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The deposition and long-term burial of sedimentary organic matter (OM) on continental margins
comprises a fundamental component of the global carbon cycle. A key unknown in interpretation of
carbon isotope records of sedimentary OM is the extent to which OM accumulating in continental shelf
and slope sediments is influenced by dispersal and redistribution processes. Here, we present results
from an extensive survey of organic carbon (OC) characteristics of grain size fractions (ranging from
<20 to 250 pm) retrieved from Chinese marginal sea surface sediments in order to assess the extent to
Keywords: which the abundance and isotope composition of OM in shallow shelf seas is influenced by hydrodynamic
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14C heterogeneity
grain size fractions
organic carbon

continental shelf sediments
hydrodynamic processes

size in surface sediments associated with two different hydrodynamic modes, suggesting that transport
pathways and mechanisms imparted by the different hydrodynamic conditions exert a strong influence
on '4C contents of OM in continental shelf sediments. In deeper regions and erosional areas, we infer that
bedload transport exerts the strongest influence on (decreases) OC 'C contents of the coarser fraction,
while resuspension processes induce OC 4C depletion of intermediate grain size fractions in shallow
inner-shelf settings. We use the inter-fraction spread in A!4C values, defined here as H'4, to argue
that the hydrodynamic processes amplify overall #C heterogeneity within corresponding bulk sediment
samples. The magnitude and footprint of this heterogeneity carries implications for our understanding of
carbon cycling in shallow marginal seas.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Investigations on the isotopic characteristics of organic matter
(OM) in marine sediments provide important constraints on the
functioning of carbon cycle, with radiocarbon (14C) serving as a
key tool for investigating carbon cycle processes in contemporary
oceans. In addition to its value as a source indicator by virtue of
the age of inputs materials, '#C provides a window on the dy-
namics of carbon transfer between surface reservoirs on the Earth
(Blair and Aller, 2012). Prior studies have demonstrated that 14C
contents of OM in marine surface sediments vary markedly, es-
pecially on continental margins (Griffith et al, 2010). This 14C
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variability may reflect mixing of OM of different ages, and/or
the impact of pre- and post-depositional sedimentation processes
(Pearson and Eglinton, 2000; Griffith et al., 2010).

In many studies, including a recent investigation of the Chi-
nese Marginal Seas (CMS; Bao et al., 2016), 14C contents of organic
carbon (OC) in bulk surface sediment are commonly measured to
assess regional variations in OC '4C characteristics. However, such
bulk-level #C information renders it difficult to distinguish the
influence of source variations versus dynamic processes on OM
content and isotope composition. Several studies have shown that
sub-fractions of bulk sediment (e.g., specific grain size or density
fractions) may exhibit both different OC preservation character-
istics, as well as its hydrodynamic properties, resulting in dis-
tinct carbon isotopic (incl. 1#C) signatures (Megens et al., 2002;
Arnarson and Keil, 2007). The transport behavior of different grain
size fractions is linked to hydrodynamic properties of different par-
ticles and the physical oceanographic regime of sedimentary envi-
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ronments (Thomsen and Gust, 2000; McCave and Hall, 2006). OM
associated with different sedimentary grain-size fractions may thus
be subject to different fates, particularly in continental shelf and
slope settings that are characterized by strong, dynamic, and di-
verse hydrodynamic gradients. However, no studies have far inves-
tigated the intrinsic variability in OC 'C contents among grain-size
fractions within a broad spatial context that encompasses diverse
hydrodynamic regimes, like marginal seas.

While marked spatial variability in bulk OC #C contents was
previously found in the CMS surface sediments (Bao et al., 2016),
corresponding variations of carbon isotopic composition (*4C and
13¢C) of OM associated with specific grain size fractions were not
examined in detail, hindering elucidation of underlying causes of
this isotopic variability. A primary goal of this study is to exam-
ine spatial variations in carbon isotope characteristics, especially
14C contents, among different grain size fractions of surface sedi-
ments from an extensive marginal sea system. We present a suite
of measurements (n = 163) on the content (OC%), and carbon iso-
topic (C, 13C) composition of OM associated with specific grain
size fractions of surface sediments obtained from 34 locations in
the CMS encompassing the Bohai Sea (BS), the Yellow Sea (YS),
and the East China Sea (ECS) (Fig. 1). In addition to yielding new
information on the controls on spatial variations of OC 'C con-
tent, we discuss mechanisms of widespread “C heterogeneity to
advance our understanding of carbon cycle processes in the CMS,
and global continental margin systems.

2. Study area and samples
2.1. Hydrodynamic processes in the CMS

The CMS receives huge quantities of sediments primarily from
the Yellow and Yangtze Rivers (Qiao et al., 2017). The sediments
from the Yellow River are transported by seasonal currents and are
mostly deposited in the BS and YS, whereas those from the Yangtze
River are primarily delivered to the ECS, where they are strongly
influenced by tidal energy and coastal currents (Zhu and Chang,
2000; Chen, 2009; Yang et al., 2011; Li et al., 2016). Hydrodynamic
processes are responsible for the modern distribution pattern of
surface sediments in the CMS (Zhu and Chang, 2000; Zhu et al.,
2006; McKee et al., 2004; Shi and Wang, 2012; Zeng et al., 2015),
and play a crucial role in the formation of mud-rich zones that
are observed near river mouths, as mobile mud belts along the
coasts, and as deposition centers in the YS (Milliman et al., 1985;
Yang et al., 2011; Liu et al., 2006; Zeng et al., 2015; Li et al., 2016).

