earth element
(REE) compositions consistently identify Taiwan as the dominant source of terrigenous detrital material to the NESCS (
Liu et al., 2017; Wang et al., 2020; Bertaz et al., 2024), OC burial in Core S04 sediments was partitioned into three
endmembers: marine OC (OC,,ine)» terrestrially derived biospheric OC from Taiwan (OC,_y;,), and rock-derived OC

originating from the weathering of Taiwanese bedrock (OC¢,)-

The three endmembers mixing model based on a Monte Carlo simulation was applied to semi-quantitatively estimate
the relative contributions of different OC sources. The model uses TN/TOC ratios and 8'3C values as source tracers (
Hilton et al., 2010; Andersson, 2011; Hu et al., 2014; Li et al., 2017). All calculations were performed in Matlab
(2023). It is expressed as:

TN/ Tocterr—bio X flen'—bio + TN/ TOCpeu'o X fpeu'o + TN/ TOCmarine X fmarine = TN/ Tocsample (2)

13 13 13
5°C X flerr-bio +8 Cpelm X fpelro +8 Cmarine X fmarine

= 513Csample (3)

terr-bio

flerr—bio + fpelro + fmarine =1 (4)



Where fierrpio> foetro a0d finarine tepresent the relative contributions of OCep 0, OC ey and OC, e, respectively;
TN/TOC

ratio form TN/TOC shows higher sensitivity to variations in OC,,,, endmembers and was therefore adopted as a model

sample and 513C5amp|e are the measured parameters of bulk sediment samples. Compared with TOC/TN, the

constraint (Perdue and Koprivnjak, 2007).

Endmember TN/TOC and 8'3C values were compiled from published measurements of representative source materials
from the study area and adjacent regions (Table 1). For each endmember, literature-reported mean values and standard
deviations were used to describe natural variability. These parameters were incorporated as probabilistic constraints in
the Monte Carlo simulations. Details of endmember uncertainty evaluation are provided in the Supplementary Material
(Text Al).

alt-text: Table 1

Table 1
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TN/TOC and §'3C of endmembers.

TN/TOC 813C (%o,
OC Sources References
(Average + SD) Average * SD)
X Wei et al. (2020); Lin et al.
marine phytoplankton 0.182 +0.003 —203+1.7
(2024)
. Kao et al., 2000; Hilton et al.
bedrock from western Taiwan 0.184 £0.009 —248 £2
(2010)
terrestrial biosphere in forested catchments of .
0.06 +£0.05 —26=+1 Hilton et al. (2010)

Taiwan

3.7 Statistical analyses

All statistical analyses were performed using Origin 2023. Normality of continuous variables was assessed using the
Shapiro-Wilk test. For group comparisons, independent-samples ¢ tests were applied when data were normally
distributed and variances were homogeneous (Levene's test, p > 0.05). Welch's #-test was used when the assumption of

equal variances was violated. When data did not meet normality assumptions, the Mann-Whitney U test was applied.

Correlation analyses were conducted using Pearson correlation analysis when both variables were normally distributed;
otherwise, Spearman rank correlation coefficients were used. All statistical tests were two-tailed, and statistical

significance was evaluated at p < 0.05 or p < 0.01.

4 Results

4.1 Chronology and sediment characteristics

Core S04 has a bottom boundary age of 36.5 ka and spans from MIS 3 to the Holocene, covering major cold climate
events such as Heinrich events (H), the Last Glacial Maximum (LGM), and the Younger Dryas (YD). Sediment
accumulation rates in Core S04 are generally low, ranging from 5.08 to 59.32 cm/ka, with an average of 18.68 cm/ka,

and rates since the Holocene are generally higher than during the last glacial period (Fig. 3).

@ Images may appear blurred during proofing as they have been optimized for fast web viewing. A high quality version
will be used in the final publication. Click on the image to view the original version.

alt-text: Fig. 3



T T T T T 1 T T T T T
o 1000 2000 300D 4000 & M 400 GO0 D0 100D

leraticn Ace. rate {aiem)
100
{430.5 emn. ME26 kages
405 (3905 ¢m, 2812 ks * 90
25 (350.5 em. 25.32 ka) il #0
= .
-] 1 70 -
E 20 60 ;
3 T 00,5 ¢m, | 769 ka El
T 154 1 : 50 E
-? 4 40 =
10 (190, 30,5 em, 10, 94 ka) 10
(16405 o, >
{ .:m.o|-l.9h| P 20
54 e $em, 4, 22 k)
1 _.zfiitl.s em, 202 ka} ‘_, 1o
o - ~{10.5 ¢m, 0.25 ka) a
T T T T T T T T T
0 100 200 300 400
Drepthifcm)

Bayesian age-depth model of Core S04

The upper three panels depict the iterations: (left panel) good runs show a stationary distribution with little structure among
neighbouring iterations, the prior (green curves) and posterior (grey histograms) distributions for the (middle panel) accumulation
rate, and (right panel) memory. Bottom panel shows the calibrated 14¢ dates (blue) and the age-depth model and the sedimentation
rate with depth variation (solid black line). The red curve shows the single ‘best’ model based on the mean age for each depth; grey
stippled lines show 95% confidence intervals. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

