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More than 80% of marine organic carbon (OC) burial occurs in sediments of marginal seas. Sedimentary OC 14C ages up
to several millennia older than co-deposited coastal and pelagic sediments have been well documented but the cause of this
phenomenon remains uncertain. We measured 14C and 13C contents of OC, along with the sedimentary content of terrestrial
and marine lipid biomarkers, in sediment cores from the East China Sea to evaluate and quantify processes controlling OC
ages over the last 14.3 kyr. We find that 14C ages of OC were persistently older than co-deposited sediments by 1930–5530 yr.
Temporal variations of the calculated apparent initial radiocarbon ages of total OC (TOC-AIR) mirrored sea level changes,
with higher values (4570 ± 1250 yr) during the transgression (14.1–7.8 kyr BP) and lower values (3170 ± 670 yr) during the
mid-late Holocene (7.8–0 kyr BP), suggesting that transgression-induced coastline retreat reduced the transport of pre-
aged terrestrial OC to the marginal sea. However, bulk OC 14C ages were consistently older than those expected from ternary
mixing of Changjiang (Yangtze River), Huanghe (Yellow River) and marine sources based on d13C and D14C end-members.
We therefore propose that hydrodynamic processes during sediment transport and the addition of pre-aged OC from land and
submerged coast were the main factors contributing to these old 14C ages of OC and their temporal variations. During the
transgression, higher TOC-AIR values were observed during times of lower sea-level, which suggests that erosion of coastal
deposits during transgression might have contributed old OC. Since sea level stabilized 7.8 kyr BP hydrodynamic processes
were the primary cause of high 14C ages of OC. The significant role for hydrodynamic aging processes during the mid-late
Holocene is hypothesized to result from longer transport distances between river mouths and sediment depocenters which
can accommodate additional deposition-resuspension loops.
� 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Photosynthetic removal of CO2 from the atmosphere
and the subsequent burial of organic carbon (OC) in sea-
floor sediments plays a central role in modulating long-
term carbon cycling and climate (Hedges et al., 1997;
Burdige, 2005). For example, the OC burial in marine sed-
iments may have increased by ca. 50% during glacial peri-
ods (e.g., excess burial of 200–500 Pg C of OC) relative to
interglacial periods (Cartapanis et al., 2016), an amount
of carbon equivalent to the 80–100 ppm reduction of atmo-
spheric CO2 during glacial periods (Sigman and Boyle,
2000). Sedimentary OC is comprised of marine OC that is
rapidly transported to the seafloor and buried, pre-aged ter-
restrial (or marine) carbon fixed hundreds to thousands of
years before burial, and fossil carbon (zero 14C activity,
or dead carbon) derived from sedimentary rocks (Blair
et al., 2003; Galy et al., 2008; Drenzek et al., 2009). Burial
of contemporary and pre-aged OC contributes to atmo-
spheric CO2 declines on millennial timescales, but burial
of fossil OC does not (Leithold et al., 2016 and references
therein). On the contrary, degradation of all three OC age
fractions releases CO2 to the ocean–atmosphere system
(Blair and Aller, 2012; Leithold et al., 2016). Understanding
the role of sediment OC burial in regulating atmospheric
CO2 over time requires a better knowledge of the OC com-
position and ages from different geographic areas, particu-
larly marginal seas where 80% of marine OC is buried
(Burdige, 2005).

Shallow and broad marginal seas represent important
mixing zones between land and ocean where vast quantities
of terrestrial and in situ-produced marine OC are recycled
and buried. Numerous studies have shown that OC in sur-
face sediments from global marginal seas (including the
Chinese marginal seas) spans a wide range of radiocarbon
ages, from modern to 104 yr (Griffith et al., 2010 and refer-
ences therein; Bao et al., 2016). Radiocarbon ages of OC
(14Corg ages) deposited from the last glacial maximum to
late Holocene are older than 14C ages of co-deposited
planktonic foraminifera by hundreds to thousands of years
on and adjacent to continental margins in the Pacific Ocean
including the South China Sea (Mollenhauer et al., 2005),
the Southern Chile slope (Mollenhauer et al., 2005), the
Okinawa Trough (Kao et al., 2008), and the Waipaoa River
estuary in New Zealand (Leithold et al., 2013); in the Atlan-
tic Ocean including the Namibian margin (Mollenhauer
et al., 2005), Congo River basin (Schefuß et al., 2016), Ibe-
rian margin (Ausı́n et al., 2019), and Bermuda Rise
(Ohkouchi et al., 2002); and in the Ganges-Brahmaputra
delta of the Indian Ocean (Hein et al., 2020). These spa-
tiotemporal age offsets were explained by changes in the rel-
ative proportion of autochthonous OC (i.e., in situ marine
production) and terrestrial inputs of pre-aged and fossil
OC. More recently the additional role of apparent OC
aging during hydrodynamic processes has been identified
as being important in causing high 14C ages of OC relative
to coeval surface sediments (Mollenhauer et al., 2007; Bao
et al., 2018a; Bröder et al., 2018; Wei et al., 2020).

The East China Sea (ECS) accounts for less than 0.2% of
the world’s ocean area but its OC burial flux (7.4 Tg C yr�1)
accounts for more than 4% of the global total (160 Tg C
yr�1) (Burdige, 2005; Jiao et al., 2018). It receives large
quantities of terrestrial material from the Huanghe (Yellow
River) and Changjiang (Yangtze River) (Milliman et al.,
1985; Liu et al., 2003; Li et al., 2012; Hu et al., 2014;
Dou et al., 2015) and has been shown to have OC in surface
sediments characterized by 14Corg ages ranging between
1605–2750 yr in the Southwestern Cheju Island Mud
(SWCIM, see yellow area in Fig. 1) of the ECS to
16,400 yr north of Taiwan (Wu et al., 2013; Bao et al.,
2016). This implies a substantial proportion of pre-aged
or fossil OC is incorporated into ECS sediments. By using
a mixing model constrained by the d13C and D14C values
of bulk OC, Bao et al. (2018b) concluded that variations
of terrestrial and marine sources could not fully explain
the old 14Corg ages and proposed that hydrodynamic pro-
cesses such as repeated deposition-resuspension loops dur-
ing lateral transport and preferential removal of labile OC
likely played a role. This hydrodynamic aging process has
been proposed to occur in other continental margin settings
such as the Yellow Sea (Bao et al., 2018a), South China Sea
(Wei et al., 2020), Washington margin (Bao et al., 2018a),
East Siberian Arctic shelf (Bröder et al., 2018), and Namib-
ian margin (Mollenhauer et al., 2007).

Lipid biomarker records from the ECS indicate signifi-
cant changes in the relative proportion of terrestrial and
marine OC since the last deglaciation (Yuan et al., 2013;
Wang et al., 2019) that would be expected to cause varia-
tions in 14Corg ages, but as of yet such changes have not
been documented. Southeast of the ECS in the southern
Okinawa Trough, Kao et al. (2008) reported 14Corg ages
during the last glacial maximum (LGM) that were 2660 yr
older than co-deposited planktonic foraminifera, and the
age offset increased to 7390 yr in the mid-Holocene. They
concluded that this temporal change resulted from an
enhanced supply of fossil OC associated with sea level rise.
Other studies have shown that pre-aged OC deposited in
the ECS shelf gets laterally advected into the Okinawa
Trough (Honda et al., 2000), resulting in hydrodynamic
aging of OC (Bao et al., 2019b). The Okinawa Trough 14-
Corg ages since the LGM reported by Kao et al. (2008)
are therefore likely to include the imprint of the hydrody-
namic aging process.

