
ETH Library

Contrasting fates of terrestrial
organic carbon pools in marginal
sea sediments

Journal Article

Author(s):
Yu, Meng; Eglinton, Timothy I.; Haghipour, Negar; Montluçon, Daniel B.; Wacker, Lukas; Hou, Pengfei; Ding, Yang; Zhao, Meixun

Publication date:
2021-09-15

Permanent link:
https://doi.org/10.3929/ethz-b-000495603

Rights / license:
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

Originally published in:
Geochimica et Cosmochimica Acta 309, https://doi.org/10.1016/j.gca.2021.06.018

Funding acknowledgement:
163162 - Climate and Anthropogenic PerturbationS of Land-Ocean Carbon tracKs (CAPS-LOCK2) (SNF)
184865 - Climate and Anthropogenetic PertubationS of Land-Ocean Carbon tracKs (CAPS-LOCK3) (SNF)

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-b-000495603
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.gca.2021.06.018
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Available online at www.sciencedirect.com
www.elsevier.com/locate/gca

ScienceDirect

Geochimica et Cosmochimica Acta 309 (2021) 16–30
Contrasting fates of terrestrial organic carbon pools in
marginal sea sediments

Meng Yu a,b,c, Timothy I. Eglinton c,⇑, Negar Haghipour c, Daniel B. Montluçon c,
Lukas Wacker d, Pengfei Hou a,c, Yang Ding a,b, Meixun Zhao a,b,⇑

aFrontiers Science Center for Deep Ocean Multispheres and Earth System, and Key Laboratory of Marine Chemistry Theory and

Technology, Ministry of Education, Ocean University of China, Qingdao 266100, China
bLaboratory for Marine Ecology and Environmental Science, Qingdao National Laboratory for Marine Science and Technology,

Qingdao 266237, China
cGeological Institute, Department of Earth Sciences, ETH Zürich, 8092 Zürich, Switzerland
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Abstract

Burial of terrestrial organic carbon (OCterr) in marginal sea sediments is a key component of the carbon cycle, exerting
long-term influence on atmospheric CO2 and climate. Assessment of the burial efficiency of OCterr is of key importance,
yet remains poorly constrained due to current gaps in our knowledge of mechanistic controls, including the influence of organ-
ic matter composition and age on the fate of OCterr in marine sediments. We measured bulk characteristics (d13C and D14C of
OC; mineral surface area, SA; grain size; n = 98 samples) and biomarker carbon isotopic compositions (fatty acid d13C and
D14C; n = 11) of a suite of surface sediment samples from the Bohai Sea and Yellow Sea (BS-YS). Combining with published
results, bulk OC (n = 234) and biomarker (n = 19) carbon isotopic data are used to examine spatial variability in the sources
and ages of OCterr in this shallow marginal sea system. Biomarker carbon isotopic values are used to constrain endmember
values, and a dual carbon isotope mixing model was applied to all bulk samples to develop a spatially explicit assessment of
contributions of different pools of OCterr. Although highly spatially variable, pre-aged OC (OCpre-aged) and fossil OC (OCfossil)
when combined (i.e., ‘‘non-modern OC”) on average accounted for 51 ± 10% of the OC in BS-YS surface sediments. This was
equivalent to the proportion of OCterr (ave., 51 ± 14%) estimated from a d13COC binary mixing model, suggesting OCterr in the
mixed layer of BS-YS sediments is predominantly composed of millennial-aged OC. The burial potential of pool-specific
OCterr was then evaluated through comparison of corresponding mineral SA-normalized loadings of surface sediments with
those of Yellow River suspended particulate matter. Both the regression slope and the arithmetic mean value approaches
reveal high burial potential for all terrestrial OC pools delivered by Yellow River, which is attributed to the aged and refrac-
tory nature of OC exported from the Yellow River. However, differing relationships of pool-specific OCterr loadings between
BS-YS and Yellow River sediments imply contrasting fates. In particular, we find that the burial potential of OCpre-aged is
consistently greater than that of OCfossil. This surprising observation suggests either enhanced degradation of OCfossil during
lateral transport (possibly as a consequence of different mineral associations and hydrodynamic sorting effects), or additional
sources for OCpre-aged, such as from small rivers or aerosol deposition. Overall, OC age, mineralogical composition and hydro-
logical settings contribute to the complex patterns of OC residing in northern China marginal sea surface sediments. This
novel molecular-isotopic approach reveals significant spatial variability in proportions, contents and burial potential among
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0016-7037/� 2022 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding authors at: Frontiers Science Center for Deep Ocean Multispheres and Earth System, and Key Laboratory of Marine
Chemistry Theory and Technology, Ministry of Education, Ocean University of China, No. 238, Songling Road, Qingdao 266100, China (M.
Zhao); Geological Institute, Department of Earth Sciences, ETH Zürich, 8092 Zürich, Switzerland (T.I. Eglinton).
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terrestrial OC pools, and underlines the importance of considering organic matter age and composition in understanding and
constraining the fate of OCterr in marine sedimentary environments.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Marginal seas account for up to 90% of sedimentary
organic carbon (OC) burial in the ocean (Hedges and
Keil, 1995), forming a key component of the global carbon
cycle. The balance between burial and oxidation of OC
delivered to marine sediments influences the atmospheric
CO2 inventory on a range of timescales (Galy et al., 2015;
Leithold et al., 2016; Bianchi et al., 2018). With respect to
supply of terrestrial OC (OCterr) to the ocean, variations
in source, age and transport pathway may influence its bur-
ial in marine sediments (Burdige, 2005; Blair and Aller,
2012; Hilton et al., 2015; Hage et al., 2020). It is estimated
that globally, only about one third of OCterr exported by
rivers is buried in marine sediments, with the remainder
subject to remineralization (Burdige, 2005; Blair and
Aller, 2012; Galy et al., 2015), thereby likely constituting
a CO2 source on (sub-)millennial timescales (Bröder et al.,
2018). Anthropogenic activities have also perturbed regio-
nal and global carbon budgets, including enhanced mobi-
lization and export of pre-aged OC from soils to the
ocean as a consequence of land-use change (Bauer et al.,
2013; Regnier et al., 2013; Butman et al., 2015). Under-
standing the fate of OCterr in marginal seas is thus an
important, yet challenging imperative given numerous
uncertainties associated with its supply and fate. Accurate
constraints on the nature and burial of OCterr in marginal
sea sediments are essential for developing robust carbon
budgets and for predicting future carbon dynamics.