The sediments are mainly composed of silt (60.48%-82.68%), with a secondary clay content (12.53%-27.70%) and a
smaller amount of sand (0.72%-17.50%) (Fig. 2a). Mz of the sediments ranges from 7.24 to 18.32 um, with a mean
value of 10.735 £ 1.659 um (Fig. 4d). During the glacial period, Mz increases and then decreases, reaching a minimum
at the end of the YD cold event, and generally increased during the Early Holocene, with a low value around 5 ka. The
SSA of Core S04 varied between 8.97 and 21.20 m?/g (mean 15.70 + 2.70 m?/g, Fig. A2b). SSA gradually increased
since 32 ka, decreased at the end of the LGM, and has fluctuated on millennial scales since the Holocene.
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figure. Grey inverted triangles represent radiocarbon-dated horizons, and the black dotted line indicates a TOC/SSA value of 0.4 mg
-2
OCm™~.
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4.2 Bulk organic matter characteristics

The TOC content in Core S04 sediments ranged from 0.389% to 0.915% (mean 0.603% =+ 0.095%, Fig. 4a), and the
TN content ranged from 0.061% to 0.134% (mean 0.090% =+ 0.009%, Fig. A2a), showing similar downcore trends.
Correlation analysis reveals a significant positive relationship between TOC and TN (R? = 0.657, p < 0.01, Fig. A1),
indicating that both parameters share a common source. TOC/TN varied between 5.57 and 8.43 (Fig. 4b), with a mean
value of 6.70 + 0.64, and are generally higher during the glacial than during the interglacial period. §'C values range
from —23.414 %0 to —20.396%o (Fig. 4c), with a mean value of —21.409 + 0.572%o. 8'3C becomes more negative

around the end of H1and remains relatively stable during the Holocene.

Radiocarbon analyses show that the fraction modern (Fm) values are consistently far below the modern standard (Table
A2). Fm values range from 0.0476 to 0.2273 (mean 0.1127 + 0.0613), corresponding to apparent '*C ages of 11.9-
24.5 ka BP. All samples exhibit strongly negative A'*C values, ranging from —952.4 %o to —772.7 %o (mean
—885.2 + 57.1%0), indicating a dominant contribution from '*C-depleted, pre-aged OC. The A'*C record shows clear
temporal variability. The most negative A'*C values (<—949%) occur at ~16.5 ka, suggesting a maximum contribution
of old carbon. In contrast, A'*C values during the Holocene are less negative (—773%o to —818%o), indicating a relative

increase in younger carbon components.
4.3 Lignin phenols and degradation indicators

The Zg and Ag records of Core S04 show generally consistent trends and a strong positive correlation (R? = 0.85,
p < 0.01; Fig. A3a). Zg values range from 0.046 to 0.180 mg/10 g ds (dry sediment), with a mean value of
0.089 + 0.036 mg/10 g ds (Fig. A2c), whereas /g values ranged from 0.065 to 0.317 mg/100 mg OC, with a mean
value of 0.148 + 0.055 mg/100 mg OC (Fig. 4f). Both parameters increased since 30 ka, remain relatively high
between 25 and 16.5 ka, then decreased rapidly and remain at relatively low and stable values since 15.5 ka. Higher 2g
indicates substantial input from terrestrial vascular plants, while elevated Ag reflects a higher proportion of lignin in
TOC, highlighting the dominant influence of OCy,.

The S/V and C/V ratios serve as indicators of lignin source composition, reflecting contributions from different plant
groups. The S/V and C/V range from 0.64 to 1.65 and from 0.24 to 1.07, respectively, with mean values of 1.11 + 0.21
and 0.61 + 0.21 (Figs. A2f and g), and show a positive correlation (R? = 0.48, p < 0.01; Fig. A3b). Before H1, lower
S/V and C/V ratios indicate dominance of gymnosperm-derived lignin. After 16.5 ka, both ratios increase, suggesting
enhanced angiosperms input. Around 8 ka, S/V decreases while C/V remains relatively stable, likely reflecting

complex environmental changes during the transition from deglaciation to the mid-Holocene.

The acid-aldehyde ratios (Ad/Al)y, and (Ad/Al)g are used to characterize the degradation or humification state of lignin
tissues. Since vanillyl phenols are present in all vascular plants, (Ad/Al)y is more sensitive to oxidative degradation
than (Ad/Al)g (Gordon and Gofii, 2003; Cui et al., 2016a). (Ad/Al)y, range from 0.65 to 2.23 (mean 1.28 + 0.36; Fig.
4g), and (Ad/Al)g range from 0.35 to 1 (mean 0.67 £ 0.10; Fig. A2d). The variations of both ratios show a positive
correlation (R% = 0.17, p < 0.01; Fig. A3c). (Ad/Al)y reaches its minimum during the LGM and gradually increases
after 16.5 ka, with a temporary decrease during the short deglaciation—early Holocene transition. High ratios indicate
enhanced oxidative degradation of lignin. DHBA/V is often used as a proxy of relative soil OC versus vascular plant
contribution (Cui et al.,, 2016a). DHBA/V values in Core S04 sediments range from 0.263 to 0.798 (mean
0.480 + 0.131; Fig. A2e). Lower values, particularly from the onset of H3 to the end of HI1, suggest greater
contribution from fresh plant debris, whereas the increasing trend since H1 indicates enhanced soil-derived OC,,