In this study, the d13C and D14C values of bulk OC and
the sedimentary contents of a suite of lipid biomarkers were
measured in three sediment cores from the SWCIM of the
central ECS spanning the past 14.3 kyr in an effort to quan-
tify and understand temporal variations of 14Corg ages and
composition during the glacial-interglacial transition.
Results of this study provide insights into the processes
controlling OC burial in Chinese marginal seas and other
similar depositional settings, with implications for global
carbon cycling and atmospheric CO2 levels.

2. MATERIAL AND METHOD

2.1. Study area

The ECS is one of the largest marginal seas in the west-
ern North Pacific Ocean with the Eurasian continent to the



Fig. 1. Locations of F10B, F11A cores ( ) and surface sediment sites referred in this study. The yellow area represents Southwestern Cheju
Island Mud (SWCIM) redrawn from Li et al. (2014). The �50 m and �75 m isobaths are shown by the dashed red lines. Sites of surface
sediments in the SWCIM ( ) are from Bao et al. (2016). Stars ( and ) represent river hydrological stations mentioned in this study. The
currents include: KC, Kuroshio Current; YSWC, Yellow Sea Warm Current; YSCC, Yellow Sea Coastal Current; TSWC, Tsushima Warm
Current; ZFCC, Zhejiang-Fujian Coastal Current; TWC, Taiwan Warm Current.
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west and the Okinawa and Ryukyu Islands to the east. It is
characterized by a broad continental shelf that receives vast
quantities of detritus from the large Changjiang and
Huanghe, and smaller rivers in Taiwan and the Korean
Peninsula (Li et al., 2012). Both coastal and tidal currents
control sediment transport and deposition (Bian et al.,
2013). Today (and during the mid-late Holocene) tidal-
current intensity is relatively weak in regions to the south-
west of Cheju Island and below the threshold for initiating
movement of fine-particles (Uehara and Saito, 2003). Fine
grained sediments from the Changjiang and Huanghe are
instead dispersed by coastal and off-shore currents and
deposited in the >10,000 km2 central ECS region referred
to as the SWCIM; 30.87�N � 32.15�N, 125.07�
E � 127.05�E) (Li et al., 2014). Continuous sediment depo-
sition has occurred in the SWCIM since at least 14 kyr ago
(Hu et al., 2014; Kim and Lim, 2014; Wang et al., 2019),
with mostly fine-grained muds deposited since 7–8 kyr
ago (Kim and Lim, 2014; Li et al., 2014). Today, the
SWCIM is considered the distal end of the Huanghe disper-
sal system, with Huanghe-derived sediment transported to
the SWCIM by China coastal currents (DeMaster et al.,
1985; Alexander et al., 1991; Yuan et al., 2008). Sediments
from the Changjiang tend to be deposited on the inner shelf
and transported south by the Zhejiang-Fujian Coastal Cur-
rent (ZFCC in Fig. 1) (Yang et al., 2016 and references
therein). The marine transgression during the deglacial
and early Holocene caused westward movements of
paleo-river estuaries (Li et al., 2014) that fundamentally
altered the amount and character of terrestrial OC entering
the ECS and the associated sediment transport pathways
(Yuan et al., 2013; Hu et al., 2014; Dou et al., 2015). For
example, sedimentologic and mineralogic studies indicate
that the majority of sediments delivered to the SWCIM
were from the Huanghe during the mid-late Holocene
(Yuan et al., 2008; Zhou et al., 2014; Dou et al., 2015;
Yang et al., 2016), whereas increased contribution from
the Changjiang (Dou et al., 2015) or paleo-coastal erosion
(Hu et al., 2014) occurred during the transgression. There-
fore, sediment cores in the SWCIM provide good archives
to investigate the responses of OC sources and ages to sea
level change.

2.2. Sediment cores and age model

Gravity cores B2B (249 cm length; water depth 61 m;
125.75�E, 31.75�N), F10B (141 cm length; water depth
79 m; 31.73�N, 126.12�E) and F11A (206 cm length; water
depth: 93 m; 31.88�N, 126.35�E) were recovered in 2011
by the R/V Dongfanghong II (see Fig. 1 for core sites) from
the west, middle and east of the SWCIM. The age models
for three cores are based on AMS 14C data of mixed benthic
foraminifera, in which the foraminiferal AMS 14C data for
cores F10B and F11A haven been reported by Xing et al.
(2013) and Yuan et al. (2018), respectively. For core B2B,
new foraminiferal AMS 14C data have been obtained



Table 1
The AMS 14C ages and calendar ages of core B2B.

Depth (cm) Dating material AMS 14C
Fm

AMS 14C age
(yr BP)

Calendar age (cal yr BP) 2r error range
(cal yr BP)

42–44 Mixed benthic foraminifera 0.8802 ± 0.0022 1025 ± 20 701 636–782
82–84 Mixed benthic foraminifera 0.8292 ± 0.0021 1505 ± 20 1200 1092–1279
122–124 Mixed benthic foraminifera 0.7983 ± 0.0020 1810 ± 20 1486 1376–1593
162–164 Mixed benthic foraminifera 0.7738 ± 0.0019 2060 ± 20 1784 1676–1892
202–204 Mixed benthic foraminifera 0.7454 ± 0.0019 2360 ± 20 2152 2030–2288
240–244 Mixed benthic foraminifera 0.7137 ± 0.0022 2710 ± 25 2601 2450–2719

Notes: Fm is d13C-normalized fraction modern.

Fig. 2. Radiocarbon ages of benthic foraminifera and TOC. Age-depth plots based on sediment AMS 14C calendar ages (black solid dots) for
cores (a) F10B, (b) F11A, and (c) B2B cores. Linear sediment accumulation rates are indicated in each panel. Error bars denote the two sigma
(2r) uncertainty of the 14C calendar ages, and gray lines refer to the 2r age uncertainty derived from the Bayesian statistical age modeling
software Bacon. (d) A plot of 14Corg ages versus sediment 14C ages. Sediment 14C age was calculated by interpolation between benthic
foraminiferal 14C age points using the Bayesian age-depth model.
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(Table 1). We refer to the Appendix A for a detailed discus-
sion of the age model for core F10B. By using Marine13 in
the CALIB 7.1 program (Reimer et al., 2013), AMS 14C
ages were calibrated to calendar ages (BP, relative to 1950
CE; black solid rectangles in Fig. 2a-2c) with a regional
marine reservoir age correction (DR = �128 ± 35 yr)
(Zhong et al., 2018). Age models for samples of the three
cores were established using the Bacon software (version
2.3.4; Blaauw and Christen, 2011). Core F10B (0–141 cm)
spans the period 0.3–14.3 kyr BP (Fig. 2a), core F11A (0–
206 cm) spans the period 0.1–4.6 kyr BP (Fig. 2b) and core
B2B (0–249 cm) spans the period 0.3–2.6 kyr BP (Fig. 2c).
As shown in Fig. 2, the three cores have linear sedimenta-
tion rates that differ by 1 to 2 orders of magnitude. Com-
posite results from the three cores were therefore
considered most representative of OC radiocarbon age
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changes in the SWCIM, especially during the mid-late
Holocene.