In the CMS, there are two main sediment transport modes
affecting the distribution of sediments: The first mode is via re-
suspension processes that are fueled by current-driven mobiliza-
tion and transport of finer-grained sediments which become en-
trained in continuous suspension-deposition loops. This mode of
transport has been observed based on temporal observations and
using relatively short-lived radionuclide tracers (e.g., ’Be, 21°Pb,
234Th) (Yang et al, 2011; Li et al., 2016; Wang et al, 2016a).
The second mode involves bedload sediment transport under the
stronger flow conditions, whereby coarser material moves in con-
tact with the bed by sliding or rolling processes (Liu et al., 1998;
Zhu and Chang, 2000; Harris and Wiberg, 2002). Depositional set-
tings influenced by sediment resuspension include the coastal mud
belts, deltaic mud patches, and the central YS depocenter (Liu
et al, 2006; Wang et al., 2014; Zhou et al, 2015; Wang et al,,
2016a). In contrast, the middle and outer shelf of the ECS is more
strongly influenced by bedload transport (Sternberg et al., 1985;
Keller and Yincan, 1985; Liu et al, 1998; Zhu and Chang, 2000;
Gao and Collins, 2014), leading to a greater fraction of coarser par-
ticles in surface sediments (Zhu and Chang, 2000; Xing et al., 2012;

35°N

30°N

25°N

National
boundary
River
Isobath
S Mud belt

0 400 km

Ocean Data View

120°E 125°E 130°E

Fig. 1. Sampling locations of surface sediments in the CMS. Samples are catego-
rized into hydrodynamic regime I (white solid symbols) and II (black solid symbols),
respectively (see Table 1). Samples proximal to locations of fine-grained sediment
accumulation in front of the river mouths (sample # 16, 17, 18) are shown as gray
solid symbols. Regions outlined with dashed white lines depict the locations of
coastal mud belts (Xu et al., 2009; Qiao et al., 2017). Arrows show the dominant
sediment transport directions (modified from Chen, 2009).

Qiao et al.,, 2017). Overall, these two distinct hydrodynamic pro-
cesses control the distribution and grain size characteristics of sur-
face sediments on this broad and shallow continental shelf system
(Milliman et al., 1985; Keller and Yincan, 1985).

2.2. Sampling from diverse hydrodynamic regimes

In this study, we selected a subset (34 samples) of the 358 sur-
face (0-2 cm) CMS shelf sediment samples originally examined
for bulk OC properties (Bao et al., 2016), and subjected them to
more in-depth investigation. Based on the above-described hydro-
dynamic and sedimentological criteria, the selected samples can
be overall classified into the two hydrodynamic regimes (regimes
I and II, respectively, white and black symbols in Fig. 1, and Sup-
plementary Fig. S1 for further information on selection criteria).
One group of samples (Regime I) are located in the three river-
mouth mud areas (sample #s 1, 2, 3) and the two coastal mud
belts (samples #s 4, 5, 6, 8, 9, 13, 14, 15), that are character-
ized by strong resuspension on a seasonal basis (Li et al., 2016;
Wang et al, 2016a) (Fig. 1). Since intense resuspension has also
been observed in the western and central YS (Liu et al., 2006;
Zhou et al,, 2015), samples #s 7, 10, 11, 12 are also classified into
Regime I. Most samples assigned to Regime I are from mud-rich
areas (mean grain size: <63 pm, Table 1), and overlaps with the
“Huanghe impact zone”, “Changjiang impact zone” and “Inner ECS-
YS shelf” regions as defined by van der Voort et al. (2018) using a
clustering algorithm based on '#C and total OC content. In contrast,
samples mostly from deeper water (>50 m) of the ECS (sample #s
23, 24, 25, 27, 28, 29, 30, 31, 32, 33, 34) are generally character-



Table 1
The #C contents of organic matter among the different grain size fractions, and '“C heterogeneity (H'4).
No. Sample Location Longitude Latitude Mean grain size ~ Water depth ~ A'C (%) H'
o o C
name °E) N (nm) (m) <20 20-32 32-63 63-125 125-250 Bulk®
(um) (um) (um) (nm) (nm)
1 Regimel B45 Deltaic mud area 119.00 38.32 16 21 —3478 £71°  —603.7 £58° —386.1 +6.6°  —2433 £73 —362.9 +6.5 360.4 £13.1
2 P01 122.73 31.02 16 29 —302.9 +6.9°  —408.8 +£6.7° —428.7 £62°  —509.9 +5.2° —305.3 £72 207.0 £12.1
3 H20 120.67 34.50 54 20 —4332 +6.3"  —6383 +43"  —7768 £35°  —768.3 £25" 5454 +4.6° —499.9 +43 3436 +£9.8
4 B38 Mud belt of the  121.16 3791 31 22 —2672 £75 —4181 6.7 —406.4 +7.1 —3576 £69  —259.9 £79  —2312 £3.8 1582 +14.6
5 B28 Yellow Sea 121.99 37.70 46 23 —2175 £93°  —4159 +63°  —3140 £73"  —3469 £70 —1931 489  —246.8 +£8.1 222.8 £15.2
6 BO6 122.88 37.00 40 29 —308.6 £7.6"°  —343.7 £76°  —3420 +£79°  —3321 471  —3081 +75 —283.7 £8.0 356 +151
7 BO1 123.23 36.26 7 75 —196.0 +7.8 —238.7 +7.5 —203.6 £7.6 —1975 486  —2021 +£7.7  —187.6 £7.8 427 +15.3
8 HO1B 12212 36.37 32 21 —264.0 £79°  —4393 +6.8" —3556 +£7.7° —3814 472 —108.7 £10.0 —256.0 £94 330.6 £16.8
9 HO1 121.01 35.96 90 33 —2443 482 —228.0 £8.1 —2179 485 —2369 £9.5 —174.6 +41 26.4 +£16.7
10 H19 Resuspension 120.34 35.00 42 28 —182.7 85 —268.6 £7.8 —357.8 £7.7 —3415 £83  —323.0 481  —209.0 +7.7 175.1 +16.2
11 H23 area observed 121.66 34.00 43 20 —3979 £78"  —663.2 58" —708.6 £4.9° —697.8 £3.7° 5758 £6.6° —4473 £40 310.7 £12.7
12 C05 123.50 35.00 12 78 —2542 +8.5 —3591 £6.7¢  —3449 +6.8 —390.2 £76¢ —1653 +82  —2389 +£78 2249 +£158
13 ME3 Mud belt of the ~ 122.58 28.73 12 63 —289.8 £6.2°  —295.7 +7.4°  —269.2 +£72°  —2655 +73 —2835 475 —2744 +9.8 302 +14.7
14 DH7-1  East China Sea 12117 27.38 12 30 —2878 £7.7°  —4428 +56° —383.9 +£89° —2893 +71 155.0 £13.3
15 DH8-1 120.83 26.77 13 47 —2944 £72° 5131 56"  -4862 +£52°  —382.7 471 —3186 +£72 218.7 +12.8
16  Regime II B70 Influenced by 12012 37.72 29 17 —2912 £7.8° 3917 £72° 3232 478"  —3107 £77 —659.2 451  —280.2 £74 368.0 £12.9
17 H21 progradational 121.00 34.00 17 19 —4632 £73°  —4410 £74°  —5335 £6.7° —618.5 £6.6° —7503 £3.7° —417.6 £3.7 309.3 £11.1
18 P02 processes® 123.01 30.84 229 47 —270.8 +7.4>4 4258 4724 3858 £7.3>9 3886 +75¢ —686.7 +5.7 —4553 +£61 4159 £13.1
19 H36 Northern Part of  122.00 33.00 171 14 —310.1 £85 —487.7 £7.5 —551.8 £5.8 —7759 £35  —7874 +£37  —6777 £51 4773 £12.2
20 RO1 the East China 122.45 32.83 35 27 —235.7 +7.3 —451.6 +6.4 —391.1 +6.8 —439.7 £63  —402.9 486  —243.6 £9.1 2159 £13.7
21 704 Sea strongly 123.07 31.71 453 40 —120.7 +86  —196.6 +7.8 —307.3 £6.6 —579.4 57 —6853 +45 —5353 61 564.6 £13.1
influenced by
tide