input.
4.4 Source apportionment of organic carbon

Based on sedimentary TN/TOC ratios and 8'3C signatures, the three endmembers mixing approach was applied to
Core S04 to semi-quantitatively assess the relative contributions of OCyurines OCierrpios and OCpy, (Fig. 5).
Considering the natural variability of endmember compositions and the potential influence of early diagenetic processes
on bulk geochemical proxies, the results are interpreted in terms of relative changes rather than absolute source

proportions.
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During the early part of the record (MIS 3), OC,.;inc remained relatively high but showed a significant declining trend.

Over the same interval, the relative contribution of OC increased, whereas OC remained low with only minor

terr-bio

fluctuations. With the transition into the last glacial period, OC

petro
marine Increased progressively and persisted at elevated
levels. In contrast, OC gy, decreased markedly, while OC,,, showed only a slight increase and remained a minor

component, indicating a relative weakening of the biospheric fraction within the terrestrial endmember.

From H1 onward, the relative contribution of OC,;,. declined from its preceding high values and followed a broadly

continuous downward trend. At the same time, OC increased and reached comparatively higher levels. OC

terr-bio petro

also increased during this interval but decreased during cold-event phases (H1 and YD), reflecting pronounced

adjustments in the internal structure of OC,,,, sources.

During the Holocene, OC,, i, remained relatively high but varied within a limited range. In contrast, the terrestrial
endmember continued to evolve internally, characterized by a progressive decline in the relative importance of OC,,.
bio and sustained, moderately variable contributions from OC,,. Overall, the three endmembers exhibit structural

adjustments under a generally stable background during this period.

Taken together, the three endmembers mixing model results reveal clear orbital-to millennial-scale variability in OC
sources at Core S04, expressed by alternating phases of strengthened and weakened relative importance of OC . ine

together with persistent adjustments in both the overall influence and internal composition of OC,, inputs.

5 Discussion
5.1 Decoupling between source composition and radiocarbon age of sedimentary OC

In deep-sea sedimentary systems, bulk geochemical proxies that record OC source information may also be influenced
by post-depositional diagenetic alteration and recycling. Therefore, before interpreting variations in OC sources and
radiocarbon ages, it is necessary to evaluate the relative importance of these processes over the timescales considered.
In Core S04, variations in TN/TOC and 8'3C do not covary with changes in the degree of degradation indicated by
terrestrial lignin degradation and compositional parameters, but instead display clear stage-dependent patterns (Fig. 4g;

Fig. 5). Combined with the high sensitivity of 8'3C to OC source differences and its consistency with the established
provenance framework of the study area (Liu et al., 2017; Wang et al., 2020; Bertaz et al., 2024), these results indicate
that, at millennial- and orbital-scale timescales, bulk geochemical indices primarily reflect changes in OC source

structure rather than dominant post-depositional alteration (Gofii et al., 1998; Zhu et al., 2011).

The three endmembers mixing model based on TN/TOC and 8'*C shows that the relative contributions of OC,,ine
ocC and OC

OC pool reflects combined marine and adjacent terrestrial inputs, the magnitude and direction of change differ among

terr-bio> petro 1 Core S04 exhibit clear but non-synchronous temporal evolution (Fig. 5). Although the overall

OC types across climatic stages, implying distinct sensitivities to climate and sedimentary conditions.

Radiocarbon data further clarify the nature of these differences. Although S04 samples plot mainly between the marine
OC and Taiwan-derived terrestrial petrogenic OC endmembers in TN/TOC-8'3C space, A'*C values do not follow a
single mixing trajectory (Fig. 6). Samples closer to terrestrial endmembers often show higher (less negative) A'4C
values, whereas samples with more marine-like compositions tend to exhibit lower (more negative) A'C values. This

pattern indicates that OC source composition and radiocarbon age are not linked by a simple linear relationship.
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(a) TN/TOC versus s13c diagram showing Core S04 samples relative to marine, Taiwanese petrogenic, and Taiwanese biospheric OC
endmembers (means =+ variability). (b) Zoom-in view of the S04 sample cluster, with symbols colored by measured AMC values
(higher, less negative values indicate younger carbon).

Previous studies have shown that, in deep continental-margin settings, A'“C is highly sensitive to cross-shelf transport,
resuspension-redeposition, and recycling timescales, whereas 8'*C and TN/TOC more directly reflect OC composition
and provenance (Goiii et al., 1998; Mollenhauer et al., 2005; Bao et al., 2018). In regions such as the NESCS, the high
erosion rate of the Taiwan orogenic belt, short source-sink distance, and frequent high-energy runoff events facilitate
the mixing and recycling of OC of different ages in the shelf-deep-water system, thereby further amplifying the
decoupling characteristics between source composition and radiocarbon age (Blair and Aller, 2012; Bao et al., 2018,

2020). These observations indicate that OC burial in the S04 deep-water system is not governed by a single process
through time, but by a hierarchy of controls that adjusts with changing climate boundary conditions. Accordingly, the

strength of “process control” is not constant but varies with sea-level state and monsoon background.