2.3. Analyses of organic carbon content and its isotope

composition

Sediment samples were taken at 1–4.5 cm intervals
between 3 cm and 137 cm in core F10B (75 samples) and
at 1 to 2 cm intervals between 0 cm and 206 cm in core
F11A (104 samples) and at five depths of 0–1 cm, 26–
27 cm, 66–67 cm, 186–187 cm and 248–249 cm in core
B2B. For TOC and d13C analyses, sediments were then
freeze dried and carbonate was removed by adding 4 N
HCl. Sediments were subsequently rinsed with Milli-Q
water repeatedly until a pH of 7 was reached, then cen-
trifuged to remove water and oven-dried at 50 �C. Approx-
imately 5–30 mg of the dried, decarbonated sediment was
placed in a ceramic boat and analyzed for TOC content
with an Elemental Analyzer FLASH 2000 at Ocean Univer-
sity of China with a standard deviation of ± 0.02 wt%
(n = 6), determined by replicate analysis of atropine
(Thermo Fisher Scientific, Netherlands) and a low organic
content soil (Elemental Microanalysis Ltd., UK). Another
aliquot of 5–30 mg of the dried sample was placed in a cera-
mic boat and analyzed for TOC d13C on EA-IRMS
(FLASH EA 1112 series coupled with Thermo Fisher Delta
V isotopic ratio mass spectrometer) at Ocean University of
China. Measured d13C values were calibrated against car-
bon isotope standards USGS 40 (d13C = �26.39‰ vs.
Vienna Pee Dee Belemnite, VPDB), IAEA 600
(d13C = �27.77‰ vs. VPDB) and IAEA-CH3
(d13C = �24.72‰ vs. VPDB) and a laboratory working
standard (d13C = �23.8‰ vs. VPDB). The d13C measure-
ment standard deviation is less than ±0.1‰ (n = 6) deter-
mined by replicate analyses of USGS 40, IAEA 600 and a
laboratory working standard.

Fifteen samples from core F10B, seven samples from
core F11A and five samples from core B2B were analyzed
for TOC 14C at the National Ocean Sciences Accelerator
Mass Spectrometry Facility (NOSAMS) at the Woods Hole
Oceanographic Institution (McNichol et al., 1994; Pearson
et al., 1997). Prior to AMS analysis, fumigation was carried
out for sediments in the presence of HCl (37%, 72 hr) to
remove carbonate, and excess HCl was removed by drying
over NaOH pellets (72 hr) in a desiccator at 60 �C. The
radiocarbon content of TOC was reported as fraction mod-
ern (Fm, Table 2). The initial radiocarbon content (D14Cini-

tial) at the time of sediment deposition was calculated from
the measured Fm using the equation by Schefuß et al.
(2016):

D14Cinitial ¼ ðFm� ekt � 1Þ � 1000R ð1Þ
where Fm is the measured fraction modern of the sample, k
is the radiocarbon decay constant (1/8267 yr�1), and t is
time since deposition in years constrained by calibrated
benthic foraminifera ages. Considering the variation of
atmospheric radiocarbon content (D14Catm) and assuming
the shallow ECS was well mixed and equilibrated with
CO2 in the atmosphere, the apparent initial radiocarbon
ages of TOC (TOC-AIR) at the time of sediment deposition
and DD14Corg (i.e., the offset between initial radiocarbon
contents of OC, i.e., D14Cinitial, and that of the past atmo-
sphere, i.e., D14Catm) are calculated using the following
equations:

AIR ¼�8033� ln½ð1þD14Cinitial=1000Þ=ð1 þD14Catm=1000Þ�
ð2Þ

DD14Corg ¼ D14Cinitial � D14Catm ð3Þ
where D14Cinitial is the initial radiocarbon content of OC
calculated using equation (1) and D14Catm (from the Int-
cal13 Northern Hemisphere atmospheric data) is the atmo-
spheric radiocarbon content at the time of sediment
deposition (Reimer et al., 2013).

2.4. Analyses of glycerol dibiphytanyl glycerol tetraethers

(GDGTs)

GDGTs were extracted from sediment according to pro-
cedures described by Xing et al. (2013). Briefly, 2–5 g freeze-
dried samples were ultrasonically extracted 4 times with a
mixture of methanol and dichloromethane (v/v = 1:3) after
adding 0.5 lg C46 GDGT as an internal standard. The
extracts were hydrolyzed in a 6% KOH-methanol solution
at room temperature for 12 hr before neutral components
were extracted with n-hexane. Then, the neutral compo-
nents were further separated into apolar and polar fractions
(containing GDGTs) through activated silica gel chro-
matography using n-hexane and dichloromethane/metha-
nol (v/v = 95:5) as eluents, respectively. The polar
fraction was filtered through a PTFE membrane
(0.45 lm) before injecting into an HPLC-MSMS (Agilent
1200/Waters Micromass-Quattro UltimaTM Pt) according
to procedures in Li et al. (2013). Semi-quantification of
GDGTs was performed by comparing individual peak
areas to that of the C46 GDGT internal standard. Duplicate
measurements resulted in a precision better than 10%.

2.5. Analyses of mineral-specific surface area (SA)

About 1 g freeze-dried samples were heated at 350 �C for
12 hr to remove organic matter (Mayer, 1994). Then,
mineral-specific SA was measured by a 5-point BET
method using NOVA 4000 SA analyzer (Quantachrome
Instrument) at Ocean University of China.

3. RESULTS

3.1. Organic carbon and GDGT content

The TOC content of sediments in core F11A was
between 0.46% and 0.87% (wt) (Fig. 3a, blue). It increased
gradually from ca. 0.55% at 4.6 kyr BP to ca. 0.76% at 3.0
kyr BP, before decreasing gradually to 0.60% at 1.2 kyr BP,
and finally rising rapidly to 0.87% at 0.4 kyr BP. Five TOC
values in core B2B varied within a narrow range of 0.56%�
0.76% (Fig. 3a, green). TOC content in core F10B varied
between 0.13% and 0.77%. It was relatively low from
14.0 � 5.8 kyr BP (Fig. 3a, red), then increased gradually
from 0.31% at 5.6 kyr BP to 0.77% at 0.8 kyr BP. Within



Table 2
Carbon isotopes and radiocarbon ages for total organic carbon (TOC) samples in core F11A, B2B and F10B.

Sediment TOC

core Depth
(cm)

Calibration age
(yr 1950 BP)

Fm D14Cinitial

(‰)

14C age
(yr)

DD14Corg

(‰)
AIR
(yr)

d13C
(‰)

F11A 0–1 130 ± 137 0.7213 ± 0.0015 �267 ± 12 2624 ± 17 �264 ± 12 2476 ± 134 �21.1
8–9 275 ± 130 0.6828 ± 0.0013 �294 ± 11 3065 ± 15 �300 ± 11 2847 ± 127 �21.0
24–25 567 ± 102 0.5075 ± 0.0042 �456 ± 8 5448 ± 66 �454 ± 8 4877 ± 120 �20.9
48–49 1021 ± 114 0.5743 ± 0.0013 �350 ± 9 4455 ± 18 �334 ± 9 3331 ± 113 �21.1
112–113 2066 ± 92 0.5016 ± 0.0012 �356 ± 7 5542 ± 19 �346 ± 7 3451 ± 92 �21.1
170–171 3480 ± 129 0.4768 ± 0.0012 �274 ± 11 5950 ± 20 �289 ± 12 2690 ± 127 �21.1
205–206 4597 ± 104 0.4237 ± 0.0019 �261 ± 10 6898 ± 36 �303 ± 10 2763 ± 108 �21.3