The burial efficiency of OCterr has been estimated by
comparing riverine export and sediment burial fluxes
(Hedges and Keil, 1995), however this approach carries
large uncertainties (Keil et al., 1997; Bauer et al., 2013).
OC contents normalized to mineral-specific surface area
(SA), or ‘‘OC loadings” (OC/SA ratios) provide an alterna-
tive means to assess burial efficiency of terrestrial OC (Keil
et al., 1997). Here, the assumption is that mineral particles
remain largely unaffected by fluvial export, and OCterr is
associated with and protected by mineral surfaces during
export (Keil et al., 1994; Blair and Aller, 2012;
Hemingway et al., 2019). Decreases in OCterr loadings
between riverine particles and marine sediments thus imply
degradation prior to burial. Using the loading approach,
the global average burial efficiency of OCterr was estimated
to be 22 ± 5% on continental margins (Burdige, 2005), but
wide variations have been found among different deposi-
tional settings (Keil et al., 1997; Burdige, 2005; Galy
et al., 2007).

The above approach is based on the use of bulk OC d13C
to constrain the fraction of OCterr in marine sediments, but
does not account for variations in OCterr composition, age
and reactivity. For example, the fate of millennial-aged soil-
derived and fossil bedrock (petrogenic) OC (Drenzek et al.,
2007; French et al., 2018; Vonk et al., 2019) may differ from
that of modern OCterr (Hage et al., 2020). The radiocarbon
composition of bulk OC and source-diagnostic biomarkers
provides independent constraints on OC ages and sources
in marine sediments (Eglinton et al., 1997; Drenzek et al.,
2007; Griffith et al 2010; Feng et al., 2013; Tao et al.,
2016). Normalizing the proportions of different aged OC
constituents or different biomarkers to SA (i.e., pool-
specific OC or biomolecular loadings, respectively) sheds
light on the fate of specific OCterr components. Previous
studies adopting such approaches have revealed significant
changes in loadings of different OCterr constituents during
riverine transport (Freymond et al., 2018), estuarine trans-
port (Hou et al., 2020) and across-shelf transport (Bröder
et al., 2018). However, a molecular isotope-based loading
approach has not been systematically applied in marginal
sea systems.

The eastern China marginal seas are a globally impor-
tant continental shelf system, and are well-suited for inves-
tigations of the controls on OCterr burial given their
spatially heterogeneous nature in terms of OC sources
and ages (Bao et al., 2016; van der Voort et al., 2018).
OC burial in the eastern China marginal sea surface sedi-
ments (most samples are from the 0–3 cm) (13 Mt yr�1)
accounts for ~10% of global OC burial on continental mar-
gins (138 Mt yr�1) (Burdige, 2005; Deng et al., 2006; Hu
et al., 2016). OCterr is mainly supplied by the Yellow River
and the Yangtze River, which deliver different aged OC
(Wang et al., 2012; Wu et al., 2013; Tao et al., 2016). Sev-
eral prior studies have evaluated the burial efficiency of flu-
vially delivered OCterr in eastern China marginal sea surface
sediments. The d13C-based OC loading approach revealed
lower OCterr burial efficiency in the East China Sea (ECS)
inner shelf (25 ± 5%) than proximal to the Yellow River
(71 ± 16%, n = 7) (Wu et al., 2013; Hou et al., 2020). High
burial efficiencies adjacent to the Yellow River and along its
transport pathway in Bohai Sea and Yellow Sea (BS-YS)
sediments were also supported by terrestrial biomolecular
loading approach (Hou et al., 2020). Very high burial effi-
ciencies in the BS-YS for non-modern OCterr (close to
100% for pre-aged OC and 70% for fossil OC) were esti-
mated using mass-balance budgets based on limited avail-
able biomarker 14C data (Tao et al., 2016). However, a
lack of spatially-resolved information of OCterr burial hin-
ders the elucidation of underlying mechanisms that influ-
ence the fate of OCterr, assessment of changes along
sediment transport and dispersal pathways, and develop-
ment of pan-marginal sea carbon budgets.

In this study, we measured the contents and carbon iso-
topes (d13C and D14C) of total OC (TOC), mineral SA, and
grain size of a suite of surface (~0–5 cm) sediment samples
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(n = 98) from the BS-YS system, and determined lipid bio-
marker (n-fatty acids, n-FAs) d13C and D14C values for a
sub-set of 11 samples. These data were combined with pre-
viously published results (Bao et al. 2018b; Tao et al. 2016;
Fig. 1) in order to (1) derive spatially-resolved distribution
of proportions and contents for specific OCterr pools in the
BS-YS system; (2) examine the magnitude and potential
causes of changes in loadings of different OC pools from
the Yellow River to marine sediments; and (3) highlight
novel constraints on the burial potential of different OCterr

pools. In most prior studies, assessments of burial efficiency
have been based on OCterr residing in the surface mixed
layer (upper few centimeters) of continental margin sedi-
ments, which does not constitute long-term burial sensu

stricto. Here, we adopt the terms ‘‘burial potential” or
‘‘proto-burial” in order to highlight that our findings refer
to the earliest stages of burial.

2. MATERIALS AND METHODS

2.1. Study area and sampling

The BS-YS comprises a part of the expansive, shallow
(max. depth, 140 m) and semi-enclosed eastern China mar-
ginal sea system (Fig. 1). The BS has an area of 77,000 km2
Fig. 1. (a) Locations of sampling sites (n = 234) in the Bohai Sea and
represent surface sediments analyzed in this study (n = 98); white (n = 1
(2018b) and Tao et al. (2016), respectively. (b) Blue diamonds represen
isotopic (d13C and D14C) analysis. Pink diamonds (n = 8) represent sam
D14C) data from Tao et al. (2016). For clarity, sample coordinates from B
overlap (Fig. S1). The map was generated by Ocean Data View software (S
figure legend, the reader is referred to the web version of this article.)
with an average water depth of 18 m. It is surrounded by
the Liaodong and Shandong peninsulas and connected to
the northern YS by the Bohai Strait. The YS covers an area
of about 400,000 km2, with an average water depth of 44 m.
High sediment accumulation rates near the modern Yellow
River estuary (3–7 g cm�2 yr�1) and a decreasing seaward
trend reflect the direct impact of Yellow River discharge
to the BS (Hu et al., 2016). A significant fraction of the
exported sediment is subsequently resuspended, trans-
ported and re-deposited, resulting in several mud depocen-
ters in Bohai Bay, along the coastal Shandong Peninsula,
and in the central BS and YS (Qiao et al., 2017). The aver-
age sediment OC burial flux and sequestration on a 100-
year timescale has been estimated at 15.3 g m�2 yr�1 and
5.6 Mt yr�1, respectively (Hu et al., 2016). The Yellow
River discharged into the YS from 1128 to 1855 CE, but
has discharging into the BS at its current location since
1855 CE (Fig. 1). Nevertheless, erosion from the aban-
doned old Yellow River delta has remained an important
sediment source to the YS and the ECS, contributing
>790 Mt yr�1 sediment on average for the last 100 years
(Zhou et al., 2014).

