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A B S T R A C T

The elemental (TOC, TN and C/N) and carbon isotope (Δ14C and δ13C) compositions of organic matter were
measured in different grain size fractions of particles transported by the Yellow River and surface sediments in
the Bohai Sea and the Yellow Sea. In the riverine particle and sediment samples, high OC contents were asso-
ciated with small grain size fractions consisting mainly of clay minerals. The δ13C and Δ14C values of the bulk
riverine particulate organic carbon (POC) collected from the Lijin and Xiaolangdi sites were relatively constant
but varied significantly (−21.9‰ to −26.0‰ and −325‰ to −620‰, respectively) among the different size
fractions. In comparison, large spatial variations in δ13C (−20.6‰ to −24.5‰) and Δ14C (−188‰ to −646‰)
values, which increased seaward due to the difference in source carbon, were found for bulk TOC Δ14C preserved
in the surface sediments, but no significant differences were observed among the values in the different size
fractions in most sediments. The different carbon isotopic values of the riverine POC and sedimentary TOC
reflect differences in the sources, degradation and cycling time scales of the OC. The Yellow River exports very
old (5220 ± 295 yrs) POC that is much older than the TOC (2457 ± 676 yrs) preserved in the surface
sediments in the Bohai and Yellow seas. Calculations using a dual-isotope three end-member model indicate that
pre-aged soil OC and ancient fossil OC represent major proportions (57 ± 16% and 30 ± 8%, respectively) of
the riverine POC and that terrestrial biomass OC represents a minor proportion (13 ± 11%). The drainage
environment of the river plays important roles in controlling the sources and ages of the riverine POC. In
contrast, the TOC in the grain size fractions of the surface sediments in the Bohai and Yellow seas is dominated
by marine-derived modern OC (47 ± 13%), followed by pre-aged soil OC (29 ± 9%) and ancient fossil OC
(25 ± 14%). The ages of the TOC are determined mainly by the source input, rapid sedimentation, sediment
minerology and decomposition of OC during early diagenesis in these large river-influenced marginal seas.

1. Introduction

Organic carbon burial in marine sediments represents a major sink
of atmospheric CO2 and plays an important role in carbon cycling,
especially in large river-influenced marginal seas (Hedges and Keil,
1995; Burdige, 2005; Blair and Aller, 2012; Bauer et al., 2013). Rivers
and their estuaries serve as the principal conduits for the transport of
terrigenous sediment to coastal seas, thereby linking the carbon cycles
of the terrestrial biosphere and the ocean ecosystem (Milliman and
Meade, 1983; McKee et al., 2004; Bianchi and Allison, 2009; Galy and
Eglinton, 2011). Globally, approximately 4.5 × 1011 kg of terrestrial
organic carbon (OC) is transported by rivers to coastal seas annually, of
which 40–50% is in the form of particulates (Ludwig et al., 1996;

Hedges et al., 1997). As major sites of river-exported particulate organic
carbon (POC) removal, the continental shelves and coastal areas ac-
count for approximately 80–90% of OC burial in the ocean (Berner,
1982; Hedges and Keil, 1995; Blair and Aller, 2012), and up to 90% of
river-delivered POC could be buried in estuarine and coastal sediments
(Aller et al., 1985; Hedges et al., 1997; Burdige, 2005; Bianchi, 2011;
Bianchi et al., 2018).