B2B 0–1 322 ± 252 0.6448 ± 0.0015 �330 ± 21 3525 ± 19 �328 ± 20 3196 ± 245 �21.3
26–27 570 ± 184 0.5916 ± 0.0012 �366 ± 14 4217 ± 16 �355 ± 14 3572 ± 179 �21.3
66–67 983 ± 139 0.5574 ± 0.0015 �372 ± 11 4695 ± 22 �354 ± 11 3588 ± 137 �21.3
186–187 2021 ± 136 0.5154 ± 0.0014 �342 ± 11 5324 ± 22 �328 ± 11 3248 ± 135 �21.4
248–249 2633 ± 171 0.4495 ± 0.0014 �382 ± 13 6423 ± 25 �391 ± 13 3935 ± 168 �21.5

F10B 3–4 483 ± 286 0.7093 ± 0.0015 �248 ± 26 2759 ± 17 �245 ± 26 2262 ± 279 �21.4
28–29 1863 ± 158 0.5708 ± 0.0014 �284 ± 14 4504 ± 20 �275 ± 14 2616 ± 155 �21.0
43–44 3171 ± 432 0.4382 ± 0.0015 �357 ± 34 6628 ± 27 �368 ± 34 3633 ± 421 �21.6
44–52 3642 ± 467 0.4545 ± 0.0014 �294 ± 40 6334 ± 25 �313 ± 40 2944 ± 454 �21.5
61–62 5058 ± 349 0.4208 ± 0.0010 �224 ± 33 6953 ± 19 �279 ± 33 2471 ± 340 �21.4
78–79 6452 ± 283 0.3069 ± 0.0010 �330 ± 23 9489 ± 26 �405 ± 23 3801 ± 276 �21.7
93–94 7431 ± 288 0.2818 ± 0.0013 �308 ± 24 10174 ± 37 �394 ± 24 3622 ± 282 �21.2
99–106 8113 ± 76 0.2390 ± 0.0008 �362 ± 6 11498 ± 27 �432 ± 7 4154 ± 82 –22.8
106–107 8635 ± 284 0.2912 ± 0.0009 �172 ± 29 9911 ± 25 �237 ± 29 2019 ± 277 –23.9
109–110 9188 ± 639 0.2184 ± 0.0012 �336 ± 51 12222 ± 44 �421 ± 51 3947 ± 623 �21.9
112–113 9696 ± 695 0.1832 ± 0.0012 �408 ± 50 13633 ± 53 �494 ± 50 4874 ± 677 –22.6
115–116 10195 ± 801 0.1603 ± 0.0009 �450 ± 53 14706 ± 45 �576 ± 53 5755 ± 779 –23.0
126–127 12044 ± 715 0.1331 ± 0.0008 �429 ± 50 16200 ± 48 �621 ± 50 5911 ± 696 –23.3
136–137 13742 ± 194 0.1173 ± 0.0007 �382 ± 15 17215 ± 48 �578 ± 16 5301 ± 200 �24.0
137–141 14103 ± 153 0.1236 ± 0.0007 �319 ± 13 16795 ± 45 �524 ± 15 4586 ± 161 �24.1

Notes: Number to right of ± is 1r uncertainty. AIR is the apparent initial radiocarbon age. D14Cinitial is decay corrected radiocarbon content.
DD14Corg = D14Cinitial � D14Catm.
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the period of overlap (4.6–0.5 kyr BP) average TOC values
were a factor of 1.3 higher in core F11A compared to core
F10B.

The crenarchaeol content of core F10B was between 25
and 1178 ng g�1, displaying a gradual increase from 14.3 to
2.2 kyr BP (Fig. 3c, red) and a rapid increase from 2.0 to 0.3
kyr BP. The branched GDGT content decreased gradually
from 120 ng g�1 at 14.3 kyr BP to 15 ng g�1 at 5.5 kyr BP,
and then increased slightly until 0.3 kyr BP (Fig. 3d, red). In
core F11A, crenarchaeol and branched GDGT contents
varied between 51–1,558 ng g�1 and 3–56 ng g�1, respec-
tively, both showing a gradual increase from ca. 1.0 kyr
BP towards present (Fig. 3c, 3d; blue). Average crenar-
chaeol and branched GDGT contents during the period
of overlap (4.6–0.3 kyr BP) in core F11A were a factor of
1.3 and 1.1 higher, respectively, compared to core F10B.

3.2. Radiocarbon isotope and age of total organic carbon

Down-core 14Corg ages (BP, relative to 1950 CE) were
consistently higher than sediment ages constrained by ben-
thic foraminiferal 14C values (Fig. 2d; Table 2). In core
B2B, TOC-AIR varied in a narrow range of 3200–3935 yr
(Fig. 4a, green; Table 2). In core F11A, TOC-AIR varied
in a relatively narrow range of 2475–3450 yr with one high
value (4880 ± 120 yr) at 0.6 kyr BP (Fig. 4a, blue; Table 2).
TOC-AIR in core F10B was more variable with values
between 2020–5910 yr and a gradually decreasing trend
since 10.1 kyr BP (Fig. 4a, red; Table 2). Relatively large
uncertainties of 80–780 yr in the TOC-AIR values result
from the need to interpolate between sediment age control
points to determine sediment age (Fig. 4a, Table 2), since
14C measurements were not performed on benthic foramini-
fera and TOC in the same samples.

3.3. Stable carbon isotopes of total organic carbon

TOC-d13C values in core F11A varied within a narrow
range between �21.4‰ and �20.9‰, with slightly higher
values over the last 1.0 kyr (Fig. 4d, blue). Five TOC-
d13C values in core B2B varied within a narrow range of
�21.5‰ and �21.3‰ (Fig. 4d, green). TOC-d13C values
in core F10B varied in a larger range between �24.3‰
and �20.9‰ (Fig. 4d, red), with lower values of –23.3‰
to �24.3‰ from 14.0 � 10.6 kyr BP followed by a rapid
increase to �21.7‰ to �20.9‰ from 7.8 � 0.5 kyr BP.



Fig. 3. Contents of TOC and biomarkers in cores F11A (in blue), B2B (in green) and F10B (in red). (a) Contents of TOC (this study). (b)
Content of R(A + B + D), i.e., sum of C37 alkenones, brassicasterol and dinosterol, of core F10B (Yuan et al., 2013) and core F11A (Wang
et al., 2019). (c) Contents of crenarchaeol (this study). (d) Contents of branched GDGTs (this study). (e) BIT values of cores F10B (Yuan
et al., 2013) and F11A (this study). (f) Mineral-specific surface area (SA) of core F10B (this study).
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During the period of overlap (4.6–0.5 kyr BP) TOC-d13C
values were similar in cores F10B and F11A, except at 3.2
kyr BP and 3.6 kyr BP when values in core F10B
were � 0.4‰ depleted relative to core F11A.

3.4. Mineral-specific SA

Mineral-specific SA varied in a range between 7.4 and
21.2 m2 g�1, displaying relatively low values of 7.4 to
15.1 m2 g�1 from 13.7 � 8.6 kyr BP followed by a gradual
increase to 21.2 m2 g�1 at 1.0 kyr BP (Fig. 3f).