Ninety-seven surface sediment samples (0–5 cm) cover-
ing the BS-YS were collected using a box core sampler dur-
ing an open cruise supported by the National Natural
Yellow Sea (BS-YS) for bulk parameter analyses. Filled blue dots
28) and pink (n = 8) dots represent published data from Bao et al.
t samples (n = 11) from this study for compound-specific carbon
ples with published compound-specific carbon isotopic (d13C and

ao et al. (2018b) and Tao et al. (2016) are slightly displaced to avoid
chlitzer, 2018). (For interpretation of the references to colour in this
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Science Foundation of China (R/V Dongfanghong II, Ocean
University of China) in August of 2015 (Fig. 1). In addi-
tion, a subsurface sediment (OYR, 5–10 cm) sample was
collected from the Old Yellow River delta in April 2014.
All samples were stored at �20 �C and subsequently
freeze-dried prior to laboratory analyses. Elemental and
bulk carbon isotopic analyses were performed on all sam-
ples, while molecular carbon isotope analyses were carried
out on eleven samples mostly along the main sediment dis-
persal pathway (Fig. 1).

2.2. Bulk analysis

After decarbonation by fumigation with 12 N HCl (60 �
C, 72 h) (Komada et al., 2008) and subsequent neutraliza-
tion over NaOH pellets (60 �C, 72 h), the TOC content
(TOC%), and carbon isotope composition (d13C and D14C
values) of TOC was determined using an elemental analyzer
(EA, vario MICRO cube, Elementar) coupled to an isotope
ratio mass spectrometer (IRMS, Vision, Isoprime) and a
gas-ion source Mini Carbon Dating System (MICADAS),
respectively, at the Laboratory for Ion Beam Physics,
ETH Zürich (McIntyre et al., 2017). After removal of
organic matter at 350 �C for 12 h, another aliquot of sedi-
ment sample was measured for mineral-specific SA using a
5-point Brunauer-Emmett-Teller (BET) method by NOVA
4000 surface area analyzer, and for grain size distribution
by Malvern Mastersizer 2000.

2.3. Biomarker extractions and compound-specific carbon

isotope analysis

Methods for extraction, purification and isolation of tar-
get compounds (n-FAs) have been previously reported (Tao
et al., 2015; Yu et al., 2019a). Stable carbon isotopic com-
positions (d13C values) of target compounds were deter-
mined by gas chromatograph-isotope ratio mass
spectrometry (GC-IRMS) and were measured in in dupli-
cate. Corresponding 14C contents (D14C values) were deter-
mined using a gas-ion source MICADAS system at ETH
Zürich (Christl et al., 2013). Detailed descriptions of the
experimental methods are provided in the Supplementary
materials (Text S1). C16FA, C18FA, C24FA and
C26+28+30FAs were generally collected for D14C analysis.
The C26+28+30FAs were combined because individual FA
amounts were insufficient for D14C analysis.

2.4. Dual carbon isotope mixing model

Since bulk d13C and D14C values are generally insuffi-
cient to distinguish the pre-aged (soil) OC from modern/-
contemporary OC and fossil OC because of overlapping
endmember isotopic compositions, a dual carbon isotope
mixing model based on both bulk and molecular d13C
and D14C values is used to constrain proportions of the
three OC pools, i.e., OCmodern, OCpre-aged, and OCfossil

pools (Drenzek et al., 2007; Tao et al., 2016). The relative
fractional contribution of OCmodern (fmodern), OCpre-aged (f-
pre-aged), OCfossil (ffossil) pools to sedimentary TOC is esti-
mated by the following equations:
D14CTOC ¼ f modern � D14Cmodern þ f pre�aged

� D14Cpre�aged þ f fossil � D14Cfossil ð1Þ
d13CTOC ¼ f modern � d13Cmodern þ f pre�aged

� d13Cpre�aged þ f fossil � d13Cfossil ð2Þ
1 ¼ f modern þ f pre�aged þ f fossil ð3Þ
where d13CTOC and D14CTOC are the measured values of
sediment samples. The d13C and D14C values of OCmodern,
OCpre-aged and OCfossil are constrained by carbon isotopic
compositions of specific endmember biomarkers (see Sec-
tion 4.1 and Supplementary Text S2). Although biomarkers
generally comprise only a small portion of bulk OC, they
retain the isotopic signals of the corresponding carbon
sources and avoid interference from other carbon pools
(Eglinton et al., 1997). After accounting for offsets in
d13C between source-specific biomarker and bulk biomass
(d13Cbulk – d13Clipid) resulting from biosynthetic fractiona-
tion and related effects (e.g., Collister et al., 1994;
Schouten et al., 1998), the isotopic signatures of biomarkers
are used to solve a set of simultaneous isotopic mass bal-
ance expressions to yield the fractional abundances of the
OC sources they represent. We applied an offset of 4-7‰
to measured biomarker d13C values, as previously applied
in the BS-YS OC source apportionment study (Tao et al.,
2016 and references therein). With limited data, previous
studies uniformly applied the measured compound-specific
carbon isotopic values in each sample to define endmem-
bers. In this study, we utilize d13C and D14C data of n-
FAs from 18 sites (with exception of N05, see Text S2) that
encompass a large swath of the BS-YS region (Fig. 1b).
Mean values with the standard deviation were used to con-
strain endmember isotopic values, in order to account for
variability and uncertainties (e.g., Vonk et al., 2010; Lin
et al., 2019). The dual carbon isotope mixing model was
then applied to all bulk samples (Fig. 1a) in order to assess
spatial variability among OC pools of different age. To test
the robustness of endmember assignment, we compared
results from different endmember source assignments and
data size, and found no significant differences in the distri-
bution patterns and in the arithmetic mean values in surface
sediments (see details in Text S3). A Bayesian Markov
chain Monte Carlo (MCMC) simulation was applied to
minimize errors from arbitrary assignments of endmember
values (Andersson et al., 2015; Yu et al., 2019a). Briefly,
1,000,000 out of 100,000,000 random samples from the nor-
mal distribution of each endmember within the given mean
and standard deviation were taken to simultaneously fulfill
the given system (Eqs. (1)–(3)) in simulations. The mean rel-
ative contributions and the standard deviation of different
aged OC pools were then estimated.

3. RESULTS

3.1. Bulk sedimentary characteristics

In this study, we report a new data set (n = 98) of TOC
%, SA, mean grain size, OC/SA ratio, TOC d13C and D14C
values of BS-YS surface sediments (Table S1). There were
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no significant differences in bulk properties (p > 0.05)
between this study and prior studies (n = 136, Bao et al.
2018b; Tao et al. 2016). One exception is the mean d13C
value, which is slightly higher (�21.9 ± 0.5‰, mean ± S.
D.) than from previous studies (�22.1 ± 0.6‰). In addi-
tion, spatial variations of bulk properties in this study
(Fig. S2) are consistent with those reported in Bao et al.
(2018b). Thus, all data were combined to examine spatial
variations in bulk properties (Fig. 2).