River-transported particles and sediment are often not spatially
homogeneous in terms of particle size or chemical characteristics (Keil
et al., 1994; Bergamaschi et al., 1997). The quantity and type of POC in
the aquatic environment are affected by many factors, such as the
source, reactivity, digenetic stage and depositional regime. Great in-
terest exists in the relationships between TOC and different types of
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particulate matter, especially in terms of grain size and surface area
(Keil et al., 1994; Mayer, 1994a, 1994b; Bergamaschi et al., 1997). In a
recent study, Bouchez et al. (2014) measured the radiocarbon age (14C)
and stable carbon isotope composition (13C) of POC in different particle
size fractions in the Amazon River. They found a general increase in
POC content with decreasing particle size, but the POC content was not
strongly related to the specific surface areas of the suspended particles.
Old rock-derived POC contributed ~10% of the total POC exported by
the Amazon River, and the mean age of the POC exported from the
Amazon Basin was 1120–2850 years (Bouchez et al., 2014). More re-
cently, Yu et al. (2019b) performed bulk and compound-specific bio-
marker analyses of suspended particles collected at one site in the low
reach (Kenli site) of the Yellow River and found that finer particles
(< 32 μm) had higher OC% and lower Δ14C values of long-chain
(C26+28+30) fatty acids than the coarser particles, reflecting pre-
ferential transport of pre-aged, mineral soil-derived OC in the river.

In marine sediments, Coarse and fine particles are usually not
transported in the same manner (Eisma and Li, 1993), which can result
in different origins of the fine and coarse particles and sediments. Many
studies have demonstrated that high OC burial in sediments is posi-
tively correlated with the sedimentation rate and the surface areas of
the particles because high sedimentation rates and the large surface
areas of fine particles lead to the burial of large amounts of OC in se-
diments (Keil et al., 1995; Mayer, 1994a, 1994b; Bergamaschi et al.,
1997; Curry et al., 2007; Keil and Mayer, 2014). It is widely accepted
that fine particles, such as clay minerals with large charged surface
areas, have a strong OC adsorption capacity and thus carry and protect
high OC abundances in marine sediments (Keil et al., 1994; Hedges
et al., 2001; Curry et al., 2007; Keil and Mayer, 2014). In large river-
influenced marginal sea sediments, however, interaction of OC and
minerals might be more complicated, and the preservation, abundance
and reactivity of OC in sediments could be largely influenced by re-
suspension-deposition loops and sediment redistribution (Bao et al.,
2016). Using radiocarbon measurements, Bao et al. (2019) recently
reported that contrasting relationships exist between 14C contents of OC
and grain size in surface sediments of the Bohai and Yellow seas and are
associated with two different hydrodynamic modes. In the deeper re-
gions and erosional areas, bedload transport often decreases the OC 14C
contents of the coarser fraction, while resuspension processes result in
OC 14C depletion associated with intermediate grain size fractions in
the shallow inner-shelf settings. Hydrodynamic processes, overall, play
an important role in affecting the 14C heterogeneity of bulk sediments
of marginal seas.

The Yellow River is one of the most turbid major rivers in the world.
It primarily transports highly erodible fine particles from the Loess
Plateau and delivers a large amount of sediment to the Bohai and
Yellow Sea (Milliman and Meade, 1983; Milliman and Syvitski, 1992).
In order to reduce sediment deposition and increase the discharge
carrying capacity in the main channel of the lower Yellow River, the
practice of water and sediment regulation (WSR) has been implemented
at the Xiaolangdi Reservoir in the river's middle reach since 2002,
which has greatly affected the sediment transport in the lower reach of
the Yellow River (Zhang et al., 2009; Wang et al., 2016a). In recent
years, several studies have focused on WSR events using radiocarbon
measurement as a tool to determine the hydrodynamic influence on
POC transport in the lower reach of the Yellow River (Tao et al., 2015;
Yu et al., 2019a, 2019b). These studies found that, in general, WSR
events lead to lower modern OC contribution than periods of natural
seasonal variability for river-transported particles.