4. DISCUSSION

4.1. Rising sea levels led to organic carbon source variations

Continental shelf sediments contain a mixture of OC
from terrestrial and marine sources. The slightly decreasing
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trend of TOC from ca. 14 to 8 kyr BP (Fig. 3a) could be
attributed to a decrease of terrestrial OC input, as implied
by decreasing branched GDGTs (Fig. 3d), at a time when
marine OC, estimated from the sum of phytoplankton
biomarkers R(A + B + D) (Yuan et al., 2013; Wang et al,
2019), slightly increased (Fig. 3b). Conversely, the TOC
increase from ca. 7.8 to 2.1 kyr BP and from 1.3 to 0.1
kyr BP (Fig. 3a) was most likely caused by increasing mar-
ine OC input (Fig. 3b) at a time when terrestrial OC deliv-
ery was relatively constant (Fig. 3d).

More quantitative estimates of terrestrial OC delivery to
the SWCIM can be made with a two-endmember mixing
model using TOC-d13C values (Tao et al., 2015; Li et al.,
2018; Wu et al., 2018; Yu et al., 2019). The calculations
were written as follows:

d13C = d13Cterrestrial � f terrestrial + d13Cmarine � fmarine, ð4Þ
f terrestrial + fmarine = 1 ð5Þ

Today, the Huanghe and Changjiang provide more than
90% of the sediments to the SWCIM in the central ECS
(Yuan et al., 2008; Li et al., 2012; Zhou et al., 2014; Dou
et al., 2015; Yang et al., 2016; Qiao et al., 2017), and the
majority of terrestrial OC in the SWCIM is similarly
sourced from these two large rivers (Wu et al., 2013; Bao
et al., 2018b; Jiao et al., 2018). In addition, Van der
Voort et al. (2018) used a numerical clustering algorithm
based on bulk OC content and D14C to conclude that OC
in SWCIM surface sediments were primarily derived from
the Huanghe rather than the Changjiang or other small riv-
ers. By the mid-late Holocene the modern current system in
the Chinese marginal seas had been established (Li et al.,
2014; Gao et al., 2016). Sedimentological evidence implies
that Changjiang-derived sediment deposition was limited
to west of 124�E (Yang et al., 2016 and references therein),
and that sediment delivered to the SWCIM was mainly
from the Huanghe (Yuan et al., 2008; Zhou et al., 2014;
Dou et al., 2015; Yang et al., 2016). The Huanghe d13Corg

endmember of �24.0 ± 0.4‰ was constrained by the d13C
values of particulate organic carbon (POC) samples col-
lected at the Kenli (37.68�N, 118.52�E; n = 18) hydro-
graphic station (Fig. 1) (Tao et al., 2015; Yu et al., 2019).
The Changjiang d13Corg endmember of �25.6 ± 0.3‰ was
estimated from POC samples collected at Xuliujing
(31.46�N, 120.55�E; n = 4) and Jiangyin (31.52�N, 120.32�
E; n = 1) hydrographic stations (Fig. 1) (Wu et al., 2018).
3

Fig. 4. Comparison of paleo-records from cores B2B (in green), F10B (in
(a) Apparent initial radiocarbon age of TOC, i.e., TOC-AIR (this study
binary mixing model (this study). (c) DAIROC (difference between TOC-A
and grey bars in the left represent published hydrodynamic-process-induc
2020), Yellow Sea (Bao et al., 2018a), ECS (Bao et al., 2019a), and the Si
(this study). (e) Terrestrial OC contributions, fTerrestrial, calculated using H
respectively, and their associated 1r uncertainty (shaded regions) (this stu
area (i.e., OCterrestrial/SA) in core F10B (this study). Terrestrial contents w
Changjiang (black) endmembers, respectively. The dashed horizontal line
et al., 2020). (g) BIT values from cores F10B (Yuan et al., 2013) and F
Chinese marginal seas (Zong, 2004; Lambeck et al., 2014) and the black s
Error bars in (a), (b), (c) and (f) correspond to propagated 1r error bas
The marine OC endmember d13C value of �20.8 ± 0.8‰
is based on the global average for phytoplankton (Hedges
et al., 1997; Blair and Aller, 2012). This value is consistent
with an average d13C value of �20.9 ± 0.5‰ for marine
biota in the Chinese marginal seas, including jellyfish,
Labidocera, plankton and benthos (Cai, 1994), as well as
with compiled marine OC-d13C endmember values of
�20‰ to �21‰ in the marginal seas of China (Zhang
et al., 2020). Because a two-endmember mixing model can-
not be used to distinguish Huanghe and Changjiang contri-
butions, we estimated terrestrial OC contributions
(fterrestrial) based on the extreme case of OC being sourced
from each river separately. If all terrestrial OC was of
Huanghe origin, the d13C-based mixing model yields
fterrestrial averaging 96.1 ± 13.4% from 14 � 10 kyr BP and
11.4 ± 4.7% during the last 7.8 kyr (Fig. 4e, purple). If all
terrestrial OC was sourced from the Changjiang, the
d13C-based mixing model yields fterrestrial averaging 62.8
± 8.8% from 14 � 10 kyr BP and 7.6 ± 3.1% during the last
7.8 kyr (Fig. 4e, black). In either case (and any intermediate
circumstance) d13Corg values imply that sedimentary OC
was mainly composed of terrestrial OC from 14 � 10 kyr
BP and marine OC from 7.8 � 0.1 kyr BP.

Decreasing terrestrial OC contributions during the
transgression period are supported by BIT (Branched and
Isoprenoid Tetraether) index values (Fig. 3e, 4g). The BIT
index has been widely used to estimate terrestrial (mostly
soil) OC in marine sediments (Hopmans et al., 2004),
although there are minor contributions of branched
GDGTs from marine production (Zhu et al., 2011; Fietz
et al., 2012). Overall, BIT index values (Fig. 4g) vary inver-
sely with d13Corg values (Fig. 4d) and covary with the
fterrestrial values (Fig. 4e) thus derived. Based on these inde-
pendent methods of estimating terrestrial OC contributions
to marine sediments, it is clear that terrestrial OC contribu-
tions to SWCIM sediments were highest near 14.0 kyr BP
and decreased precipitously until �9 kyr BP, with very
low values since 7.8 kyr BP (Fig. 3e, 4e). The BIT and
TOC-d13C-derived terrestrial OC contributions in the
SWCIM changed in concert with global sea level (compare
Fig. 4h with Fig. 4d–g), suggesting that sea level, which dic-
tates the distance between the coastline and our sediment
core sites, is an important mechanism controlling the con-
tribution of terrestrial OC to the SWCIM. For instance,
sea level was ca. 75 m to 50 m lower than present from 14
to 11 kyr BP (Fig. 4h) during which time the coastline
red) and F11A (in blue) with sea level changes over the last 14.3 kyr.
). (b) Expected radiocarbon ages of OC (TOC-AIRmix) based on a
IR and calculated TOC-AIRmix) (this study). Purple, green, orange
ed lateral transport times of OC in the South China Sea (Wei et al.,
berian-Arctic shelf (Bröder et al., 2018), respectively. (d) TOC-d13C
uanghe (HH, purple) and Changjiang (CJ, black) d13C endmembers,
dy). (f) Normalized terrestrial OC content to mineral-specific surface
ere calculated using fterrestrial derived from the Huanghe (purple) and
represents average OC/SA in contemporary Huanghe particles (Hou
11A (this study). (h) Rectangles represent sea level records in the
olid line represents the global sea level curve (Lambeck et al., 2014).
ed on measurement and endmember uncertainties.
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was much closer to site F10B (dashed red lines in Fig. 1),
providing a more direct conduit for continental OC to
our core locations. By ca. 7.8 kyr BP, sea level had
approached modern values (Fig. 4h), increasing the dis-
tance between the coast and our core sites (Fig. 1), and
likely diminishing the flux of terrestrial OC (Fig. 5b, 5c).