TOC contents (TOC%) ranged from 0.04% to 1.37%,
with a mean of 0.51 ± 0.30% (n = 233). Higher TOC% val-
ues were observed in western BS and the northern-central
YS (Fig. 2a), mostly in fine-grained mud areas (Fig. 2c),
as reflected by the relationship between TOC% and mean
grain size (Fig. S3a). Lower TOC% values were mostly
found in the Bohai strait and along the YS coast, with
the lowest values in the sand area of the northeastern part
of northern YS. SA values ranged from 2.0 to 40.3 m2 g�1

(ave., 16.5 ± 8.8 m2 g�1, n = 225), with similar spatial dis-
tribution to that of TOC% and fine-grained mud (Fig. 2b
and 2c), reflecting the larger SA of finer particles
(Fig. S3b). Mean grain size varied from 6.3 to 448.7 lm
(ave., 52.5 ± 62.3 lm, n = 230), with lower values repre-
Fig. 2. Spatial variations of (a) TOC (%, n = 234); (b) SA (m2 g�1, n = 225
n = 224); (e) d13C (‰, n = 234) and (f) D14C (‰, n = 234) in surface sed
(Table S1), with others from Bao et al. (2018b) and Tao et al. (2016).
senting the clayey silt and silt sediments (i.e., fine-grained
mud deposits, Fig. 2c) (Qiao et al., 2017). TOC/SA ratios
(i.e., TOC loadings) ranged from 0.09 to 0.73 mg C m�2

(ave., 0.31 ± 0.10 mg C m�2, n = 224), with highest values
near the eastern coast of Liaodong Peninsula and lowest
values near the Old Yellow River delta (Fig. 2d).

The d13CTOC values ranged from �19.9 to �25.9‰, with
an average value of �22.0 ± 0.6‰ (n = 234). Lower values
mainly occurred near the modern and Old Yellow River
delta, while higher values were mostly observed in the
southern YS (Fig. 2e). D14CTOC values ranged from �137
to �678‰ (corresponding to conventional 14C ages of
1125–9036 yr) with an average value of �269 ± 78‰
(2461 ± 855 14C yr; n = 234). Higher values were broadly
distributed in the BS and YS basins (much higher values
in the fine-grained area of northern YS), while lower values
were found near river deltas, especially near the Old Yellow
River delta (Fig. 2f).

3.2. n-Fatty acid contents and carbon isotopic compositions

Straight-chain fatty acids (n-FAs) in BS-YS sediments
exhibited a bimodal distribution with an even-carbon num-
); (c) mean grain size (lm, n = 230); (d) TOC/SA ratios (mg C m�2,
iments from the BS-YS. New datasets (n = 98) are from this study
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ber predominance in the range of C14-32, with Cmax at C16

among the short-chain homologues, and C24/C26 in the
long-chain counterparts (Fig. S4, Table S2). The carbon
preference index for long-chain n-FAs (CPIR24-32FA) ranged
from 4.1 to 5.6 (ave., 4.6 ± 0.5, n = 11). TOC-normalized
contents of C16FA, C18FA, C24FA, long-chain C26+28+30FAs

and total n-FAs (lg g�1 OC) ranged from 193 to 1268, 61
to 177, 47 to 189, 90 to 358 and 593 to 2803, respectively.
The highest TOC-normalized content of C26+28+30FAs was
found in Yellow River estuary (B67), and exhibited a
decreasing trend along the sediment transport pathway
around the Shandong peninsula, with the lowest contents
observed at sites H07 and OYR. Short-chain n-FA contents
did not exhibit a clear spatial pattern, with the highest val-
ues at sites B25 and B67 but the lowest values at sites H07
and OYR.

Sediments selected for n-FA d13C and D14C analyses in
this study (n = 11) were mainly located along the Yellow
River sediment transport pathway (Table S2). Combined
with previously reported data (n = 8) from Tao et al.
(2016), these afforded spatial coverage over the BS-YS
(n = 19) in n-FA d13C and D14C values.

The d13CFAs values in this study ranged from �22.4 to
�30.9‰, with higher values for short-chain n-FAs (C16,
C18) (�22.4 to �29.1‰) than longer-chain homologues
(C24, C26+28+30FAs) (�25.8 to �30.9‰). d13C16FA and
d13C18FA values showed larger ranges and were on average
0.7–1.5‰ higher than published data, while d13C24FA and
d13C26+28+30FAs fell in the similar range to published results
(Fig. 3). The highest short-chain d13CFA values from this
study were found at site H30, while the lowest values were
found at site OYR (Figs. S5a and b). For longer-chain
homologues, the lowest d13C values were observed at mod-
ern and old Yellow River deltas (B67 and OYR, Figs. S5c
and d), which showed similar pattern to those from Tao
et al. (2016).
Fig. 3. Cross plot of d13C versus D14C values of n-FAs in surface
sediments from the BS-YS. Filled symbols represent samples in this
study (n = 11) and open symbols are for published results (n = 8)
from Tao et al. (2016). Different symbol types and colors
correspond to different FA chain lengths. (For interpretation of
the references to colour in this figure legend, the reader is referred
to the web version of this article.)
D14CFAs values in this study exhibited significant vari-
ability, ranging from +19 ± 14 to �553 ± 9‰ (14C ages
from modern to 6410 yr), a similar range to published
results (Fig. 3). Short-chain C16FA and C18FA (+19 ± 14
to �36 ± 12‰, �3 ± 17 to �87 ± 11‰, respectively) tend
to be more 14C-enriched than longer-chain C24FA and
C26+28+30FAs (�127 ± 8 to �367 ± 11‰, �226 ± 7 to
�553 ± 9‰, respectively). The highest D14C26+28+30FAs

value was found in modern Yellow River delta (site B67)
while the lowest value was found at site H30 (Fig. S6).

All d13C and D14C values of n-FAs in BS-YS sediments
(n = 19) revealed two clear patterns (Fig. 3). First, both d13-
CFAs and D14CFAs values exhibited a decreasing trend with
increasing chain length. Second, C16FA and C18FA exhibited
a larger range of d13C values (�22.4 to �28.9‰, �24.0 to
�29.1‰, respectively) but a narrower range of D14C values
(+19 ± 14 to �106 ± 11‰, +37 ± 10 to �140 ± 19‰,
respectively) than C24FA and C26+28+30FAs. The latter
showed a larger range of D14C values (�127 ± 8 to
�367 ± 11‰, �217 ± 15 to �553 ± 9‰, respectively)
but a narrower range of d13C values (�25.8 to �29.3‰,
�27.4 to �30.9‰, respectively).

4. DISCUSSION

In the following sections, we first discuss OC hetero-
geneity and constrain different OC pools, i.e., OCterr based
on a conventional d13CTOC source apportionment
approach, as well as OCmodern, OCpre-aged, and OCfossil

based on an approach established by Tao et al. (2016),
focusing on spatial variations among different OC pools.
Using the relationship between contents of different OC
pools and mineral SA, we examine the changes of loadings
from river to sediments, leading to preliminary discussion
on mechanisms responsible for the burial potential and
fates of different terrestrial OC pools in the BS-YS.