Although several studies have been conducted using radiocarbon
measurement to investigate the sources, transport and cycling of OC in
Yellow River-transported particles (Tao et al., 2015; Yu et al., 2019a,
2019b) and adjacent coastal sediment in recent years (Tao et al., 2016;
Bao et al., 2016, 2019; Xue et al., 2017), the sampling site of the river
particles, however, was very limited and the temporal and spatial
variations of OC in the river particles and the hydrodynamic influence

on the spatial variability and activities of OC in coastal sediments are
still not well understood (Bao et al., 2016). In this paper, we present
new radiocarbon and stable carbon isotopic compositions of OC asso-
ciated with different grain size fractions in suspended particles trans-
ported by the Yellow River and in surface sediments of the Yellow
River-influenced Bohai Sea and the Yellow Sea. Using a dual isotope
three end-member model, we calculated the contribution of the major
sources of OC in different size fractions in both riverine POC and se-
dimentary TOC. We also compared the influence of hydrodynamic
sorting on OC transport and preservation during man-made WSR
events. These results provide additional insights for better under-
standing of the importance of transport and supply of terrestrial OC by
the Yellow River for regional carbon cycling in marginal seas.

2. Materials and methods

2.1. Study area

The Yellow River is the 2nd largest river in China and the 6th
longest (5464 km) river in the world. It originates in the high Qinghai-
Tibet Plateau in the far west of China and flows into the Bohai Sea, and
it has a drainage area of 7.45 × 109 km2 (Fig. 1). Delivering
~1 × 109 t/yr sediment to the sea, the Yellow River is well known for
its high turbidity and was once ranked the most turbid river in the
world (Milliman and Meade, 1983). Most of the Yellow River trans-
ported particles are derived from the Chinese Loess Plateau in the
middle of the river basin. The Chinese Loess Plateau is one of the largest
loess plateaus in the world and occupies approximately half of the
whole Yellow River drainage area (Zhang et al., 1990; Liu et al., 2007b;
Hirshfield and Sui, 2011). In the last few decades, however, the sedi-
ment load of the Yellow River, especially in its lower reach, has been
reduced substantially (by ~90%) due to decreased water discharge
resulting mainly from the construction of numerous dams and from
agricultural irrigation (Walling and Fang, 2003; Wang et al., 2016a). In
2015, the Yellow River delivered 7.26 × 1010 g terrestrial carbon,
comprising 57% dissolved organic carbon (DOC) and 43% POC, to the
Bohai Sea (Xue et al., 2017).

Both the Bohai Sea and Yellow Sea are shallow semi-enclosed
marginal seas in the western North Pacific Ocean (Fig. 1). The Bohai
Sea has an area of 77,000 km2 and is connected to the northern Yellow
Sea by the Bohai Strait. The average depth of the Bohai Sea is< 40 m,
and it receives a large amount of terrestrial material input mainly from
the Yellow River and several small rivers. Relatively high sedimentation
rates of 1.62–5.08 mm/yr have been reported for the Bohai Sea (Liu
et al., 2007a). The Yellow Sea has an area of ~400,000 km2 and an
average depth of ~60 m. It is bordered by mainland China and the
Korean Peninsula (Fig. 1). The Yellow Sea receives a vast amount of
sediment input, primarily from the two largest rivers in China, the
Yangtze (Changjiang) River and the Yellow River, along with additional
inputs from rivers in Korea (Lim et al., 2006). The Yellow River and the
Yangtze River together are estimated to discharge approximately
1.6 × 109 tons of sediment annually, accounting for ~10% of the se-
diment load of all rivers globally (Milliman and Farnsworth, 2011).
Fine-grained mud dominates the surface sediments of the shelf areas in
the Yellow Sea, although areas of sand and muddy sand are present in
the eastern and western parts of the sea (Lim et al., 2007; Yang et al.,
2003).

2.2. Sample collection and grain size separation

We collected total suspended particulate matter (SPM) samples from
the middle and lower reaches of the Yellow River at two sites,
Xiaolangdi and Lijin, which are two hydrographic stations located
600 km and 80 km upstream from the river mouth, respectively (Fig. 1),
during the SWR period in June–July 2014. The sediment-water reg-
ulation has been a man-controlled annual event since 2002 and is
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Fig. 1. Map showing the drainage basin of the Yellow River, the two sampling sites in the river's lower reach, the three stations (S5, LZ01, and BC05) in the Bohai Sea
and the five stations (A01, B02, B03, C03, and D04) in the Yellow Sea.