4.2. Elevated 14Corg ages in three cores

The 14C age of TOC from the top (0–1 cm) of cores
F11A and B2B were 2625 ± 20 yr and 3525 ± 20 yr, respec-
tively (Table 2), with the former within and the latter higher
than the published range of 1605 to 2755 yr (2225 ± 310 yr
on average, n = 13) for surface sediments (blue dots in
Fig. 1) from the SWCIM in the ECS (Bao et al., 2016).
Radiocarbon ages of TOC in cores B2B, F10B and F11A
exceeded atmospheric 14C ages (expressed as TOC-AIR)
by 2000–6000 years throughout the past 14.1 kyr, with the
largest offsets occurring during the marine transgression
period (Fig. 4a). This could have occurred through
increased inputs of pre-aged or fossil carbon to the ECS
from continents, hydrodynamic process induced OC aging
within the ECS, or some combination of the two. Consider-
ing � 7.8 kyr BP marked the distinct temporal changes of
regional sea level in China’s marginal seas (Fig. 4h), the
ensuing discussion of mechanisms controlling TOC-AIR
variations were separated into the mid-late Holocene (ca.
7.8 to 0 kyr BP) when sea level was high and stable, and
the modern tidal-current systems prevailed (Uehara and
Saito, 2003), and the marine transgression stage (14.1–7.8
kyr BP) during which time the distance between the sedi-
ment core sites and the coastline gradually increased.

4.3. Processes contributing to elevated 14Corg ages during the

mid-late Holocene
4.3.1. Mixing of OC sources and TOC radiocarbon age

variations

A plot of D14C versus d13C (Fig. 6) can help constrain
the sources of OC in the SWCIM using the contemporary
endmembers because large differences exist in both the
D14C and d13C values of OC produced in situ and delivered
by the two large rivers (Huanghe and Changjiang) draining
into that basin (Blair et al., 2003; Tao et al., 2015; Yu et al.,
2019). The parameter DD14Corg plotted in Fig. 6 accounts
for the changing 14C activity of the atmosphere (D14Catm)
during the last 14.1 kyr (Schefuß et al., 2016). As shown
in Fig. 6, no mixing scenario between the three OC sources
(Huanghe, Changjiang, and marine) can reproduce the
DD14Corg and d13C values of TOC in cores B2B, F10B
and F11A using the modern endmember values. Because
the TOC-d13C values fall within the �26 to �20‰ range
encompassed by the rivers and in situ (marine) production,
it is the low DD14Corg values in the core sediments that
require further explanation (Fig. 6).

One possibility is that the 14C age of river-derived OC
changed over time and was older throughout the mid-late
Holocene than it is today. If all terrestrial OC in our sedi-
ment cores derived from the Changjiang, it would require
that the majority of that OC must have been 14C-dead
and have had a d13C value far higher than the modern river
value (Fig. 6). Because such old 14Corg ages have not been
observed in the lower reaches of large tropical or temperate
rivers (Marwick et al., 2015 and references therein) we
regard this as an unlikely possibility for the Changjiang
and conclude, as prior studies do (Yuan et al., 2008;
Zhou et al., 2014; Dou et al., 2015; Yang et al., 2016), that
the majority of terrigenous sediment delivered to the central
ECS during the mid-late Holocene was from the Huanghe.
If the Huanghe supplied all of the terrestrial OC in our sed-
iment cores, a significant proportion of that OC would have
had to be 14C-dead and characterized by a d13C value
higher than the modern river value to account for the sed-
iment core D14C values (Fig. 6). Yet observations indicate
that the majority (53–57%) of POC from the modern
Huanghe estuary is pre-aged (Tao et al., 2015), with POC
D14Corg values varying from �304‰ to �451‰ (Tao
et al., 2015; Yu et al., 2019) and only small spatial and tem-
poral variations. Furthermore, the D14C value of short-
chain (C16, C18) fatty acids from Huanghe suspended parti-
cles, which represent the modern OC owing to their lability
in the environment, was 2 ± 35‰ (Tao et al., 2016), imply-
ing that bomb-14C does not bias modern riverine POC
toward younger D14C values. Taken together the evidence
suggests that significant changes of Huanghe POC 14C ages
were unlikely during the mid-late Holocene.

Several studies have also shown that aerosols can deliver
large amounts of fossil (i.e., 14C-dead) OC, particularly in
the form of black carbon, to the contemporary Chinese
marginal seas (Fang et al., 2015; Yu et al., 2018). However,
even without any contribution of pre-aged terrestrial OC,
the mid-late Holocene samples would require a mixture of
almost 35% fossil OC with ca. 65% of marine OC to balance
the D14C values (Fig. 6). This would be at odds with results
from carbon isotope analyses on lipid biomarkers and
ramped pyrolysis analyses that indicate the majority of ter-
restrial OC in surface sediments from the Yellow Sea and
ECS is pre-aged OC derived from rivers (Tao et al., 2016;
Bao et al., 2019). Furthermore, the measured D14C values
of POC in the Changjiang and Huanghe would have
already incorporated the fossil carbon, making an addi-
tional contribution of this material unnecessary to produce
the low DD14Corg values in cores B2B, F10B and F11A
(Fig. 6). We thus suggest that increased fossil OC contribu-
tion was not the most important process causing DD14Corg

that are lower than those possible from by mixing river-
derived and marine OC.

4.3.2. Hydrodynamic aging of TOC

As previously proposed for surface sediments from the
Chinese marginal seas (Bao et al., 2016; 2018b), we propose
that the most likely mechanisms causing elevated 14Corg

ages of ECS sediments deposited over the last 7.8 kyr are
the mixing of pre-aged terrestrial OC from the Huanghe
with in situ-produced marine OC, coupled with aging dur-
ing hydrodynamic processes on the shelf prior to sediment
burial. Hydrodynamic process aging of OC has been
demonstrated by several studies of surface sediments in
the Chinese marginal seas and elsewhere (Bao et al.,