4.1. Characteristics and spatial heterogeneity of sedimentary

OC

Radiocarbon ages (1125 and 9036 14C yr) of surface-
sediment OC were significantly older than depositional ages
(<100 yr, estimated from 210Pb measurements, Hu et al.,
2016) in the BS-YS, implying an important contribution
of pre-aged OC and fossil OC (Fig. 4a). Our new maps of
biomarker d13C and D14C values facilitate definition of
specific OC source endmembers (Fig. 4b), which in turn
allow assessment of spatially-resolved contributions to bulk
samples using dual carbon isotope mixing model (Sec-
tion 2.4). Molecular d13C and D14C constraints on the OC
provenance are described in Supplementary Text S2. In
summary, we assign mean values (with the standard devia-
tion; n = 18, with exception of N05, see Text S2) of all mea-
sured d13C and D14C values of n-C16FA as modern OC
endmember (mixture of fresh marine and/or terrestrial
OC), and of n-C26+28+30FAs as pre-aged OCterr endmember,
as well as previously published even-carbon number C16-

+18Alkanes values as fossil OC endmembers (mainly originat-
ing from ancient bedrock erosion, Tao et al., 2016; Sun
et al., 2018). These endmembers are well separated from
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each other (Fig. 4b). To derive spatially-resolved distribu-
tions of different aged OC pools, the dual carbon isotopic
mixing model (Eqs. (1)–(3)) was applied to all bulk samples
and all possible solutions derived from MC simulations are
shown in Fig. 5 and Table S3. For comparison, a fractional
contribution of OCterr (%) was also estimated using a con-
ventional d13CTOC approach based on a binary mixing
model that has been widely used to estimate the propor-
tions of terrestrial and marine OC sources in the BS-YS
sediments and other marginal sea sediments (e.g.,
Burdige, 2005; Lamb et al., 2006; Belicka and Harvey,
2009; Xing et al., 2014; Liu et al., 2015; Yoon et al.,
2016). Given the dominant influence of Yellow River, the
terrestrial endmember d13C value was obtained from mea-
sured d13C values of Yellow River particulate OC (POC),
which is �23.9 ± 0.6‰ (n = 34, Wang et al., 2012; Xue
et al., 2017; Tao et al., 2018; Yu et al., 2019a). OC produced
by marine organisms typically exhibits d13C values between
�19‰ and �22‰, thus, a global average value of �20‰ is
widely used as marine OC endmember (Fry and Sherr,
1984; Goñi et al., 2005) when lacking of specific values
for the study areas. In our study area, a d13C value of
�20.3 ± 1.3‰ has been used as marine endmember based
on phytoplankton OC data in BS (Liu et al., 2015), and
�20 ± 1.0‰ has previously been used as marine endmem-
ber in YS (Xing et al., 2014; Xing et al., 2016; Yoon et al.,
2016). Thus, for consistency with other studies, d13C values
of �20.3‰ and �20‰ are assigned as the marine OC end-
member for BS and YS, respectively, in the binary mixing
model. Broad-scale, spatial patterns of fractional contribu-
tions and contents of OCmodern, OCpre-aged and OCfossil, as
well as OCterr in BS-YS sediments were then obtained
(Fig. 5, Fig. S7 and Table S3).

Fractional contributions (%) of the three different aged
OC pools (modern, pre-aged, fossil) exhibited different
ranges and spatial variabilities in the BS-YS sample suite
(n = 232; Fig. 5a–c). OCmodern is a dominant component
of sedimentary OC, accounting on average for 49 ± 10%
of TOC (17–71%). Higher OCmodern% values mainly
occurred in BS basin and northern-central YS, while lower
values are mainly observed near the Old Yellow River and
modern Yellow River delta (Fig. 5a). OCpre-aged ranged
from 19% to 59% (ave., 37 ± 6%), with higher values near
modern and old Yellow River delta (Fig. 5b). OCfossil

accounts for 13 ± 6% (6–57%) of TOC and exhibited dis-
tinct distribution with higher values mainly occurring in
coastal area along Old Yellow River delta and in proximity
to the modern Yellow River delta, while lower values
mostly occurred in the basin areas (Fig. 5c). The similar
spatial distributions of OCpre-aged and OCfossil underline
the influence of fluvial input and the terrestrial origin of
these OC pools. These two pools contribute an average of
51 ± 10% (29–83%) to sedimentary OC, which was broadly
equal to that estimated for OCterr % by the bulk OC d13C
approach (10–97%, ave., 51 ± 14%, n = 231, Fig. S7).
OCterr% shows similar spatial distribution pattern to that
of OCpre-aged+fossil%, both with higher values near river
delta areas (Fig. S7). This clearly suggests that OCterr in
BS-YS sediments is mainly composed of millennial-aged
and fossil OC, with the former being predominant. Thus,



Fig. 5. Spatial variations of fractional abundance (%, a–c) and contents (wt.%, d–f) of different OC pools.
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the 14C age of OC source is an important contributor to the
non-modern sedimentary OC 14C ages of BS-YS surface
sediments.

Contents of different OC pools were obtained by multi-
plying TOC content by fractional abundance of the corre-
sponding OC pools. Thus, contents (wt.%) of OCmodern,
OCpre-aged, OCfossil and OCterr ranged from 0.01 to 0.96
(ave., 0.27 ± 0.19), from 0.01 to 0.49 (ave., 0.18 ± 0.09),
from 0.01 to 0.12 (ave., 0.06 ± 0.03), and from 0.01 to
1.30 (ave., 0.26 ± 0.17), respectively. The contents of OCterr

and different aged OC pools show different spatial patterns
from their corresponding fractional contributions, but they
all show broadly similar patterns to those of TOC% and
SA, with higher values in the BS basin and mud areas of
northern and central YS (Fig. 5d–f and Fig. S7). This
implies the distal mud areas represent important depocen-
ters for fine-grained sediments and associated OC (Hu
et al., 2011; Hu et al., 2016). OCmodern contents showed
increasing trend from the coast to the basin, which is con-
sistent with the distribution of marine phytoplankton
biomarkers (Xing et al., 2011; Yu et al., 2018b), and implies
that OCmodern is dominated by marine OC. Higher contents
of OCpre-aged and OCfossil are observed in coastal areas,
especially near the modern and Old Yellow River deltas,
reflecting their terrestrial (fluvial) source.
4.2. Loadings of different OC pools

Previous studies have shown that mineral protection is
an important controlling mechanism that regulates long-
term preservation of OC in marine sediments (Keil et al.,
1994; Mayer, 1994a, b), with the degree of OC stabilization
during transport and sedimentation depending on both
organic matter and mineral type (Blattmann et al., 2019;
Hemingway et al., 2019). Generally, higher TOC% values
are coincident with higher mineral SA values, as found in
fine-grained mud areas in this study (Fig. 2). Superior
preservation of OC associated with fine particles is further
supported by the strong positive relationships among SA,
mean grain size and TOC% (Fig. 6a and S3). Sedimentary
OC in the BS-YS was largely, although not exclusively,
associated with mineral surfaces (R2 = 0.72, p < 0.01,
Fig. 6a). Normalizing OC concentrations to mineral-
specific SA helps to account for the effects of both physical
sorting and mineral association on spatial variations in
TOC, given that SA is linked to both aspects (Blair and
Aller, 2012). Most of the TOC loadings (ave., 0.31 ± 0.10
mg C m�2, n = 224) in the BS-YS sediments fell below
the range of typical riverine and shelf sediments (0.4–
1.0 mg C m�2, Fig. 6a, Blair and Aller, 2012), and are lower
than sediments in the ECS and northern South China Sea