Table 1
POC content and isotopic (Δ14C and δ13C) values measured for SPM and different grain size fractions of SPM collected from Lijin and Xiaolangdi sites in the lower
Yellow River in 2014.

Sampling Site Collection Date Fraction μm % POC % δ13C ‰ Δ14C ‰ 14C Age (year BP)

Lijin 2014/6/22 Bulk 0.28 −23.8 −454 4870
>63 5 0.14 −24.8 −325 3100
32–63 26 0.19 −22.9 −590 7160
16–32 51 0.28 −23.5 −423 4360
8–16 12 0.37 −23.4 −483 5230
<8 6 0.41 −21.9 −417 4280
Mass balance 0.27 −23.3 −468

Lijin 2014/7/1 Bulk 0.29 −22.8 −469 5084
>63 7 0.15 −22.5 −560 6600
32–63 24 0.17 −23.2 −423 4360
16–32 47 0.29 −22.8 −435 4520
8–16 14 0.36 −22.7 −441 4610
<8 8 0.37 −22.8 −473 5080
Mass balance 0.27 −22.9 −445

Lijin 2014/7/4 Bulk 0.27 −23.5 −473 5150
>63 7 0.13 −23.3 −435 4520
32–63 22 0.15 −23.1 −493 5390
16–32 45 0.27 −23.6 −514 5730
8–16 14 0.33 −22.6 −519 5820
<8 12 0.34 −23.4 −493 5400
Mass balance 0.25 −23.3 −502

Xiaolangdi 2014/7/5 Bulk 0.30 −23.7 −470 5100
>63 3 0.14 −23.0 −536 6100
32–63 25 0.21 −24.4 −370 3650
16–32 49 0.44 −23.3 −464 4950
8–16 16 0.47 −23.6 −469 5020
<8 7 0.46 −23.3 −490 5350
Mass balance 0.38 −23.6 −445

Xiaolangdi 2014/7/6 Bulk 0.32 −23.3 −508 5700
>63 6 0.14 −23.0 −557 6410
32–63 29 0.15 −23.3 −544 6250
16–32 50 0.28 −23.4 −501 5520
8–16 7 0.42 −23.3 −483 5240
<8 8 0.47 −22.9 −502 5560
Mass balance 0.26 −23.3 −516

Xiaolangdi 2014/7/9 Bulk 0.29 −24.6 −491 5430
>63 9 0.15 −26.0 −620 7770
32–63 23 0.17 −24.1 −441 4610
16–32 43 0.29 −23.8 −466 4980
8–16 12 0.43 −23.8 −510 5670
<8 13 0.48 −25.5 −419 4290
Mass balance 0.30 −24.3 −480

Note: mass balance values were calculated based on the measured percentage of each fraction.
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designed to open the dam gate at Xiaolangdi to let the flood water re-
move the sediment deposited on the lower riverbed and estuary, thus
resulting in a high concentration of suspended particles in the river
(Wang et al., 2012; Xue et al., 2017). Xiaolangdi station is located
below the Xiaolangdi water reservoir, and the samples collected at the
beginning of the SWR event represent largely the loess particles trans-
ported in the middle reach of the river and deposited recently in the
reservoir. Samples collected at the Lijin station, located near the mouth
of the Yellow River, represent particles delivered directly to coastal seas
by the Yellow River. This study has shown that during the two-week
SWR period, SPM flux accounted for 35% of the SPM delivered into the
Bohai Sea annually by the Yellow River (Xue et al., 2017). Therefore,
samples collected in our study well represent the particles transported
in the river and delivered into the coast. We collected six SPM samples
during the high flood period on different dates at the two sites
(Table 1). Large volumes of water (100−200 L) were collected and
filtered by vacuum filtration with 140 mm outer diameter (OD) pre-
combusted GF/F filters (0.7 μm, Whatman, 550 °C for 5 h) (Tao et al.,
2015). Particles retained on the filters were wrapped in aluminum foil
(cleaned and heated to 550 °C) and kept in a refrigerator and trans-
ported back to the laboratory for grain size separation. To assess the
sources and preservation of the Yellow River-derived POC in the Bohai
Sea and the north Yellow Sea, we collected eight surface sediment
(0–5 cm) samples, three from the Bohai Sea and five from the Yellow
Sea (Fig. 1), using a box grab sampler in August 2013 (Xue et al., 2017).
Due to the fast sedimentation rates in the Bohai and Yellow seas, the
surface 0–5 cm sediment may not exhibit a large difference in terms of
carbon isotope signatures of OC preserved. We kept the sediments
frozen at −20 °C after collection for further processing.