22 MzZ13  Non-mud area of 123.03 30.52 172 63 —2228 +84°  —311.6 £6.6°  —296.2 £7.0°  —4902 £59 —763.6 £3.6 —340.0 £6.8 540.8 £12.0
23 P05 shallow part of ~ 124.15 30.20 283 53 —176.4 +£8.9 —244.7 £8.2 —207.8 £7.7 —485.7465  —6243 £77  —459.0 £6.2 4479 +16.6
24 P07 the East China 124.95 29.90 239 56 —136.6 £8.7 —1765 +8.8¢  —424.4 +6.1 —6471 +529  —682.4 448  —3772 £6.0 5458 +£13.5
25 DH4-0  Sea 122.88 29.52 39 54 —270.6 +6.8°  —279.2 +7.8° 2498 £8.0°  —340.7 £79 —490.8 £7.2  —272.3 £49 2410 +15.2
26 ME1 122.10 29.02 13 15 —3219 £74"9  —4219 £6.7°  —4432 +65°9 —567.8 £5.6¢ —346.9 +6.8 2459 +13.0
27 ME5 Deeper part of 123.75 28.00 268 91 —2572 £8.9 —382.1 %71 —439.7 £6.8 —623.7 463  —693.4 £51  —369.4 £6.6 436.2 +14.0
28 DH5-2  the East China 122.43 28.28 160 65 —309.4 +7.2 —4182 £6.4  —427.0 £6.9 —526.6 £5.6 —823.7 £35 —326.8 £39 514.3 £10.7
29 DH6-2  Sea 12213 27.63 31 79 —314.4 +79 —4849 £64  —575.6 +6.2 —591.7 £5.4  —5175 £63  —223.0 +4.6 277.3 +13.3
30 LS02 125.40 2785 150 110 —135.0 +8.3 —1779 +8.7 —316.7 £7.6 —5012 £6.0  —421.0 £62  —2529 +75 366.2 +14.3
31 FPO5 126.75 30.10 280 96 —1829 +7.2 —226.1 75 —193.0 £7.7 —4245 £6.2 5499 458  —2247 £84 367.0 £13.0
32 FPO6 126.75 29.40 205 115 —160.8 £8.6  —389.8 +6.6 —4249 £73%  —5841 £639 5745 452  —280.4 £8.2 4233 +£149
33 A07 124.83 33.79 302 81 —250.0 +7.4 —246.5 £7.4 —213.6 £76 —2178 £77  —556.7 £5.7 —302.8 £75 343.1 +£13.3
34 F10 126.11 3175 8 76 —259.6 +7.9 —311.2 719 3528 £829 3682 £124 —5682 £599 —2729 £77 308.6 £13.8

Note: In general, with respect to Regime II, the lowest A#C values occur in >63 pm fractions whereas the highest A'#C values occur in <63 fractions; and vice versa for Regime I. Due to distinct hydrodynamic condition for
individual sampling location, it is reasonable that the minimum and maximum of A'4C values occur in different grain size fractions in Regime I and II.

2 The samples (16, 17, 18) do not show an anomaly of A'#C distribution among grain size fractions compared with other samples in Regime II. Thus, their assignment to Regime II does not compromise the arguments based on
Fig. 4B.

b Indicates that data is from Bao et al. (2016).