0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0.0

0.2

0.4

0.6

0.8

1.2
1.4

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25 30 35 40 45
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0 5 10 15 20 25 30 35 40 45
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

(b)(a)

TO
C

(%
)

R2 = 0.72
p = 0
y = 0.0292x + 0.0226

R2 = 0.58
p < 0.001

y = 0.0187x - 0.0481

0.4

1.0

R2 = 0.58
p < 0.001

y = 0.0187x - 0.0481

R2 = 0.58
p < 0.001

y = 0.0187x - 0.0481

BS-YS sediments
Yellow River SPM

BS-YS sediments
Yellow River SPM

O
C

te
rr

×
TO

C
%

R2 = 0.56
p = 0
y = 0.0148x + 0.0156

(c)

f m
od

er
n

×
TO

C
%

R2 = 0.62
p = 0
y = 0.0177x - 0.0284

(d)

y = 0.00913x + 0.0315

R2 = 0.52
p < 0.001

f p
re

-a
ge

d
×

TO
C

%
R2 = 0.72
p = 0

y = 0.00748x - 0.00741

(e)

f fo
ss

il
×

TO
C

%

SA (m2 g-1)

R2 = 0.62
p = 0
y = 0.00234x + 0.0199

R2 = 0.53
p < 0.001

y = 0.00412x + 0.0172

(f)

y = 0.0116x + 0.00981

R2 = 0.56
p < 0.001

y = 0.0115x + 0.0515

R2 = 0.73
p = 0

(f p
re

-a
ge

d
+
f fo

ss
il)

×
TO

C
%

SA (m2 g-1)

Fig. 6. Plots of SA (m2 g�1) versus (a) TOC content (%); (b) OCterr content (%); (c) OCmodern content (%); (d) OCpre-aged content (%); (e)
OCfossil content (%) and sum content of OCpre-aged and OCfossil (%) in the BS-YS surface sediment samples (blue) and Yellow River SPM
samples (orange). Dashed red lines in panel (a) represent the TOC/SA ratios between 0.4 and 1.0 mg C m�2 (Blair and Aller, 2012). Dashed
lines for Yellow River SPM samples represent the 95% confidence interval of regression line. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

24 M. Yu et al. / Geochimica et Cosmochimica Acta 309 (2021) 16–30



M. Yu et al. / Geochimica et Cosmochimica Acta 309 (2021) 16–30 25
(SCS) (Bao et al., 2018b; Hou et al., 2020), but higher than
that of lower Yellow River suspended particulate matter
(SPM, Fig. 6a, 0.16 ± 0.04 mg C m�2, n = 18, Tao et al.,
2015; Yu et al., 2019a). The increases of TOC loading
and d13C values from riverine SPM to marine sediments
suggests addition of and/or replacement by marine OC
(Keil et al., 1997; Blair and Aller, 2012).

Similar to TOC loadings, normalizing different OC
pools to SA facilitates comparison of net changes of differ-
ent OC pools, as previously used to trace the fate of terres-
trial OC during riverine and cross-shelf transport (Keil
et al., 1997; Goñi et al., 2005; Aller et al., 2008; Tesi
et al., 2014; Bröder et al., 2016; Bröder et al., 2018;
Freymond et al., 2018). The contents of OCterr and different
aged OC pools in our BS-YS samples all exhibit strong
association with mineral surfaces (R2 values range from
0.56 to 0.72, p < 0.01, Fig. 6b–e), with the tightest coupling
for OCpre-aged content. This suggests an important role of
mineral surfaces on potential OCterr burial in BS-YS. Both
sediment mass balance and sediment source studies have
shown that the BS-YS system is dominantly influenced by
the Yellow River (Yang et al., 2003; Qiao et al., 2017 and
references therein). Given that suspended material exported
by this fluvial system is mainly eroded from the Loess Pla-
teau, modern and Old Yellow River mineralogy should be
similar. The d13C and D14C values of sedimentary OC in
BS-YS also support the predominant influence of the Yel-
low River (Fig. 4a). On the other hand, rivers discharging
from the western coast of Korea into Yellow Sea may have
influences on the eastern Yellow Sea proximal to the Kor-
ean Peninsula, but the sharply contrasting d13C and D14C
values of POC from Geum River imply limited contribu-
tions to northern and central Yellow Sea sediments. This
is also the case for Yangtze River (Fig. 4a; Wang et al.,
2012; Wu et al., 2018). Thus, given that the BS-YS system
is largely influenced by the Yellow River, we compare the
relevant parameters against the corresponding relationships
for Yellow River SPM samples. OCterr (i.e., fluvial input of
POC), OCpre-aged and OCfossil show significant positive cor-
relation with SA while OCmodern does not (Fig. 6a–e). Thus,
OCmodern in Yellow River SPM likely has different source(s)
and associations with mineral particles (Fig. 6c), such as
coarse detrital particle matter derived from aquatic and ter-
restrial (higher plant) productivity (Yu et al., 2019b). In
contrast, OCmodern in BS-YS sediments is found to be
strongly associated with mineral surfaces, although it is
likely dominated by marine productivity, especially in the
offshore mud areas characterized by high surface area min-
erals. Strong association of OCterr with minerals was also
found in northern SCS sediments (OCterr contents vs. grain
size), but not for marine OC (Wei et al., 2020).

OCterr loadings in BS-YS sediments are similar to those
of riverine SPM (Fig. 6b). Similar relationships were also
found for the Ganges-Brahmaputra-Bengal Fan system
(Galy et al., 2007), and suggest efficient accumulation
OCterr exported by the Yellow River in BS-YS sediments.
Slopes of regression lines (Fig. 6) correspond to average
loadings of certain OC pools, revealing higher values for
OCpre-aged but lower values for OCfossil in BS-YS sediments
than Yellow River SPM (Fig. 6d and e). This implies differ-
ent fates of these OC pools during translocation from river
to marginal sea sediments, including degradation and aging
(Blair and Aller, 2012; Bao et al., 2018a). However, higher
overall sedimentary OCpre-aged loadings than corresponding
Yellow River SPM loadings are suggestive of additional
sources. Potential candidates are small rivers and/or atmo-
spheric deposition (Matsumoto et al., 2001; Tao et al.,
2016; Yu et al., 2018a). In contrast, OCfossil shows decreas-
ing loadings from riverine SPM to marginal sea sediments,
implying degradation during transport, different mineral
associations (Blattmann et al., 2019), or escape to other
(deep) ocean regions (Bao et al., 2019). This molecular
isotope-based evidence for the disappearance of OCfossil

exported from the Yellow River is supported by other stud-
ies (Sun et al., 2018).