Riverine SPM was separated into five grain size fractions (> 63 μm,
32–63 μm, 16–32 μm, 8–16 μm and <8 μm) using a hydrodynamic
water elutriation method (Supplementary material Fig. S1). This tech-
nique has been used in several previous studies for grain size separation
of both suspended particles and sediments (Walling and Woodward,
1993; Keil et al., 1998; Wang et al., 2015; Bao et al., 2019; Yu et al.,
2019b). We used filtered river water for elutriation circulation driven
by a peristaltic pump. When a sampling run was initiated, the water
elutriator was filled with clear water. After enough slurry was drawn
into the apparatus, clear water was drawn through the system until the
sedimentation chambers were completely flushed. Particles with dif-
ferent densities settled in different chambers according to Stokes's Law.
The particles from each sedimentation chamber were collected by high-
speed centrifugation (10,000 rpm, 20 min). The slurry collected in the
outflow containers was left to settle for approximately 72 h, and the
particles were then collected by filtration using a 0.7 μm GF/F filter
(precombusted at 550 °C for 5 h). All samples were freeze dried for
further chemical analysis.

In the laboratory, the surface sediments were thawed at room
temperature and wet sieved (with filtered coastal seawater) using a
series of stainless-steel sieves. Filtered seawater was poured slowly on
top and sediment in the sieves were separated by shaking into four size
fractions: 200–500 μm, 100–200 μm, 63–100 μm and <63 μm
(Wheatcroft and Butman, 1997). For sediments collected nearshore
such as at S5, BC05 and C03 sites, we found small plant debris large
than 500 μm so sediment particles> 500 μm in size (mainly small rocks
and plant debris) were discarded. The four separated fractions were
freeze dried for further chemical analysis.

2.3. Chemical and isotopic analyses

Total organic carbon (TOC) and total nitrogen (TN) contents were
measured for the bulk SPM and sediment samples and their size-sepa-
rated fractions using a Thermo Flash 2000 Elemental Analyzer. Prior to
measurements, the dried and homogenized samples were acidified
using 10% HCl at room temperature overnight. After rinsing with Milli-
Q water three times, the acidified samples were dried again in an oven

at 50 °C and then analyzed for TOC and TN (Komada et al., 2008; Bao
et al., 2018). The analytical precision was± 3% for TOC and± 4% for
TN based on replicate analysis.

We measured both 13C and 14C for the bulk SPM and sediment
samples and their size fractions. Samples were first oxidized using a
quartz tube oxidation method. Briefly, approximately 50–100 mg (de-
pending on TOC%) of the dried and acidified particulate and sediment
samples was placed into a 9 mm OD quartz tube (prebaked at 850 °C for
2 h). After adding CuO and Ag wire, the quartz tubes were placed under
vacuum, flame sealed and combusted at 850 °C for 2 h (Druffel et al.,
1992). The resultant CO2 was collected cryogenically and quantified
manometrically on a vacuum line. The purified CO2 was flame sealed in
a 6 mm OD glass tube for isotope analysis.