¢ Indicates that data is from Bao et al. (2016), except for sample H19. H19 was re-measured for grain size analysis in this study. The methodology was described in Tao et al. (2015).

d Indicates that the samples were graphitized using an automated graphitization system.
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Fig. 2. Spatial variability (Ocean Data View Interpolation) of A'C (A-E) and §'3C (F-]) values of different grain size fractions of CMS surface sediments. Black dots are
sampling locations (Table 1 and Supplementary Table 1). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

ized by greater abundances of coarser material, assigned to Regime
Il (Table 1). The Changjiang bank area is a site of net erosion, with
increased proportions of coarser sediments due to winnowing pro-
cesses (Sternberg et al., 1985; Xing et al., 2012; Gao and Collins,
2014; Qiao et al., 2017), and thus samples from this region (sam-
ple #s 19, 20, 21) are also assigned to Regime II. We define a third
class of depositional setting (sample #s 16, 17, 18; grey solid sym-
bols, Fig. 1) - in locations proximal to the fine-grained sediments
accumulating in front of the river mouths - that are interpreted
to be influenced by progradational processes (Wang et al., 2014;
Deng et al., 2017), and are provisionally assigned to Regime II.
Regime Il encompasses portions of the “Mid-ECS-YS shelf” and “In-
ner ECS-YS shelf” regions defined by van der Voort et al. (2018).

3. Methods

All samples were collected using a stainless steel box-corer
and stored at —20°C before analysis. The surface sediment sam-
ples were first freeze-dried and then wet sieved into <20, 20-32,
32-63, 63-125, and 125-250 um fractions using stainless steel
mesh sieves. Aliquots of freeze-dried grain size fractions were fu-
migated with HCl vapors to remove carbonates using a modified
method of Komada et al. (2008). Briefly, after the dried samples
were weighed into Ag capsules, they were placed on a ceramic
tray above a beaker filled with 37% HCI that was placed at the bot-
tom of a desiccator. The desiccator was evacuated and the samples
were heated in an oven at 60°C for 72 h. After fumigation, excess
acid was neutralized by replacement with ~20 g NaOH pellets in
a pre-combusted Petri dish (60°C for 72 h). The fumigated sam-
ples were measured for OC % and stable organic carbon isotopic
compositions (§'3C, %cVPDB) using an Elementar Vario MICROcube

elemental analyzer coupled to an Isoprime VISION isotope ratio
mass spectrometer calibrated against standard materials at ETH
Zurich. Corresponding §'3C values were determined to an accu-
racy of better than + 0.1%c and OC % to better than 0.03% based
on standards. The fumigated samples (~100 pg carbon for each
sample) were either prepared via sealed tube combustion and ana-
lyzed directly as CO gas (Ruff et al., 2007) or, in the case of some
larger samples (~500 pg C, cf. Table 1), were graphitized using
an automated graphitization system (Wacker et al., 2010) for 14C
measurements. All gas and graphite samples were analyzed for 14C
using a MIni CArbon DAting System (MICADAS) at the Laboratory
for lon Beam Physics, ETH Zurich (Synal et al.,, 2007). 14C data are
reported as A14C values (%o).

4. Results

We report values for OC %, 13C, and 'C isotopic compositions
of the CMS sediment samples (4C data includes 108 new mea-
surements and published data (n = 55): Fig. 2A-E and Table 1;
13C data: Fig. 2 F-] and Supplementary Table S1; OC % data: Sup-
plementary Table S2). The <20 pum fractions exhibit OC contents
ranging from 2.71 to 0.46% (ave. 0.95 + 0.48 (10)%, n =34), §13C
values ranging from —23.9 to —19.7%. (ave. —21.7 £+ 0.8 (10)%,
n =34), and AC values ranging from —463.2 to —120.7%0 (ave.,
—263.4 + 79.2 (10)%o, n = 34). The 20-32 pm fractions exhibit a
larger range of OC contents (1.73 to 0.09%; ave. 0.54 + 0.38 (10)%,
n = 34), §13C values (—24.8 to —20.3%o; ave. —22.6 + 1.1 (10)%,
n =34), and A™C values (—663.2 to —136.6%0; ave., —374.7 +
125.7 (16 )%0, n = 34). The 32-63 pm fractions exhibit OC contents
ranging from 1.18 to 0.07% (ave. 0.38 £ 0.30 (10)%, n = 34), §13C
values ranging from —25.1 to —20.1%o (ave. —22.4 + 1.2 (10)%,
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n=34), and AC values ranging from —776.8 to —193.0%q, (ave.,
—383.3 + 134.0 (10)%o, n = 34). The A'C values of 63-125 and
125-250 pm fractions exhibit a relatively large range of —775.9 to
—197.5%0, (ave., —458.4 + 1552 (10 )%, n = 32) and —823.7%
to —108.3%o, (ave., —481.7 & 224.6 (10 )%o, n = 30), respectively
(Fig. 2); corresponding 8'3C values of 63-125 and 125-250 pm
fractions range from —25.5 to —20.3%¢ (ave. —21.7 £+ 1.2 (10)%,
n=30) and —25.0 to —20.3%0 (ave. —22.1 £+ 1.2 (10)%, n = 30)
respectively; the OC contents of 63-125 and 125-250 um fractions
are ranging from 1.51 to 0.06% (ave., 0.31 £+ 0.31 (10)%, n = 30)
and 1.60 to <0.01% (ave., 0.50 £ 0.42 (10)%, n = 24), respectively.

5. Discussion

5.1. Patterns of spatial variability in OM A'C among grain size
fractions

There are marked differences in the spatial variation of '#C con-
tents for the different grain size fractions (Fig. 2 A-E). For the
finer fractions (<20, 20-32, and 32-63 um), the A#C values of
more distal sediments in the YS (e.g., sample #s 7 in the cen-
ter of the YS) are generally higher (i.e., younger 4C ages) than
those on the inner shelf of northern Shandong Peninsula (e.g.,
sample #s 1, 4, 5) (Fig. 2A-C). Lower A'#C values (older '4C
ages) of the latter could be partly explained by fluvial supply of
pre-aged OC from the Yellow River (A'C values of Yellow River
suspended particulate OM (POM): ~ —400%o, Wang et al., 2012;
Tao et al., 2015). However, despite of large-scale export (~30%,
Yang and Liu, 2007) of Yellow River-derived sediments to the cen-
tral YS, OM in the central YS exhibits less depleted A'C values.
While the central YS and coastal area along the northern Shan-
dong Peninsula are both influenced by fluvially-derived terrestrial
OC, there is significantly higher marine primary productivity in
the latter than in the former (Shi and Wang, 2012). Marine OM
with higher A'C values (reflecting those of dissolved inorganic
carbon, DIC: ~—25 to —160%, in the BS; Wang et al., 2016b)
should thus compensate for inputs of '4C-depleted terrestrial OM
in sediments to these shallow near-shore settings. However, we
find relatively low A'C values for OM accumulating along the
northern Shandong Peninsula, indicating that '#C contents cannot
be solely explained by a mix of allochthonous and autochthonous
carbon sources. Overall, these observations reveal marked spatial
variability in A1C values in the BS and YS that cannot readily be
explained based solely on OC inputs.