Fig. 5. Comparison of terrestrial OC records with sea level changes over the last 14.3 kyr. (a) Apparent initial radiocarbon age of TOC (i.e.,
TOC-AIR) in core F10B (this study). (b) Mass accumulation rate of terrestrial OC in core F10B calculated using Huanghe (HH, purple) and
Changjiang (CJ, black) d13C endmembers, respectively, and their associated 1r uncertainty (this study). (c)Mass accumulation rate of branched
GDGTs in core F10B (this study). (d) Rate of global sea-level rise (Lambeck et al., 2014). (e) Mass accumulation rate of branched GDGTs in
core SO178-13-6 from the Okhotsk Sea (Winterfeld et al., 2018). (f) Global sea level curve (Lambeck et al., 2014). MWP: melt water pulse.
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Fig. 6. Initial radiocarbon offset versus d13C of OC from marine sediments and rivers. DD14Corg values from cores B2B, F10B and F11A for
the mid-late Holocene (7.8–0 kyr BP; red) and the transgression (14.1–7.8 kyr BP; magenta) with the data for 8.6 kyr BP labeled by a magenta
star. Open symbols represent expected DD14Cmix values calculated using a binary mixing model based on d13C values of TOC for the three
cores (see App****endix for the detailed calculation). TOC-D14Corg and -d13C of surface sediments from the SWCIM ( ) are from Bao et al.
(2016). Endmember values are based on the analyses of contemporary river and marine samples. POC-D14Corg and -d13C endmembers of the
modern Huanghe are from Tao et al. (2015) and Yu et al. (2019); POC-D14Corg and -d13C endmembers of the modern Changjiang are from
Wu et al. (2018). The endmembers of contemporary marine sourced OC were assumed to be �20.8 ± 0.8‰ for d13C and 0 ± 25‰ for
D14Cmarine (Hedges et al., 1997; Blair and Aller, 2012). Dead carbon endmember values derive from petroleum and coal (Cao et al., 2011;
Gustafsson et al., 2009). Colored rectangles and error bars (±1r) represent end-member uncertainties. Error bars of core samples are not
shown (see Table 2 for errors).
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2018a; 2019a; Bröder et al., 2018; Mollenhauer et al., 2007).
Below the extent of aging from this process in ECS cores
B2B, F11A and F10B is quantified during the mid-late
Holocene.

This calculation is based on the assumption discussed
above that the Huanghe is the main source of terrestrial
OC to the SWCIM, and the assumption that the d13C
and AIR values for Huanghe POC were equivalent to the
modern values of �24.0 ± 0.4‰ and 4279 ± 493 yr (Tao
et al., 2015; Yu et al., 2019), respectively, and constant dur-
ing the mid-late Holocene. A more detailed description of
these calculations is provided in the Appendix A, with a
brief summary presented here. First, the marine and terres-
trial proportions (fmarine and fterrestrial) were calculated using
the d13C mixing model (equations 4 and 5). Next, we adopt
the reservoir’s ‘‘relative enrichment” metric to calculate the
expected radiocarbon age of OC resulting from mixing of
Huanghe- and marine-derived OC (termed TOC-AIRmix)
constrained by the d13C binary mixing model according
to the equations:

F14Rmix = F14RHH�atm � fterrestrial + F14Rmarine�atm � fmarine,

ð6Þ
AIRmix = �8033 � ln(F14Rmix), ð7Þ
where F14RHH-atm and F14Rmarine-atm are enrichments of
Huanghe and marine OC 14C contents relative to atmo-
spheric CO2, respectively. In cores B2B, F10B and F11A,
calculated TOC-AIRmix values varied between 535–720 yr,
235–1030 yr and 150–565 yr, respectively (Fig. 4b). Averag-
ing the three cores, calculated TOC-AIRmix values during
the mid-to-late Holocene were 520 ± 235 yr, which was
2650 ± 710 yr younger than the mean value of 3170
± 670 yr for TOC-AIR. Lastly, we calculated DAIROC

(TOC-AIR minus TOC-AIRmix) to remove the influence
of changing proportions of terrestrial OC on TOC-AIR
ages (also see discussion in the Appendix A). For the last
7.8 kyr, DAIROC of three cores varied between 1580 yr
and 4730 yr, averaging 2650 ± 710 yr. This average value
is within the range of estimates for lateral transport times
(Fig. 4c) of sediment on continental shelves due to hydrody-
namic processes. Because the lateral transport time depends
on the transport distance, and using the �1400 km distance
from the Huanghe estuary to the SWCIM, the averaged
DAIROC from three cores yields a hydrodynamic-process
aging of 1.9 yr km�1 during the mid-late Holocene. This
value is comparable to the 2.0 yr km�1 value estimated
for the pathway from the Huanghe estuary to the south
Yellow Sea (Bao et al., 2018a), but lower than the 3.8–
13.2 yr km�1 value for the pathway from the Changjiang
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estuary to the Zhejiang-Fujian coast mud belt (Bao et al.,
2019a) and the 6.0 yr km�1 value during cross-shelf trans-
port on the Arctic continental shelf (Bröder et al., 2018).

Furthermore, even if the Huanghe POC AIR endmem-
ber varied in a larger range during the mid-late Holocene,
it only changes the DAIROC values but not our conclusions.
For example, if we consider Huanghe POC AIR values of
10,000 yr and 1000 yr, respectively, the calculated DAIROC

values are in the ranges of 1195–4620 yr (2310 ± 755 yr on
average) and 2095–4835 yr (3085 ± 640 yr on average),
respectively, during the mid-late Holocene. This provides
further support that potential deviations of the terrestrial
OC 14C endmember from the modern value cannot fully
explain the TOC-AIR values during the mid-late Holocene.

Hydrodynamic processes contributing to the aging of
OC in the Chinese marginal seas include tidal-current
induced resuspension and offshore lateral transport of sed-
iments (Bian et al., 2013; Bao et al., 2019a; 2019b). During
cross-shelf transport selective degradation of younger ter-
restrial and marine OC in repeated deposition-
resuspension loops causes lower terrestrial OC loading
(normalized terrestrial OC contents to mineral-specific sur-
face area, i.e., OCterrestrial/SA) and elevated radiocarbon
ages in the residual OC buried in SWCIM sediments (Bao
et al., 2018b; 2019a; 2019b). This is supported by the low
OCterrestrial/SA values of 0.02–0.07 mgC m�2 in core F10B
during the mid-late Holocene compared with modern
Huanghe particle OC/SA values of 0.09–0.25 mgC m�2 at
Kenli hydrographic station (Fig. 4f) (Yu et al., 2019; Hou
et al., 2020), which reflects substantial terrestrial OC degra-
dation during the lateral transport from the Huanghe estu-
ary to SWCIM. Additionally, terrestrial OC is more
resistant to degradation than marine OC and its apparent
lateral transport time may approach several millennia from
river mouth to offshore depocenter (Bao et al., 2018a;
Bröder et al., 2018; Wei et al., 2020).

In addition, TOC-AIR values are 955–1070 yr higher in
cores B2B and F11A than in core F10B during the interval
of overlap (2.6–0.1 kyr BP; Fig. 4a), with smaller differences
in DAIROC values (Fig. 4c). Uncertainties with interpo-
lated sediment ages (Table 2) might partially contribute to
this discrepancy (see Appendix A). Another possible cause
for these age differences is the effect of sediment grain size
on OC preservation during lateral transport of sediment.
As reported by Bao et al. (2018b), smaller sediment grain
sizes are observed in the central part of the SWCIM than
in the surrounding regions. Finer grain sizes provide more
surface area for OC adsorption, and result in greater OC
preservation during lateral transport (Bao et al., 2018a;
2019a). This could account for less OC aging in core
F10B, in the central SWCIM, than in cores B2B and
F11A on the periphery of the SWCIM.

4.4. Processes contributing to elevated 14Corg ages during the

marine transgression

During the transgression stage the average TOC-AIR
was 4930 ± 760 yr (excluding the data from 8.6 kyr BP,
as discussed below), �2000 yr higher than the average
TOC-AIR for the mid-late Holocene. However, potential
factors affecting marine sediment 14Corg during the trans-
gression stage might be more complicated than in the
mid-late Holocene, as both the sources (and endmember 14-
Corg values) of terrestrial OC transported to the SWCIM
and the intensity of hydrodynamic processing might have
changed significantly in response to rapid sea-level-rise
and coastal-current system changes (Uehara and Saito,
2003; Lambeck et al., 2014).