The δ13C and Δ14C measurements were made at the National Ocean
Sciences Accelerator Mass Spectrometry (NOSAMS) facility at Woods
Hole Oceanographic Institution (WHOI) in the USA and the Center for
Isotope Geochemistry and Geochronology (CIGG) at Qingdao National
Laboratory for Marine Science and Technology (QNLM) in China. A
small split of the CO2 was analyzed to determine the δ13C value using
an isotope ratio mass spectrometer, and the rest of the CO2 was gra-
phitized for 14C analysis using an accelerator mass spectrometer (AMS).
The δ13C values are reported in ‰ relative to the Vienna Pee Dee
Belemnite (VPDB) and IAEA isotope standards, and the 14C measure-
ments are reported as modern fractions (McNichol et al., 1994). The
conventional radiocarbon ages (years before present, BP) were calcu-
lated based on Stuiver and Polach (1977). The analytical precision
was± 0.2‰ or better for the δ13C measurements.

3. Results

3.1. Characteristics of the Yellow River SPM

The POC contents and the carbon isotope compositions (δ13C and
Δ14C) for bulk SPM and each size fraction are summarized in Table 1.
The POC contents of the bulk SPM and different size fractions ranged
from 0.14% to 0.48% (by dry wt.). There is little difference in the POC
contents of the bulk SPM samples collected at Lijin (0.28%) and Xiao-
langdi (0.30%). Among the different grain size fractions, the POC
contents clearly increase with decreasing grain size in all samples
(Fig. 2). The data analysis indicates that overall, a strong positive
correlation exists between POC% and grain size for the six SPM sam-
ples. Particles in the< 8 μm and 8–16 μm fractions had the highest POC
contents.

The δ13C values of the POC are relatively consistent, ranging from
−22.8‰ to −24.6‰ for the bulk SPM, with a mean value of
−23.6 ± 0.6‰ (Table 1). The δ13C values of the different size fac-
tions, however, vary from −21.9‰ to −26.0‰, with most δ13C values
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Fig. 2. Organic carbon (OC) contents (% dry wt.) in bulk samples and different
grain size fractions of the Yellow River-transported total suspended particulate
matter (SPM).
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falling in the range between −22.0‰ to −24.0‰ (Fig. 3a). In general,
there is no consistent relationship between the δ13C values and the
grain size, unlike the good relationship between POC content and grain
size. The Δ14C values of the bulk SPM POC range from −454‰ to
−508‰, corresponding to 14C ages of 4870 to 5700 years before pre-
sent (yr BP) (Table 1). The Δ14C values of POC in different size fractions
feature a wider range of −325‰ to−691‰, corresponding to 14C ages
of 3100 to 7770 yr BP (Table 1, Fig. 3b). The size fraction of> 63 μm in
the LJ 7/1 and XLD 7/9 samples contains older POC than the other size
fractions (Fig. 3b). In samples LJ 7/1, LJ 7/4 and XLD 7/5, the POC
ages, except for the>63 μm, appear to increase with decreasing size
fractions from 32 to 63 μm to< 8 μm. In general, no clear systematic
trend between POC age and size fraction exists in the other samples.

The calculated POC content and the isotopic values based on the
mass-balance of each size fraction are provided in Table 1. The values
were consistent with the measured values of bulk POC and were within
81–103%, 98–100% and 95–106% agreement for OC%, δ13C and Δ14C,
respectively.

3.2. Characteristics of sediment in the Bohai and Yellow seas

The TOC, TN, C/N molar ratio and carbon isotopic composition
values measured for the bulk and different size fractions of the surface
sediments are summarized in Table 2. The TOC contents (% by dry wt.)
range from 0.10 to 0.16%, and the TN contents range from 0.02 to
0.11%. As plotted in Fig. 4a, the TOC contents differ greatly among the
sediments. S5, collected in the Yellow River Estuary, has the lowest
TOC content (0.15%), and D04, collected in the clay-rich region of the
central Yellow Sea, has the highest TOC content (1.11%). B02 and C03,
collected in the clay mud area of the northern Yellow Sea, also have

relatively high TOC contents (0.89% and 0.53%). The TOC contents in
the different grain size fractions in the sediments also vary greatly
among the samples (Fig. 4a), but positive correlations between the
TOC% and the grain size exist in the sediments of D04, B02, B03 and
S5. The TOC% increases with decreasing grain size of the sediments.