At glacial-interglacial timescales, sea-level fluctuations and EAM variability jointly define the primary climatic
framework governing OC burial in the NESCS. Their influence is expressed through changes in OC source inputs as
well as through reorganization of cross-shelf transport and recycling pathways (Zheng et al., 2016; Zhang et al., 2022).
Together, these factors determine the extent of reworking experienced by OC before it reaches the deep-water sink,
thereby modulating the relative importance of process control on final burial characteristics. The ratio of OC to mineral
surface area (TOC/SSA), as a process-based indicator of OC loading, directly reflects the amount of OC preserved per
unit mineral surface and provides an effective link between OC sources, transport dynamics, and final preservation (
Keil et al., 1994; Ashfaq et al., 2025).

Based on this framework, we combine source indicators (8'C, TN/TOC) with process indicators (A'*C, TOC/SSA) to
examine OC burial during three characteristic climate intervals—MIS 3, MIS 2, and MIS 1. This approach allows a
systematic assessment of how process control modulates, and at times dominates, the final burial state of deep-water

OC under contrasting climatic conditions.
5.2 MIS 3 (36.5-30 ka): a dynamic background state of deep-sea OC burial

MIS 3 exhibits unique climatic conditions distinct from typical glacial and interglacial periods, featuring relatively mild
mean states accompanied by millennial-scale variability (Dannenmann et al., 2003; Zhang et al., 2014, 2023). During
36.5-30 ka, TOC contents in Core S04 remained relatively high (around 0.7%) and fluctuated frequently. These
variations show no significant correlation with Mz (p > 0.05), indicating that OC burial during this interval was not
primarily controlled by local hydrodynamic conditions, but instead reflects the combined influence of regional-scale

inputs and transport processes.

With respect to OC,,,, global sea level during MIS 3 was approximately 100 m lower than present but exhibited
relatively modest variability (Spratt and Lisiecki, 2016), favoring sustained delivery of terrestrial material. In Core S04,
increasing trends in C/N ratios, the persistent presence of lignin signals (Ag averaging 0.161 mg/100 mg OC), and an
increase in the relative contribution of OC ., (Fig. 7b—d, f) indicate that terrestrial organic matter continuously
contributed to the deep-sea OC pool and exerted a stable influence on its composition. Similar trends have been
reported from other regional sediment cores (e.g., Core 973-4; Wang et al., 2020). During this interval, SSA shows a
slight decreasing trend, whereas TOC/SSA increases from ~0.4 to ~0.8 mg OC m~ (Fig. 7c) and correlates positively
with the proportion of OC ;o (R>=0.31, p < 0.01, Fig. A3d). This pattern indicates a progressive increase in OC

loading on the mineral surfaces. Together with persistent lignin signatures and low oxidation indices, these results



suggest that OC,,.p;, retained relatively high reactivity during transport and deposition, enhancing its stabilization
through association with fine-grained mineral surfaces. This mechanism implies a gradual adjustment in OC
preservation pathways under relatively stable TOC levels and is consistent with the preferential mineral binding of

biospheric OC enriched in polar functional groups (Keil et al., 1994; Arnarson and Keil, 2007).
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Changes in OC proxies and climatic background recorded in Core S04 before 30 ka BP. (a) TOC of Core S04 and Core 973-4 (Wang et
al., 2020); (b) TOC/TN and 513C; (c) TOC/SSA; (d) Ag; (e-f) relative contributions of OCyharine and OCepr-bio; () EAWM index (
Xiang et al., 2009). Grey inverted triangles represent radiocarbon-dated horizons, and the grey shaded band marks the H3.

In terms of OC a strengthened EAWM during late MIS 3, together with relatively warm sea-surface temperatures,

marines
likely enhanced upper-ocean mixing and promoted nutrient supply to surface waters, creating favorable conditions for
marine primary productivity (Steinke et al., 2010; Dai et al., 2013; Tong et al,, 2023). However, the relative
contribution of OC,,ine iIn Core S04 does not show a corresponding increase (Fig. 7e). This pattern does not
necessarily imply a reduction in the absolute flux of OC ;. instead, it more likely reflects redistribution among OC

sources, in which enhanced terrestrial contributions “dilute” the relative marine signal rather than reduced its absolute

flux.

Notably, radiocarbon data from MIS 3 already show partial decoupling between A'*C ages and OC compositional
indicators (Fig. 6): when A'C values are strongly negative, the bulk OC composition remains dominated by marine
characteristics. This suggests that cross-shelf transport and recycling processes exerted a strong influence on the OC
age structure during this interval. Radiocarbon ages are highly sensitive to minor inputs of pre-aged OC, whereas
compositional indicators such as 8'3C respond more weakly to the same processes. Moreover, recycled aged OC
contributing to A'¥C depletion does not necessarily exhibit strongly depleted 8'3C values typical of terrestrial
biospheric endmembers, but instead often falls within marine or mixed compositional ranges (Blair and Aller, 2012;
Mollenhauer et al., 2005; Bao et al., 2018, 2020). As a result, even modest inputs of recycled OC,, can significantly
affect A!*C without producing a resolvable shift in §'3C.