Higher A'#C values are also exhibited by the finer grain size
fractions (<20, 20-32, and 32-63 pm) on the outer shelf of the
ECS (e.g., sample #s 21, 23) than those in the coastal area (e.g.,
sample #s 14, 15) (Fig. 2A-C). Similarly, the §13C values of these
fractions in deeper shelf settings are also higher than those in
the nearshore zone (Fig. 2F-H). While '3C depletion in the latter
can be interpreted as a result of inputs of Yangtze River POM, the
relatively low A!4C values are not consistent with that of OC as-
sociated with fluvially exported SPM (A14C ~—110%o, Wang et al,,
2012). It is difficult to reconcile these observations only by carbon
end-member mixing. In addition, given that sedimentation rates
along the coastal mud belt of the ECS (>1.5 cm/yr, Liu et al., 2006;
Qiao et al,, 2017) are higher than on the middle/outer shelf, and
that the sediment mixed layer depths (i.e., ~10 cm; Su and Hubh,
2002; Liu et al., 2006) are significantly greater than that of the
sampling interval (0-2 cm), bioturbation processes are unlikely to
account for older OC observed in the finer grain-size fractions
of surficial sediments from these shallow regimes (Griffith et al,,
2010). Instead, the carbon isotopic variability of OM residing in
finer-grained fractions may reflect a combination of different OC
sources as well as resuspension-related processes occurring on the

shallow inner shelf that induce OM “pre-aging” and associated
transformations (Bao et al., 2016).

The aforementioned lines of evidence suggest that hydrody-
namic processes in deeper regions of the CMS differ from those in
shallow areas, and these differences may influence the fate of OM
associated with fine-grained sediments. One potential explanation
for higher A4C values on the outer shelf is vertical particle export
associated with biological pump processes, which varies seasonally
(Chen, 2009; Fu et al., 2015; Wu et al.,, 2016), while fine-grained
sediments are prone to erosion and ocean-ward export (Zhu and
Chang, 2000; Zhu et al., 2006; Gao and Collins, 2014). Alterna-
tively, rapid lateral advection of '#C-enriched and 3C-depleted OM
from deltaic environments to deeper regions may occur via sur-
face current-driven transport (Yang et al., 2007), contributing to
the elevated A14C values of finer grain size fractions in the deeper
part of the ECS (e.g., sample #s 34, southern Cheju island). These
contrasting hydrodynamic regimes of shallow (inner) and deeper
(outer) shelf environments may thus contribute to the observed
spatial variability in '#C contents of OM in finer-grained sediment
phases.

Coarser grain size fractions (63-125 and 125-250 pum) exhibit
markedly different spatial variations in A!4C values compared
with the corresponding finer (<63 pm) fractions (Fig. 2D, E). The
A™C values of coarser fractions in the western YS are very low
(<—600Y%q). These low A'4C values could reflect preferential loss
of labile (younger) OC due to erosional processes and to continued
oxygen exposure in these “incineration” regions (Aller and Blair,
2006; Mollenhauer and Eglinton, 2007) that leave a residual pool
of older OC. In the northern and central YS and BS, for exam-
ple, coarser fraction A'C values are generally higher than those
in the ECS. Rapid sedimentation in the former settings may re-
sult in higher A4C values (Qiao et al., 2017). In deeper regions
of the ECS, the combination of bioturbation processes and rela-
tively low sedimentation rates (~1 mm/yr, Qiao et al., 2017) might
contribute to the presence of “C-depleted OC in coarser sediment
fractions. Nevertheless, these processes are insufficient to explain
the large (~500%¢) A'4C offset between corresponding grain size
fractions from the northern and central YS/BS and from the middle
shelf of the ECS. We also note that coarser fractions from the mid-
dle shelf of the ECS that exhibit low A'C values (Fig. 2D, E) are
generally enriched in 13C (Fig. 2I, ]), suggesting that 14C depletion
in coarser-grained mid- and outer-shelf sediments may not sim-
ply reflect degradation of younger and fresher (marine) OM under
slower sedimentation conditions.

5.2. Carbon isotopic relationships among grain size fractions

We evaluate OM compositional relationships among grain size
fractions in order to shed further light on underlying processes.
Relationships between 4C, 13C, and OC% for Regime I (white solid
symbols) and II (black solid symbols) are shown in Fig. 3. For the
finer fractions (<63 pm), Regime I and II samples show similar re-
lationships (patterns) between A'#C and OC% values, whereas cor-
responding coarser fractions (e.g., 125-250 pm) exhibit contrasting
relationships between the two Regimes (Fig. 3A). Coarser fractions
from Regime II display a wider range of A!4C values (~—800 to
—400%o) but exhibit a narrower range of OC% contents compared
with Regime I. These characteristics may imply different controls
on A'™C values of coarser fractions in the two Regimes. While
degradation of more labile (younger) OC from coarser fractions due
to limited surface area protection could explain greater 14C deple-
tion for these fractions from Regime II (Fig. 3A iv, v), they exhibit
a relatively broad range of §'3C values (~—25 to —20%o, Fig. 3B),
suggesting that the selective degradation processes are unlikely to
be the only cause for the pattern in A4C values (cf,, Goiii et al.,
2005).
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Fig. 3. Matrix of cross-plots between: (A) A'C and OC % (red lines are logarithmic regression trends for all samples), (B) §'3C and OC %, and (C) A'™C and §'3C for different
grain size fractions from Regime I (white solid symbols) and Regime II (black solid symbols) (<20 pm (i), 20-32 pm (ii), 32-63 pm (iii), 63-125 pm (iv), and 125-250 pm
(v)). The OC source end-members and dashed lines are taken from Gofii et al. (2005) and references therein. Samples with A4C and §'3C values to the left of the line may
be explained by mixing of different OM end-members. The A'C and §'C end-members of SPM in the regional rivers derive from Tao et al. (2015, Yellow River), Wang et