Since both OCpre-aged and OCfossil are of terrestrial origin
and are sub-pools of terrestrial OC, we explore the relation-
ship between non-modern OC (i.e., OCpre-aged + OCfossil)
contents and SA in order to reduce uncertainties induced
from the source apportionment for each OC pool. Besides
similar spatial distribution pattern of fractional abundance
and contents to those of OCterr, the content of non-modern
OC also shows similar relationship versus SA between sed-
iments and riverine SPM. This provides additional evidence
that OCterr in BS-YS sediments is dominated by millennial-
aged OC which is efficiently preserved (Fig. 6f). The robust-
ness of the regression approach is dependent on the data
density and source apportionment results. Uncertainties
could arise from the larger dataset for surface sediments
(n = 232) compared to riverine SPM samples (n = 18),
and from applying the mean values of biomarker carbon
isotopic data as endmembers to all bulk sediment samples.
However, changing data size and endmember assignment
strategy (measured, including interpolated and fixed mean
values) does not significantly change the regression result
pattern of different OC pools between sediments and river-
ine SPM (Supplementary Text S3, Figs. S8–S11). The load-
ing patterns of terrestrial OC pools between riverine SPM
and surface sediments based on regression slopes were also
consistent with those estimated by arithmetic mean values
(Fig. S12). The assigned d13C correction to account for d13-
Cbulk-d

13Clipid fractionation could also result in larger
uncertainties in source apportionment, although MC simu-
lation would account for associated uncertainties. While
further 14C approaches, such as coupling with ramped
pyrolysis/oxidation (RPO), could place further constraints
on different aged OC pools (Hemingway et al., 2019;
Hage et al., 2020), the use of molecular carbon isotope-
based loadings provides a robust means to evaluate spatial
variability in the preservation among OCterr pools.

4.3. The fate of terrestrial OC pools in BS-YS

The changes in loadings of OCterr, OCpre-aged and OCfos-

sil from the Yellow River to BS-YS sediments, and their
spatial distribution patterns in these marginal seas reflect
the contrasting fates of these terrestrial OC pools during
transport and sedimentation. We here adopt the concept
OC loading to evaluate OCterr burial potential (Keil et al.,
1997; Burdige, 2005), which is generally estimated by com-
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paring values from riverine inputs to marine sediments and
most recent studies have mostly focused on surficial sedi-
ments (Wu et al., 2013; Vonk et al., 2015; Bröder et al.,
2016; Hou et al., 2020; Qi et al., 2021). While OC residing
in the upper few centimeters of marine sediments may have
not yet passed through the window of early diagenesis, and
thus is not buried in the strictest sense, comparisons among
terrestrial OC pools by multiple proxies and the corre-
sponding spatially-resolved distributions of surface sedi-
ments should presage OC burial.

Although all OC pools exhibit a significant correlation
with mineral surface area (Fig. 6), the positive intercepts
imply that a certain portion of terrestrially-derived OC is
not closely associated with minerals. This could include
fragments of plant debris or other low-density particles,
including organic-rich aggregates (Wakeham et al., 2009;
Tesi et al., 2016; Hage et al., 2020). Thus, the average load-
ings of OCterr, OCpre-aged and OCfossil are higher than those
derived from regression slopes in Fig. 6. However, they
show uniformly high burial potentials, as well as similar
proto-burial patterns among different OCterr pools (i.e.,
similar OCterr loadings, higher OCpre-aged loadings, lower
OCfossil loadings, and higher non-modern OC loadings in
BS-YS sediments relative to those of the Yellow River;
Fig. S12). This suggests that BS-YS sediments efficiently
retain predominantly millennial-aged OC delivered by the
Yellow River. This is also supported by the similar spatial
pattern between OCterr and non-modern OC loadings, with
higher values near riverine deltas and in the fine-grained
mud areas (Fig. S13). However, elevated sedimentary
non-modern OC loadings span more extensive regions,
especially in central BS and southern YS (Fig. S13). The lat-
ter likely reflects the combined effects of supply of OCpre-

aged delivered by Yellow River as well as aging during lat-
eral sediment transport and associated hydrodynamic sort-
ing (Bao et al., 2016, 2018b; Tao et al., 2016), resulting in
widespread and enhanced potential burial of refractory
OC in BS-YS sediments. OC aging decreases D14C values
but does not necessarily change the d13C values (Marwick
et al., 2015), potentially influencing the source apportion-
ment results. Thus, multiple approaches are needed to bet-
ter constrain the fate of terrestrial OC pools in marine
sediments (Belicka and Harvey, 2009; Blair and Aller,
2012; Zhu et al., 2013).

Our results also revealed a counterintuitive finding, i.e.,
the burial potential of OCfossil is lower than that of OCpre-

aged, as indicated by increasing sedimentary OCpre-aged load-
ings and decreasing OCfossil loadings relative to those of
from the corresponding fluvial source inputs (Fig. 6 and
Fig. S12). Tao et al. (2016) first made this observation
based on a more limited dataset using a mass-balance OC
budget approach, while our spatially-resolved data reveals
that this is likely a pervasive phenomenon in BS-YS sedi-
ments. Based on the assumption of ~100% burial efficiency
of soil pre-aged OC from the Yellow River and using bio-
marker mass balance, Sun et al. (2018) estimated that
58% of OCfossil was lost before burial in a localized area
of the Yellow River mouth, and suggested a portion of
the OCfossil loss could be due to microbial degradation.
Decreasing OCfossil loadings have also been observed along
the coastal transport pathway (Fig. S14), which has also
been recognized in the Mackenzie River-Beaufort shelf dis-
persal system (Goñi et al., 2005). In contrast, the higher
sedimentary OCpre-aged loadings than riverine SPM implies
contributions from additional OCpre-aged sources as well as
stronger association with (and protection by) mineral sur-
faces than OCfossil (Fig. 6). Thus, the contrasting fates of
OCpre-aged and OCfossil imply that age is not the only factor
for OC burial potential but mineral associations, miner-
alogical composition (Blattmann et al., 2019) and sorting
effect must also play a role.