Overall, MIS 3 can be defined as a “dynamic background state” of OC burial. Under relatively gentle low sea-level
conditions, the source-to-sink framework remained stable, and deep-sea OC burial occurred within a marine-dominated
system that was persistently modulated by terrestrial inputs, particularly biospheric components. These terrestrial
contributions were progressively stabilized through mineral association, enhancing burial stability. This background
state provides a clear reference against which the shifts in dominant controls observed during MIS 2 and MIS 1 can be

evaluated.
5.3 MIS 2 (30-10.6 ka): transport intensification and monsoon modulation under low sea level

MIS 2 represents the glacial-deglacial transition phase, characterized by pronounced sea-level changes, reaching its
lowest point approximately 130 m below modern values during the LGM (Spratt and Lisiecki, 2016). The shift from

widespread shelf exposure to progressive inundation fundamentally adjusted the geometric structure and hydrodynamic



structure of the shelf-deep-sea system, creating strongly time-dependent conditions for sediment transport, temporary
storage, and recycling (Li et al., 2018; Zhang et al., 2022; Ashfaq et al., 2025; Chen et al., 2025).

Compared with MIS 3, the early to middle MIS 2 interval (30-16.5 ka) is marked by a significant increase in Mz
(p < 0.05), while SSA shows no statistically significant change (Fig. 8b; Fig. A2b). During this period, both TOC
contents and OC/SSA values decline markedly (Fig. 8c—f; p < 0.05). This combination indicates inhibited OC loading
under conditions of relatively stable mineral carrier supply. Previous studies show that under high-energy transport,
rapid cross-shelf transfer, and strong particle sorting, OC is difficult to effectively combine with mineral surfaces or may
be stripped off during recycling, leading to reduced OC/SSA values (Mayer, 1994; Blair and Aller, 2012; Bao et al.,
2018). Consistent with this interpretation, lignin Xg and Ag values in Core S04 increase significantly (p < 0.05), while
(Ad/Al)y and DHBA/V ratios remain low (Fig. 8d and e), indicating enhanced inputs of vascular plant-derived OC
with comparatively limited oxidative degradation. Together, these features indicate that during the glacial period the
deep-water system operated under a physically filtered regime dominated by high-energy, rapid transport. Organic
matter was efficiently delivered to deep water but lacked sufficient residence time for stable mineral association,
resulting in kinetically limited OC loading (Gofii et al., 1998; Blair and Aller, 2012; Keil and Mayer, 2004; Bao et al.,
2018).
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EAWM index (magenta line, Xiang et al., 2009; yellow line, Sun et al., 2012); and (1) sea level (Spratt and Lisiecki, 2016, pink line;
Zhang et al., 2022, Khaki line). Grey inverted triangles represent radiocarbon-dated horizons, and the grey shaded band marks the
cold event. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

These processes are also reflected in changes in OC source composition. Relative to MIS 3, OC,.1;, decreases

significantly between 30 and 16.5 ka, while the relative contribution of OC increases (Fig. 8h and i; p < 0.05),

petro
although it remains a minor component overall. This pattern indicates structural redistribution within the OC,,, pool.

Under rapid cross-shelf transport and energetic re-sorting, chemically stable, mineral-associated OC is more likely

ctro
to survive along the source-to-sink pathway, whereas more reactive OC,p;, is preferentially lost d:ring transport and
early diagenesis (Blair and Aller, 2012; Blattmann et al., 2019). At the same time, the relative contribution of OC . ine
increases (Fig. 8g). This trend reflects both enhanced marine productivity supported by stronger EAWM conditions and
nutrient availability over the exposed shelf (Higginson et al., 2003; He et al., 2013; Tong et al., 2023), and the selective

removal of reactive OC,,,, which passively amplifies the marine signal in relative terms.

Under this background of rapid transport and efficient burial, A'*C ages in Core S04 are generally younger than during
MIS 3. This pattern likely reflects faster transfer from source regions to the depositional sink, which reduced
opportunities for mixing with aged carbon pools and extensive recycling (Mollenhauer et al., 2005; Bao et al., 2018).