al. (2012, Yangtze River), and Kao et al. (2014, Taiwan rivers).

A plot of 13C versus 'C values is frequently utilized to assess
the OC source characteristics and aid in assignment of isotopic
end-members. Our results show that the §13C and A'C values
of the majority of finer fraction samples (i.e., <20, 20-32, and
32-63 pm) may be explained by mixing of different OM end-
members derived from allochthonous (modern, pre-aged and fos-
sil terrestrial OM derived from riverine SPM) and autochthonous
(marine productivity) sources (Fig. 3C i-iii). However, additional
processes may contribute to the scatter in this parameter space.
In particular, preferential remineralization of recently-synthesized
biogenic materials relative to allochthonous pre-aged terrigenous
and marine organic components during the transport and sed-
imentation processes would result in depletion in 'C and 13C
(Mollenhauer and Eglinton, 2007; Bao et al, 2016). Moreover,
transport-related OM aging associated with hydrodynamic pro-
cesses (e.g., entrainment in resuspension-deposition loops) on the
inner shelf would also result in a downward shift in the plot (Bao
et al, 2016). The effects of the above aforementioned processes
(e.g., preferential remineralization of OM, impact of hydrodynam-
ics on OM) are difficult to determine in these classic isotopic plots.

In contrast to their finer-grained counterparts, coarser frac-
tions (63-125, 125-250 pm) from Regime II generally plot on
the right side of dashed line (Fig. 3C iv, v), whereas those from
Regime I tend to plot on the left of the line. Relative enrich-
ment of fossil or pre-aged terrestrial OC in coarser detrital sedi-

ment grains could explain the lower A'4C values for the coarser
fractions in Regime II, however terrestrial materials discharged
by the major rivers surrounding the CMS (both from mainland
China and Taiwan) are generally fine-grained (mean grain size:
<63 pm, Tao et al, 2015; Hilton et al, 2010) and depleted
in 13C (8'3C in Yangtze River: ~—26 to —23%o; Yellow River:
~—24%0, Wang et al., 2012; Tao et al., 2015; Taiwan small rivers:
~—24%0, Kao et al., 2014; Hilton et al., 2010) compared to those
of coarser grains size fractions from Regime II (ave. —21.8%).
There is no strong evidence for transport of coarse-grained sedi-
ments to the regions of the ECS investigated in this study (Fig. 2E).
In addition, bedload transport only accounts for small percent-
age (<1%) of the exported fluvial sediment (i.e.,, Yangtze River,
Yang et al., 2015), and is thus unlikely to contribute signifi-
cantly to coarser (>63 pm) fractions of distal shelf sediments
(e.g., sample# 24, >90% mass percentage in bulk sample, Sup-
plementary Table S3). Moreover, Liu et al. (2008) demonstrated
that terrigenous materials exported by Taiwanese rivers is trans-
ported either northeastward into the Southern Okinawa Trough
or southward into the South China Sea, rather than middle shelf
of the ECS (van der Voort et al, 2018). The above observa-
tions thus suggest that other factors, besides the sources, con-
trol the carbon isotopic composition (esp. 14C contents) of coarser
fractions in Regime Il compared with corresponding fractions in
Regime I.
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5.3. Differential hydrodynamic influences on 1* C contents

Generalized relationships existing between 14C contents of OC
and grain size in surface sediments are shown in Fig. 4. We at-
tribute the contrasting trends between regimes to differing influ-
ences of underlying hydrodynamic processes. Specifically, based on
the distinctive OC characteristics of specific grain size fractions of
the representative sedimentation locations from Regime I and II,
we suggest that (at least) two different hydrodynamic modes in-
fluence 4C contents of CMS surface sediments:

In the first mode, as exemplified by Regime I, minimum A!4C
values are associated with intermediate grain sizes (Fig. 4A).
This includes the “sortable silt” (20-63 pm) component that re-
quires lower shear stress to be eroded and returned to suspension
(McCave and Hall, 2006), through which associated OM may ex-
perience prolonged oxygen exposure and transport times that in
turn promote greater lateral redistribution, degradation and ag-
ing of OM relative to that residing in other grain size fractions
(Bao et al., 2016). Such #C age-grain size relationships are likely
to be prominent in regions where prevailing and seasonally oscil-
lating coastal currents transport and disperse entrained sediment
in shallow water environments. The grain size fraction with min-
imum A'C value likely depends on local shear stress (Zhu and
Chang, 2000), but mostly manifests itself in the finer fractions
(<63 pm, Table 1). Aggregation/disaggregation processes occurring
in the sedimentary matrix, which are prevalent in shallow regions
(Wang et al.,, 2015), may also impact A'4C values of OM, particu-
larly that associated with intermediate grain size sediments. Such
aggregation/disaggregation processes may occur during deposition-
resuspension cycles (Thomsen and Van Weering, 1998) and lead to
relatively “uniform” #C contents among the intermediate (20-32,
32-63, and even 63-125 pum) grain size fractions compared with
those in the finer and coarser fractions (Fig. 4A).