The distribution of TN contents in the bulk samples is similar to that
of TOC%, with high contents at station D04 (Table 2). As plotted in
Fig. 5, a strong linear correlation (R2 = 0.98, p<0.001) between
TOC% and TN% exists for the sediments. The calculated C/N mole ra-
tios of the samples range from 4.2 to 8.4 for all samples (Table 2,
Fig. 4b). Sediments S5 and LZ01 from the Yellow River Estuary have
lower C/N ratios (4.2–6.5), and BC5 collected in the central Bohai Sea
has the highest C/N ratio of 8.4 (Fig. 4b). Sediments collected from the
Yellow Sea sites, in general, had similar C/N values (~6–7) for both the
bulk samples and different size fractions (Fig. 4b).

The δ13C values of the TOC range from −20.6‰ to −24.5‰ in the
bulk sediments and from −20.2‰ to −23.1‰ in the different size
fractions, with the lowest δ13C value (−24.5‰) of TOC at station S5 at
the Yellow River mouth and the highest value (−20.6‰) at station C03
in the Yellow Sea (Fig. 6a). In general, the TOC δ13C values are rela-
tively consistent in both the bulk samples and the different grain size
fractions of the sediments. No clear distribution pattern is observed
among the different size fractions (Fig. 6a). The Δ14C values of the TOC
vary greatly among the sediments, ranging from −188‰ to −646‰ in
the bulk surface sediments and from −172‰ to −706‰ in the dif-
ferent grain size fractions (Table 2 and Fig. 6b). Station S5 in the Yellow
River Estuary has the lowest TOC Δ14C values (−617‰ to −706‰)
and oldest 14C ages of 7640 to 9760 years (BP), while station D04 in the
central Yellow Sea has the highest TOC Δ14C values (−172‰ to
−208‰) and youngest 14C ages of 1460 to 1810 years (Table 2 and

Fig. 3. Plots of (a) δ13C (‰) values and (b) Δ14C (‰) values and 14C ages of OC in the bulk samples and different grain size fractions of the Yellow River-transported
SPM.
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Fig. 6b). For the sediments from the other sites, the TOC Δ14C values
and ages show less variation and comparable distributions among the
size fractions (Fig. 6b). The calculated mass balance values based on the
percent of each fraction, in general, agreed well and were within
94–102% and 93–105% of the δ13C and Δ14C values of the measured
bulk TOC (Table 2).

4. Discussion

4.1. Source of OC in riverine SPM

Although the Yellow River is one of the most turbid rivers in the
world, the bulk POC contents (0.27 to 0.32%) of its SPM collected
during the WSR period at Xiaolangdi and Lijin stations were low. A
study on the seasonal variation of bulk POC at Lijin station in the
Yellow River showed that the POC contents varied from 0.2% to 1.07%,
and the values in most months were relatively constant (< 0.4%) (Xue
et al., 2017). Yu et al. (2019b) found low POC content (0.25–0.32%) at
Huayuankou station, which is 120 km downstream from the Xiaolangdi