Increased relative contributions of young OC may have provided a secondary influence on this trend.

marine

After ~16.5 ka, rising sea level progressively inundated the continental shelf and reintegrated it into the marine
transport system, leading to a fundamental shift in shelf-deep-sea dynamics. Compared with glacial conditions, £g and
Ag values decrease rapidly and remain low (Fig. 8d), while S/V, C/V, (Ad/Al)y, and DHBA/V ratios increase

significantly (Fig. 8e; Figs. A2f and g). These changes indicate a shift in OC,,, sources toward angiosperms and deeper

terr
soil and bedrock material (Bao et al., 2017), consistent with increased precipitation, intensified erosion, and vegetation
reorganization driven by strengthening EASM conditions during deglaciation (Zheng et al., 2024; Huang et al., 2025).
A pronounced increase in SSA reflects enrichment of fine-grained mineral carriers in deep-sea sediments (p < 0.05),
whereas further declines in OC/SSA indicate reduced OC loading per unit mineral surface area (Fig. 8f; Fig. A2b).
Unlike the glacial period, the decrease in OC/SSA 1is not due to limitations in loading dynamics, but more likely reflects
the dilution effect of increasing mineral surface area. These patterns indicate a transition from a transport-dominated
system to one characterized by fine-grained accumulation and enhanced resuspension-redeposition. In this setting, the
continental shelf increasingly functioned as an intermediate reservoir, extending the residence time and recycling
pathways of OC prior to final burial. This mechanism has been widely recognized as a key driver of older apparent
radiocarbon ages in deep-sea sediments (Mollenhauer et al., 2005; Bao et al., 2020). During the HI event, Core S04
records a short-lived but pronounced increase in OC/SSA (Fig. 8f), indicating rapid adjustment of OC loading. This
increase is not accompanied by enhanced lignin concentrations or systematically older A'*C ages, suggesting that
neither OC,
decrease in SSA points to short-term particle reorganization and re-sorting (Fig. 8a; Fig. A2b). The OC/SSA peak

input nor recycling duration increased substantially. Instead, a slight rise in TOC combined with a modest

during H1 therefore most likely reflects transient hydrodynamic restructuring rather than a stable state imposed by long-

term boundary conditions.

Between 16.5 and 10.6 ka, as the EAWM weakened and the EASM strengthened (Fig. 8j and k), the relative

contribution of OC declined, while OC, ;, increased significantly (Fig. 8g and h; p < 0.05). OC shows no

marine petro
further systematic increase. These changes indicate redistribution among reactive OC pools rather than continued

enrichment of OC Consistent with this pattern, A'#C ages trend older, reflecting the growing influence of

petro®
prolonged transport pathways and enhanced recycling on the radiocarbon signal.

Overall, variations in deep-water OC during MIS 2 were primarily governed by sea-level-driven shifts in transport and
preservation regimes. Between 30 and 16.5 ka, extremely low sea level promoted high-energy transport and strong
particle sorting, producing pronounced process filtering and selective preservation. After ~16.5 ka, rising sea level and
enhanced recycling shifted the system toward a mode dominated by fine-particle accumulation and surface-area dilution

effects.
5.4 MIS 1(Since 10.6ka): background-state modulation under high sea level

MIS 1 corresponds to the Holocene warm period, during which sea level rose to and remained near its present
highstand. Widespread inundation of the continental shelf re-established the shelf as a major intermediate reservoir and
processing zone, substantially weakening the extensive cross-shelf resuspension and redistribution that characterized
glacial conditions (Cathalot et al., 2013; Heijnen et al., 2022; Gan et al., 2022).

The most notable features of this stage include markedly reduced TOC contents (Fig. 9a; p < 0.05), a significant
increase in Mz (p < 0.05), and persistently low OC loading, which remains stable at very low values (Fig. 9¢; <0.4 mg

OC m~2). Notably, OC/SSA shows no significant correlation with either OCg,_;o 0r OC but displays a weak yet

petro>
significant negative correlation with OC . ine (R? = 0.07, p < 0.05). This decoupling indicates that, unlike the deglacial
stage where OC/SSA declined mainly due to surface-area expansion and dilution, the Holocene deep-water OC system

entered a low-loading steady state controlled by persistent resuspension and oxidative reworking. Under this regime,



newly formed OC-mineral associations are continuously disrupted, and the rate of OC binding remains lower than the
rates of oxidation and stripping (Hartnett et al., 1998; Keil et al., 2004; Burdige, 2005; Blair and Aller, 2012). As a
result, the influence of source input proportions on OC/SSA is systematically suppressed, producing a clear source—

loading decoupling.
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Changes in OC proxies and climatic background recorded in Core S04 during MIS 1. (a) TOC; (b) TOC/TN and 513C; (c) Xg and Ag;
(d) degradation coefficient; (¢) TOC/SSA; (f-h) relative contributions of OCparines OCpetro and OCrerr-bio; (i) bottom-water intensity
of Core S04 and 10E203 (Zheng et al., 2016); (j) EASM index (pink line, Netth-GreentandJee-CoreProfeet MembersNorth Greenland

Ice Core Project members, 2004; orange line, Cheng et al., 2016). Grey inverted triangles represent the dating layers. (For
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Sedimentary dynamic indicators provide direct support for this interpretation. An increase in sortable silt mean size (gg
) indicates sustained and strong bottom-current activity in the study area during the Holocene (methods in Text A2).
Under such conditions, sediment particles experience long transport pathways and repeated resuspension-redeposition
before reaching the deep-sea sink. These processes preferentially remove fine particles and substantially reduce OC
loading on mineral surfaces through hydrodynamic sorting and hydraulic filtering. Similar mechanisms have been
identified in Holocene records from other marginal seas (Gofli et al., 1998; Blair and Aller, 2012; Bao et al., 2018).