In contrast to the “U-shaped” pattern for Regime I, the mode
that characterizes Regime II is associated with a quasi-linear de-
crease in A'4C values from fine to coarse fractions (Fig. 4B; Ta-
ble 1). Finer particles in sediments from Regime II are presumed
to be less susceptible to resuspension and therefore less prone to
incineration processes operative in energetic coastal settings (Aller
and Blair, 2006; Yang et al., 2007). In deeper waters of the outer
shelf, finer-grained sediments may also be exported to the abyssal
ocean, potentially via nepheloid layer transport (Zhu et al., 2006;
Gao and Collins, 2014), resulting in preferential accumulation of
coarser sediments in the deeper part of ECS (Supplementary Table
3), while finer-grained sediments deposited in the vicinity of river

mouths (also included in Regime II) are also eroded by prograda-
tional processes (McKee et al., 2004).

In contrast, coarser-grained sediments are less prone to rapid
seaward export under the prevailing hydrodynamic conditions. In-
stead, sluggish bedload movement serves as the prevailing trans-
port mechanism (Zhu and Chang, 2000; Sternberg et al., 1985;
Keller and Yincan, 1985; Liu et al., 1998; Gao and Collins, 2014),
leading to pronounced 4C aging (via radioactive decay) of residual
OM within the coarser grain size fractions. We argue that sluggish
across-shelf lateral movement via bedload transport, accompanied
by selective degradation OC of coarser fractions, induces the ap-
parent '#C aging. Due to relatively low surface ocean productivity
on the mid-shelf of the ECS (Shi and Wang, 2012), influence of di-
lution by hemipelagic sedimentation on our interpretation would
be minimal. During transport, such bedload materials may entrain
OM derived from marine benthic production in the shallow regions
(Thomsen and Gust, 2000; Jahnke et al., 2000), contributing to
higher §'3C values (France, 1995) for OM associated with coarser
sediments in Regime II.

Arnarson and Keil (2007) found that encapsulation within
biomineral matrices was the dominant mode of OM association
with sedimentary particles exposed to relatively long oxygen expo-
sure times (OET, i.e.,, >1000 yr), and these authors speculated that
the associated OC may include residual marine material previously
residing in organic-mineral aggregates. Mineral protection may de-
velop with protracted lateral transport (i.e., long OET) (Arnarson
and Keil, 2007), potentially resulting in accumulation of recalci-
trant OC in coarser fractions (Bao et al., 2018). Such an interpre-
tation is consistent with the older OC '4C ages of coarser-grained
sediments exposed to prolonged OET, and this - together with
more sluggish bedload transport - would explain the observed
trend of decreasing A'C values with increasing grain size.

Variations in (bio)diffusion coefficients as a function of grain
size may lead to different residence times in the sediment mixed
layer, with coarser particles generally exhibiting longer residence
times (Thomson et al., 1995). While this may also partially explain
the observed trend (Fig. 4B), such processes are unlikely to account
for the large offset of A!4C values observed between finer and
coarser fractions (max. ~600%q, ~5000-7000 'C yr) given the rel-
atively small differences in residence times of particles of different
sizes in the mixed layer of continental shelf sediments (Thomson
et al, 1995). Broder et al. (2018) determined a lateral transport
time of OC of ~3600 years across the ~600 km-wide Laptev Sea
shelf. In our case, given a very similar transport distance from
the coast to the outer shelf of the ECS, millennial-scale lateral
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transport times for OM associated with coarser sediments seems
reasonable (assuming that lateral transport time can be roughly
calculated through offsets of OC ages observed between finer and
coarser fractions).

Irrespective of the specific processes responsible for the large
AM™C offset between the finest and coarsest fraction, the pro-
cesses are each in some way linked to hydrodynamic effects that
exert different influence as a function of sediment grain-size.
Consequently, we conclude that contrasting transport pathways
and mechanisms imparted by different hydrodynamic regimes are
largely responsible for observed contrast in grain size-vs-'4C pat-
terns (Fig. 4). Hydrodynamic processes thus appear to play a criti-
cal role in dictating the heterogeneity in '#C among different sed-
imentary grain size fractions of CMS surface sediments.

5.4. Assessing intrinsic 1C heterogeneity in OM

Building on the above premise, the heterogeneity in A'#C val-
ues of OM associated with different grain size fractions carries in-
formation on hydrodynamic influences on the dispersal and burial
of OM in marginal sea sediments. Taking Fig. 4B as an example,
and assuming that there is a continuum of sedimentary grain sizes
comprising bulk sediments (Supplemental Figure S2B), then it is
reasonable to assume a spectrum of '4C contents of OM exists as
function of grain size. If we extrapolate to extremely large (i.e., im-
mobile) grain sizes, then A'#C values should approach —1000%y,
implying that differences between fine and coarse-grained frac-
tions would reach a maximum. To a first approximation, the mag-
nitude of this 14C “heterogeneity”, defined as the difference in OM
14C contents between sedimentary grain size fractions, should thus
reflect the degree of influence imparted by hydrodynamic pro-
cesses. The 14C offset between the highest and lowest A4C values
within a grain size spectrum, here termed “H'#”, may be applica-
ble for other regimes that are under hydrodynamic influence, and
serve as a semi-quantitative metric of #C heterogeneity within
sedimentary OM (Table 1).

The spatial variation in H'* values for CMS sediments is shown
in Fig. 5A. H' values are relatively small (190 + 14 (10 )%o), i.e.,
indicating low heterogeneity, in regions where sediment resuspen-
sion processes exert a strong influence on sediment mobilization

and deposition (Regime I - the YS and ECS coastal mud belts
and in the central YS), whereas H'4 values are higher (390 +
13 (10)%0) in Regime II. For the former, all grains size fractions
are subject to resuspension, albeit to different extents, leading to
smaller discrepancies among A'#C values (i.e., lower H!# values).
On the other hand, in Regime II, sluggish bedload movement of
coarser-grained fractions via tidal and bottom currents (Zhu and
Chang, 2000; Zhu et al., 2006), coupled with more rapid and
ephemeral vertical and lateral export/supply of younger, OM asso-
ciated fine-grained sediments result in amplified 4C heterogeneity
(higher H'# values).