The loadings of different terrestrial OC pools reveal spa-
tial variability but many samples have much higher corre-
sponding loadings than riverine samples. Uncertainties in
source apportionment, mineral associations and composi-
tion, temporal variability in riverine loadings, as well as
supply of terrestrial organic matter from other sources
could be contributing factors. For example, OC pool load-
ings in marine sediments would reflect longer-term (decadal
to centennial) averages, while data available for Yellow
River SPM reflects a recent ‘‘snapshot”. Although data
for Yellow River SPM and biomarker-isotope loadings
span only a three-year time series (Fig. 6; Yu et al.,
2019a), they provide some insight into temporal variability
in fluvial export. Moreover, the similar OC loadings for the
middle reach (0.17 ± 0.04 mg C m�2) and the lower reach
(0.16 ± 0.04 mg C m�2) SPM show that the Loess Plateau
is the dominant sediment source to Yellow River SPM (Yu
et al., 2019a; Qu et al., 2020). This has likely been the case
for thousands of years, implying that OC loadings of SPM
exported by the Yellow River would have remained similar
over long time scales despite the large changes in sediment
flux since 1950s (Wang et al., 2007). Nevertheless, while the
Yellow River has historically been the dominant source of
sediment and OC to the BS-YS, changes in the OC compo-
sition and transport dynamics caused by natural and
anthropogenic activities (Zhang et al., 2013; Wang et al.,
2017; Yu et al., 2019a, 2019b) may introduce uncertainty
(Hilton et al., 2015). The recent diminishment in sediment
supply may have caused other OC sources, such as from
small rivers and atmospheric deposition, to have assumed
greater prominence (Matsumoto et al., 2001; Tao et al.,
2016), potentially resulting in higher OCpre-aged loadings.
Sedimentation rates in the BS-YS have been relatively
stable on centennial timescales (Hu et al., 2016; Qiao
et al., 2017). However, spatial variability in sediment accu-
mulation rates and mixed layer depths throughout the BS-
YS (Qiao et al., 2017) imply that surficial sediments inte-
grate supply over different time periods, potentially also
contributing to the spatial variability in surface sediments.

The hydrodynamic setting can play an important role in
the distribution and burial of OC (Hilton et al., 2011; Bao
et al., 2018b; Hage et al., 2020), and is likely an important
factor contributing to the spatial variability in terrestrially-
derived OC pools in China marginal sea sediments. Rela-
tively weak hydrodynamic conditions in the BS-YS (e.g.,
cold-water mass in southern YS) likely contribute to higher
OC preservation (Hu et al., 2011, 2016; Zhao et al., 2018).
This contrasts with the Yangtze River-ECS system and
Pearl River-northern SCS system, which are characterized
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by significant loss of OCterr and lower burial efficiency (Wu
et al., 2013; Hou et al., 2020). Higher OC loadings and
fresher, more labile OC exported by the Yangtze River
and Pearl River likely results in extensive degradation dur-
ing transport and sedimentation, especially under stronger
hydrodynamic settings (Wu et al., 2018; Lin et al., 2019;
Wei et al., 2020). Similarly, physical reworking of sediments
in the mobile-mud area in Yangtze River delta and ECS
inner shelf enhances oxygen exposure time and OC reminer-
alization (Blair and Aller, 2012; Wu et al., 2013; Xu et al.,
2015; Zhao et al., 2018). Furthermore, the different miner-
alogical compositions of the Yellow, Yangtze and Pearl
River SPM may also influence preservation of OC in shelf
sediments (Zhu et al., 2013; Blattmann et al., 2019;
Hemingway et al., 2019).

These findings underscore the need for further investiga-
tion of the mechanisms controlling the fates of different ter-
restrial OC pools among different river-dominated margin
systems, and for assessments of the effects of climate and
anthropogenic perturbations on OC supply and burial.
Improved characterization and quantification of terrestrial
OC fractions in marine sediments requires application of
different proxies and approaches (e.g., Belicka and
Harvey, 2009; Blair and Aller, 2012; Zhu et al., 2013). Such
investigations should be extended to other hotspots of car-
bon burial (e.g., continental slopes, fjords, deep-sea fans
and deep-ocean trenches) in order to refine assessments of
terrestrial OC burial in the global ocean (Burdige, 2005;
Smith et al., 2015; Hage et al., 2020; Xiao et al., 2020).

5. CONCLUSION

This study used bulk and molecular-level d13C and D14C
measurements to assess spatial variations in the composi-
tion, age and burial potential of different terrestrial OC
pools in BS-YS sediments. The results reveal significant
spatial variability in the fractional abundance of OCterr

and of different aged OC pools. On average, OCmodern, OC-

pre-aged and OCfossil accounted for 49 ± 10%, 37 ± 6% and
13 ± 6% of TOC, respectively. The average contribution of
non-modern OC (OCpre-aged and OCfossil; 51 ± 10%) was
broadly equal to that of OCterr estimated from d13COC

(ave., 51 ± 14%), implying that OCterr in BS-YS is mainly
composed of millennial-aged OC. Since sedimentary TOC
and sub-OC pools in BS-YS all exhibited strong association
with mineral surfaces, we constrained fates of different ter-
restrial OC pools by contrasting mineral SA-normalized
OC loadings of sediments to those of corresponding Yellow
River POC. Both the regression slope-derived mean value
and the arithmetic mean value of loadings revealed efficient
sequestration of all terrestrial OC pools in BS-YS sedi-
ments. The similar proto-burial patterns of OCterr and
non-modern OC suggest high burial potential of predomi-
nantly millennial-aged OC exported by the Yellow River.
The extensive dataset also reveals contrasting fates of OC-

pre-aged and OCfossil. Specifically, increased sedimentary OC-

pre-aged loadings and decreased OCfossil loadings relative to
those of fluvial inputs suggest consistently higher burial
potential of OCpre-aged than OCfossil, implying enhanced
degradation of OCfossil during transport, different mineral
associations and sorting effects, and/or additional OCpre-

aged sources. Elucidation of underlying causes requires fur-
ther research.

The uniformly high burial potential of terrestrial OC in
the BS-YS is attributed to the refractory nature of OC
transported by the Yellow River that, in turn, is a conse-
quence of its antiquity and close mineral association. Sedi-
ment transport and deposition processes likely contribute
to spatial variations in OC proto-burial patterns. Thus,
diverse OC inputs, mineralogical compositions and hydro-
logical settings influence the fates of terrestrial OC in China
marginal seas. Our study highlights the need for detailed
characterization of specific terrestrial OC pools in different
river-marginal sea systems in order to refine our under-
standing of the fate of terrestrial OC exported to the ocean,
and evaluate the influence of natural and anthropogenic
processes on OC cycling.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

ACKNOWLEDGEMENTS

We thank Dr. Jordon Hemingway for the constructive sugges-
tions on the manuscript and Dr. Limin Hu for discussions. We are
grateful to Editor-in-Chief Prof. Jeffrey G. Catalano and Associate
Editor Prof. Elizabeth A. Canuel for handling the manuscript and
valuable suggestions, and three anonymous reviewers for their
thoughtful and valuable comments that help improve the manu-
script. We would like to thank Qiang Liu, Weijie Hao, the crews
of R/V Dongfanghong II for sampling help, Hailong Zhang, Li Li
and Gui’e Jin for laboratory assistance. We also thank all members
of Laboratory for Ion Beam Physics at ETH Zürich for 14C mea-
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Bröder L., Tesi T., Andersson A., Semiletov I. and Gustafsson Ö.
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