Within this “rapid-transit-intense-reworking” framework, changes in OC source composition should be understood as
the result of strong reprocessing rather than as primary drivers. Although intensified EASM conditions during the
Holocene enhanced erosion of deeper soils and bedrock in Taiwan, increasing OC,, supply to the system (Zheng et
al., 2024; Huang et al., 2025), reworking under strong bottom-current control exerted a pronounced selective
preservation effect. Lignin parameters provide independent constraints: Xg and Ag values are generally low, whereas
(Ad/Al)y and DHBA/V ratios are elevated (Fig. 9¢c and d), indicating weakened vascular plant signatures and more
extensive recycling and degradation of OC,,. These patterns agree with previous observations from Holocene shelf
systems, where biospheric components are preferentially retained upstream and more inert fractions become relatively
enriched offshore (Goiii et al., 1998; Blair and Aller, 2012; Bao et al., 2017).

Radiocarbon results show that sedimentary OC during MIS 1 is overall younger, indicating that high sea level
strengthened shelf trapping of terrestrial particles and substantially shortened cross-shelf recycling pathways relative to
glacial conditions. Consequently, OC entering the deep-sea system experienced shorter transport times (Mollenhauer et
al., 2005; Bao et al., 2018). Importantly, this reduced transport and residence time does not contradict the strong
oxidative degradation inferred from lignin proxies. Instead, the Holocene deep-water system likely reflects a mode of
high-intensity oxidation over short timescales. Under strong bottom currents, particles are transported relatively rapidly
into deep water but undergo frequent resuspension and repeated exposure to well-oxygenated waters or surface

sediments, allowing substantial chemical alteration to occur within limited time intervals. Accordingly, even with



relatively high proportions of OC, (Fig. 9h), A'*C values remain comparatively young, reinforcing the conclusion

that radiocarbon signals primarily record transport and recycling timescales rather than simple source mixing ratios.

In summary, deep-water organic carbon burial during MIS 1 is characterized by a low-loading steady state maintained
by strong bottom currents and prolonged reworking under high sea level. The final preservation state is dominated by

transport and recycling processes and shows a markedly weak response to variations in source input.
5.5 Integration of multi-stage controls and a multi-scale climate framework for OC burial

Synthesis of the MIS 3, MIS 2, and MIS 1 discussions shows that deep-water OC burial in the NESCS exhibits clear
stage-dependent controls on glacial-interglacial timescales. The dominant mechanisms shift systematically with

changes in source-sink configuration and sedimentary dynamic conditions (Fig. 10).
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During MIS 3 (Fig. 10e), relatively stable low sea level maintained sustained shelf-basin connectivity, allowing OC to

reach the deep basin within a comparatively steady transport framework. OC dominated the input, while OC

marine terr-bio
exerted a persistent secondary influence. The deep-water system thus operated as a “dynamic background state,” in
which source signals were transmitted to the sedimentary record with limited overprinting. In early-middle MIS 2 (30—
16.5 ka, Fig. 10d), extremely low sea level profoundly restructured the source—sink system. Rapid cross-shelf transport
and strong particle sorting became dominant. Under high-energy conditions, OC—mineral association was strongly
constrained, leading to marked reductions in OC/SSA and TOC. Deep-water records from this interval primarily reflect
physical sorting and process filtering under energetic transport, rather than changes in source input, with OC

preservation tightly limited by kinetic conditions.

Following the onset of deglaciation (late MIS 2, after ~16.5 ka, Fig. 10c), rapid sea-level rise restored the shelf as an
intermediate reservoir. Fine particles accumulated along the shelf-slope transition, and recycling intensified. Compared
with the glacial period, transport energy weakened, but the apparent residence time of OC increased substantially. As a
result, OC/SSA remained low while A'*C ages became older, indicating a transition to a recycling-dominated, low-
loading regime in the deep basin. During the Holocene (Fig. 10b), high sea level further reduced broad shelf-basin
connectivity. Although intensified EASM conditions favored OC,,, supply, strong bottom-current control, long
transport pathway lengths, repeated resuspension, and oxidative reworking continued to suppress OC loading.
Consequently, the deep-water system evolved toward a steady operational state with a weak response to variations in

source input.



These stage-dependent differences indicate that source-related signals (8'3C and TN/TOC) and process-related signals
(A'C and OC/SSA) in deep-water sedimentary systems are not independent (Blair and Aller, 2012). Instead, they
respond to climate forcing with different weights. Source indicators primarily record “what enters the system,” whereas
process indicators more directly reflect “what the organic carbon experiences” during cross-shelf transport,
resuspension, and mineral association. Shifts in their relative importance provide the fundamental explanation for the
decoupling or partial recoupling between OC composition and radiocarbon age observed across different stages (Gofii
etal, 1998; Bao et al., 2018).