Numerous studies have sought to understand changes in carbon
biogeochemistry along across-shelf transects in the CMS (Fig. 5A,
Tsunogai et al., 1999; Zhu et al., 2006). Building on our findings,
the measured 'C ages of OM associated with the finest and coars-
est sediment fractions may be envisioned to exhibit a “scissor-like”
pattern (Fig. 5B) whereby the different aforementioned hydrody-
namic processes result in a general increase in !C heterogeneity
(H') from relatively shallower to deeper shelf regions. This sim-
ple conceptual model may serve as a framework for understanding
processes influencing sedimentary OM in marginal sea systems.
The influence of hydrodynamic processes in the fate of OC would
be expected to vary substantially based on continental margin set-
ting. Intermediate and bottom nepheloid layer transport of OC
hosted on fine-grained particles (Inthorn et al., 2006), and bed-
load transport of OM associated with coarser grain size fractions
serve as vectors for export of OC to distal environments (Fig. 6).
Together, these two “conveyers” move OC across the shelf with dif-
ferent efficiencies and over different timescales. The “continental
shelf pump” was first proposed to describe the absorption and ex-
port of CO; in shelf waters (Tsunogai et al., 1999). This concept
can be extended to also account for lateral transport of particu-
late OC (POC) (Fig. 6). Hydrodynamic processes (e.g., resuspension,
bedload transport) may enhance remineralization of OM, in turn
influencing dissolved organic and inorganic carbon fluxes.

Given that resuspension-driven and bedload transport exert dif-
ferent influences on the dynamics, the differential transport behav-
jor may manifest in changes of the '#C content of sedimentary OM.
It is reasonable, therefore, to assume that differences in '#C con-
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tents between grain size fractions due to hydrodynamic processes
may be represented by the H!* proxy. This H'# implication would
provide the estimation of the influences of hydrodynamic pro-
cesses (resuspension) in the '#C contents in the shallow marginal
seas, where other approaches (e.g., sediment 230Thxs inventories)
may not allow useful approximations of resuspension (Mollenhauer
et al,, 2011). The concept may be applicable to other settings given
that hydrodynamic processes can affect grain size distributions of
deep-ocean sediments (McCave and Hall, 2006). Building on the
observed A'#C-grain size relationship in Regime II, our concep-
tual model suggests that A'C values will decrease with increasing
grain size (i.e., high H'* values) of detrital sediments in deep-sea
environments. Indeed, Bao et al. (2018) found that 4C ages OM
systematically increased from the finest (<20 pm) to the coars-
est fraction (>500 pm) (equivalent to H4: ~300%o) in a deep-sea
sediment sample from the Arabian Sea (~ 4000 m water depth).
In most cases, high H!4 values indicate pronounced bedload trans-
port, whereas low H'# values are characteristic for re-suspension.
However, in highly energetic and shallow margins, where hydro-
dynamic processes may result in mobilization of both finer and
coarser sediments to the suspended load (e.g., tidally-influenced
regions of the northwestern ECS, Xing et al., 2012), OC aging in
both fractions may occur, potentially leading to a “crossing point”
in Fig. 5B. Under these conditions, H'* would not detect or un-
derestimate the influence of hydrodynamic processes as expressed
by 14C contents, highlighting a limitation of the approach. Never-
theless, markedly lower A'4C values of all grain size fractions are
often observed in these settings, providing an additional line of ev-
idence to infer hydrodynamic influence on sedimentary OC.

6. Conclusions and implications

In this study, we present an extensive survey of 4C, 13C and
OC contents of OM associated with different grain size fractions
of surface sediments from the CMS. Our results reveal both strong
spatial variability in #C contents of specific grain size fractions as
well as distinctive '#C patterns among grain size fractions from
specific samples. These variations in the relationship between sed-
iment grain size and OC 'C content are linked to the underlying
hydrodynamic processes. We propose that two different transport
modes (resuspension-driven and bedload transport) contribute to
the patterns and magnitude of heterogeneity in '#C among grain
size fractions, the latter defined here as “H!4” - the offset between
maximum and minimum A!4C values. In deeper waters, slug-
gish bedload transport of coarser-grained sediments amplifies 14C
heterogeneity (higher H'#), leading to quasi-linear '#C-grain size
relationships. In shallower coastal waters, sediment resuspension
processes lead to relatively lower overall H'#, but with maximum
14C ages occurring at intermediate grain sizes as a consequence of
the propensity of the sortable silt fraction to remobilization and re-
distribution. The H'# parameter may also prove of use as a means

to detect the influence of hydrodynamic processes in other (deeper
ocean) settings.

The influence of hydrodynamic processes in sedimentary OC
14C contents is common in the CMS, regardless of carbon sources.
Indeed, #C aging of OM as a consequence of this suite of pro-
cesses is likely prevalent globally, adding a temporal dimension to
dispersal of sediments on continental shelves. Due to unique hy-
drodynamic regimes of each shelf system, the mode and extent of
influence will vary, with resulting differences on the fate of OC re-
siding in different grain size fractions. Consequently, events/factors
influencing grain size transport and sorting (e.g., sea level change,
gravity flows, ocean topography) should be considered to further
our understanding of the content and isotopic composition of OC
in marine sediments. Hydrodynamically-induced variations in 4C
heterogeneity carry implications for our understanding of global
OC cycling and its fate on continental margins (Fig. 6). Further
studies examining “C heterogeneity within different OM pools in
the context of OM source (e.g., via specific biomarker compounds),
or reactivity (e.g., as a function of thermal or biological lability) are
warranted.
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