The mixing of different proportions of pre-aged terres-
trial OC and contemporary marine OC has the potential
to cause older TOC ages during the transgression stage
since variations of TOC-AIR (Fig. 4a) track changes in fter-
restrial (Fig. 4e) and BIT (Fig. 4g) records. However, from
14.1 � 9.7 kyr BP, TOC-AIR was older than endmember
ages of POC from the modern Huanghe and Changjiang,
requiring a substantially older terrestrial OC endmember
to satisfy a terrestrial-marine mixing scenario.

Sources and ages of river POC could have changed con-
sidering the hydrologic changes that occurred in the
Huanghe and Changjiang drainage basins (Wang et al.,
2008; Chen et al., 2019). Previous studies indicated that soil
carbon residence times increased significantly on glacial/
deglacial timescales during cooler and drier periods, supply-
ing older terrestrial OC to continental margins (Hein et al.,
2020; Martens et al., 2020). However, even without any
contribution of pre-aged terrestrial OC, the transgression-
age samples would require a mixture of almost 50% fossil
OC with ca. 50% of marine OC to balance the D14C values
(Fig. 6). It thus seems unlikely that enough 14C-dead OC
could have been supplied by the Haunghe or Changjiang
in tropical and temperate regions (Tao et al., 2015; Wu
et al., 2018; Marwick et al., 2015, and references therein).

Another potential source of pre-aged OC is eroded sed-
iments from old delta or tidal-flat areas as sea level rose and
flooded the coastline (Gao et al., 2016). Under the influence
of strong tidal-currents (Uehara and Saito, 2003), newly
submerged paleo-coastal regions might have served as sig-
nificant sources of older OC (Kao et al., 2008). As shown
in Fig. 5, both higher TOC-AIR and higher accumulation
rates of OCterrestrial and soil microbial branched GDGTs
characterized the transgression period. A recent study using
dolomite/calcite ratios and rare earth elements showed that
sediment in the SWCIM primarily consists of reworked sed-
iments from the submerged East China Sea shelf during the
transgression stage (Hu et al., 2014), providing further sup-
port for paleo-coastal erosion supplying old carbon.

On the Siberian-Arctic continental margin as well as in
the Bering Sea, the Okhotsk Sea and the Northwest Pacific,
flooding-induced erosion of old carbon from permafrost
regions during melt water pulses (MWP) has been proposed
as the primary process supplying strongly pre-aged sedi-
ments during the transgression stage (Fig. 5d, 5e)
(Keskitalo et al., 2017; Winterfeld et al., 2018; Meyer
et al., 2019; Martens et al., 2020). Yet at our site accumula-
tion rates of OCterrestrial and soil microbial branched
GDGTs decreased gradually from high values near 13.5
kyr BP towards the mid-late Holocene with a distinct peak
near 8.0–8.6 kyr BP, and reached constant low values after
7.8 kyr BP (Fig. 5b, 5c). Within age uncertainty, pro-
nounced peaks of accumulation rates in terrestrial OC dur-
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ing the MWP events centered at � 14 and � 11 kyr BP are
not observed in core F10B. This difference between high-
and mid-latitude regions might reflect distinct differences
in coastal erosion processes. For example, Arctic per-
mafrost mobilization is sensitive to climate warming that
co-occurred with MWP events (Keskitalo et al., 2017;
Winterfeld et al., 2018; Meyer et al., 2019; Martens et al.,
2020), while coastal erosion in the ECS might be more sen-
sitive to sea level rise due to the widespread existence of
strong tidal-current throughout the transgression stage
(Uehara and Saito, 2003).

An anomalous low TOC-AIR value of 2020 ± 280 yr
occurred at 8.6 kyr BP (Fig. 4a). Using the same calculation
as in Section 4.3.2, the DAIROC would be �1750 ± 485 yr.
Taken together with synchronous higher values of
OCterrestrial mass accumulation rate (Fig. 5b, 5c) and
OCterrestrial/SA (Fig. 4f), this implies a sudden deposition
of terrestrial OC that is younger than the modern Huanghe
endmember value (Fig. 6). With a single data point any
association with global or regional climate events is tenta-
tive, but the timing of this anomalous DAIROC value
matches that of the global ‘‘8.2 ka Event” (Rohling and
Pälike, 2005) within age uncertainty. A sudden and short-
lived change in organic carbon cycling in eastern China
and the Chinese marginal seas could have been caused by
changes in the East Asian Monsoon and associated alter-
ations of vegetation cover, river discharge, and sediment
transport (Wang et al., 2005; Jia et al., 2019). Additional
D14Corg and d13Corg measurements during the 8–9 kyr BP
time period in adjacent sediment cores are needed to verify
this association.

Lastly, OCterrestrial loading (OCterrestrial/SA) decreased
gradually as sea level rose from � 13 kyr BP to � 9 kyr
BP (Fig. 4f), indicating lower terrestrial OC burial efficien-
cies. A possible explanation for this trend is the increasing
transport distance between the coastline (or river mouths)
and the sediment depocenter as sea level rose, which can
increase the number of deposition-resuspension loops. This
provides evidence that hydrodynamic process aging might
also play a role in shaping the TOC-AIR during transgres-
sion. Future studies should focus on better constraining the
variations of river and eroded sediment endmembers with
d13C and D14C analyses on specific biomarkers, such as
long-chain fatty acids for terrestrial OC and dinosterol or
alkenones for marine OC. This will help to distinguish pro-
cesses contributing to elevated 14Corg ages during the mar-
ine transgression stage.
5. CONCLUSIONS

The 14C and 13C content of organic carbon and the lipid
biomarker composition of sediments from the SWCIM in
the ECS were measured to determine the sources and pro-
cesses contributing to OC ages during the last 14.3 kyr,
and how these changed as sea level rose by �75 m, greatly
expanding the size of the Chinese marginal seas.

OC radiocarbon ages in the SWCIM were persistently
1930–5530 yr older than co-deposited sediment ages, aver-
aging 4415 ± 1190 yr older during the transgression 14.1–
7.8 kyr BP, and 2995 ± 555 yr older since 7.8 kyr BP. These
old ages of OC are attributed to the addition of pre-aged
and fossil carbon from land (primarily via the Huanghe)
and the hydrodynamic processing of sediment prior to bur-
ial. It is hypothesized that greater transport distances
between river mouths and sediment depocenters since the
current sea-level high stand began at 7.8 kyr BP and
allowed for additional deposition-resuspension loops
beyond what occurred when sea level was �75 m lower
than today at 14 kyr BP. Therefore, hydrodynamic process
aging was the primary cause of apparent OC aging during
the mid-late Holocene. During the marine transgression
stage, coastal erosion may act as an important process to
provide larger amounts of older carbon than during the
mid-late Holocene. In addition, hydrodynamic processing
aging may also shape the temporal variation of apparent
OC 14C ages.

These results offer new insights on the processes control-
ling OC ages and burial in shallow marginal seas. Anthro-
pogenic and natural changes in the delivery of terrestrial
OC to marginal seas from river discharge management, cli-
mate, land use changes, fish trawling, and other processes
have the potential to fundamentally alter OC cycling and
burial in marginal seas, and these impacts can be evaluated
using the coupled 14C, 13C, and biomarker approach pre-
sented here.
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