These source-sink processes and their dominant controls do not occur independently but are embedded within a
broader ocean—atmosphere climate system. As the principal upper-ocean circulation linking the western Pacific and the
SCS, the Kuroshio Current and its branches may have experienced changes in strength and pathway on glacial-
interglacial timescales, with the potential to modulate upper-ocean thermal structure and nutrient availability (Qu et al.,
2006; Wan and Jian, 2014; Wang et al., 2018). However, in the deep-water environment represented by Core S04,
effective OC preservation depends primarily on transport pathway lengths, resuspension frequency, and opportunities
for mineral association prior to final burial. These factors are mainly governed by sea-level-controlled shelf-basin
connectivity and monsoon-driven sedimentary dynamics. In contrast, the Kuroshio mainly acts on the upper ocean and
must pass through multiple filters—including biological production, vertical export, cross-shelf transport, and
depositional reworking—Dbefore reaching the sedimentary sink (Hedges and Keil, 1995; Qu et al., 2006; Burdige, 2007
). As a result, its influence is readily integrated or attenuated by stronger first-order controls associated with sea-level
reorganization and monsoon-driven sediment dynamics (Blum and Hattier-Womack, 2009; Blair and Aller, 2012). At
the temporal scale and depositional setting considered here, the Kuroshio therefore functions as a background

modulator rather than a primary driver of stage-scale variations in deep-water OC burial.

At longer temporal and broader spatial scales, regional monsoon variability is inherently embedded within the global
atmospheric circulation system (Haug et al., 2001; Koutavas and Lynch-Stieglitz, 2004; McGee et al., 2014). Under the
current sedimentation rates and sampling resolution of Core S04, the record most clearly captures climate forcing at
orbital to millennial timescales. Higher-frequency variability, such as ENSO, may influence source-area hydroclimate
and erosion regimes, but its signal is strongly time-averaged during cross-shelf transport, repeated resuspension, and
pre-burial reworking, limiting its expression as a distinct sedimentary response (Zhao et al., 2016). In contrast,
latitudinal migration of the Intertropical Convergence Zone (ITCZ), as a low-frequency background process, exerts
systematic control on EAM intensity and seasonality, thereby influencing regional precipitation patterns, catchment
erosion, and terrestrial material export to the ocean (Wang et al., 2001; Cheng et al., 2016; Clemens et al., 2018).
Accordingly, variations in OC,, input recorded in Core SO4—such as systematic shifts in lignin parameters and OC,.
bio across the deglacial-Holocene transition—are more plausibly interpreted as responses to monsoon adjustment under

changing global-tropical climate backgrounds, rather than as direct imprints of high-frequency climate events.

In summary, deep-water OC burial in the NESCS reflects a source—sink response system constrained stepwise by
climate forcing across multiple scales. At orbital timescales, sea-level change restructures shelf-basin connectivity and
sets the fundamental framework for OC transport and preservation. Within this framework, millennial-scale EAM
variability modulates material input and sedimentary dynamics. Local processes including cross-shelf transport,
hydrodynamic sorting, resuspension, and mineral protection ultimately determine OC storage state, loading efficiency,
and apparent age. Deep-water sedimentary systems therefore act not as passive recorders of climate forcing, but as

dynamic carbon sinks that integrate and selectively filter external signals across different temporal scales.

6 Conclusion

Based on a multi-proxy analysis of deep-water Core S04 from the NESCS, this study identifies the dominant controls
on OC burial since the last glacial period and clarifies the stage-dependent evolution of its storage state. The results
show that deep-water OC burial is governed by both the nature of organic matter inputs and, more importantly, by the

structure of the source-sink system, sedimentary dynamics, and mineral protection processes.

1. Orbital-scale sea-level change defines the fundamental framework for OC transport, storage, and
recycling by restructuring shelf-basin connectivity, while millennial-scale EAM variability modulates
erosion, sedimentary energy, and background productivity. Within this framework, the OC that
eventually enters the deep-water sediment reservoir is mainly determined by hydrodynamic sorting,
selective degradation, and mineral surface binding processes, rather than a simple amplification of the

source signal.

2. OC/SSA records the outcome of interactions between OC and mineral carriers during cross-shelf
transport and reworking, integrating the effects of sedimentary energy, hydrodynamic sorting, and
mineral protection. Variations in OC/SSA across climate stages therefore reflect selective modification

of source signals, rather than a direct mapping of source-area changes.

3. In deep-water marginal-sea settings, A'“C is highly sensitive to transport pathway length, resuspension

frequency, and recycling intensity, and primarily records the apparent residence time of OC rather than



its source end-member proportions. This highlights the need to interpret OC provenance together with

transport and reworking processes.

Overall, this study proposes a sea-level architecture-monsoon input-process filtering framework, highlighting deep
marginal basins as active carbon sinks that selectively transform and stabilize OC across climate states. These findings
refine current understanding of deep-water carbon burial along continental margins and provide a process-based

perspective for evaluating the stability of marginal-sea carbon sinks under climate change.
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Highlights

e Deep-water OC burial reflects coupled source inputs and transport-recycling processes.
 Radiocarbon age of OC is decoupled from source composition in deep-water settings.
* OC/SSA captures hydrodynamic sorting and mineral protection during OC transport.

¢ Sea-level and monsoon forcing imprint on OC burial via transport processes.
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