Reservoir. These studies are consistent with our results, indicating that
the POC contents transported by the Yellow River are lower than those
of most large rivers of the world, such as the Amazon (0.76–1.49%,
Bouchez et al., 2014), Yangtze (0.96–1.65%, Wang et al., 2012) and
Mississippi (1.02–1.98%, Bianchi et al., 2007). The small difference in
the POC contents of the bulk SPM samples collected at Lijin (0.28%)
and Xiaolangdi (0.30%) stations indicates that the WSR event has little
effect on the bulk POC content. As the primary Loess deposits, due to
extensive alteration by chemical and physical weathering over geologic
time, the dust from the Loess mountains and desert areas has a low
OC% (Zhang et al., 1995; Liu et al., 2007b). Large quantities of fine
particles from the Loess Plateau, which occupies approximately half of
the entire Yellow River drainage basin in the middle reach of the river,
are carried to the lower reaches of the Yellow River (Ran et al., 2013;
Zhang et al., 1990). The proportion of the fraction>32 μm is close to
50% (Zhang et al., 2009; Yu et al., 2019b; Liu et al., 2007b; Wang et al.,
2016a), which might contribute to a low bulk POC concentration. The
highly turbid water in the Yellow River also limits primary production,
which can contribute newly fixed biomass C to the SPM (Zhang et al.,

Table 2
TOC (%), TN (%), calculated C/N mole ratio and isotopic values (Δ14C and δ13C) measured for organic matter in different size fractions of the surface sediments
collected from the Bohai Sea and the Yellow Sea.

Station # Location Sediment type Fraction (μm) % TOC TN (%) C/N δ13C ‰ Δ14C ‰ 14C- Age year (BP)

S5 37.737°N, 118.758°E Clay Bulk 0.15 0.04 4.5 −24.5 −646 8274
200–500 7 0.08 0.02 4.3 −23.1 −706 9760
100–200 14 0.10 0.03 4.2 −23.4 −659 8571
63–100 16 0.12 0.03 4.6 −23.0 −670 8850
<63 65 0.19 0.04 5.6 −22.3 −617 7640
M-balance 0.16 0.04 −23.1 −650

LZ01 38.055°N, 119.194°E Clay Bulk 0.25 0.06 4.8 −22.4 −356 3470
200–500 6 0.23 0.06 4.4 −22.5 −349 3390
100–200 18 0.15 0.04 4.8 −22.5 −389 3890
63–100 18 0.48 0.09 6.5 −22.6 −353 3430
<63 58 0.44 0.08 6.4 −22.2 −380 3780
M-balance 0.35 0.07 −22.3 −375

BC5 39.000°N, 120.010°E Clay Bulk 0.25 0.03 8.4 −22.0 −281 2580
200–500 3 0.73 0.11 7.5 −21.9 −275 2520
100–200 10 0.27 0.05 6.1 −22.1 −267 2440
63–100 23 0.16 0.04 5.1 −22.0 −260 2360
<63 64 0.51 0.08 7.0 −21.9 −248 2220
M-balance 0.41 0.07 −21.9 −253

A01 38.000°N, 121.183°E Sand-silt Bulk 0.30 0.06 6.2 −21.9 −260 2350
200–500 10 0.36 0.06 6.5 −22.1 −261 2370
100–200 36 0.29 0.05 6.4 −22.0 −279 2560
63–100 20 0.28 0.05 6.4 −22.0 −281 2590
<63 34 0.33 0.06 6.6 −21.9 −248 2230
M-balance 0.31 0.05 −22.0 −267

B02 38.083°N, 122.416°E Clay-silt Bulk 0.89 0.15 6.8 −22.2 −234 2080
200–500 8 0.52 0.10 6.0 −21.4 −245 2200
100–200 42 0.63 0.11 6.5 −21.3 −231 2050
63–100 23 0.75 0.13 7.0 −21.5 −227 2000
<63 27 0.9 0.15 7.2 −21.4 −230 2040
M-balance 0.72 0.12 −21.4 −231

B03 38.722°N, 123.138°E Sand Bulk 0.35 0.06 7.2 −21.5 −268 2450
200–500 16 0.25 0.05 6.4 −21.7 −264 2400
100–200 44 0.28 0.05 6.7 −21.8 −291 2710
63–100 25 0.31 0.05 6.9 −21.6 −259 2350
<63 15 0.38 0.06 7.0 −21.9 −266 2430
M-balance 0.30 0.05 −21.7 −275

C03 38.000°N, 124.277°E Sand Bulk 0.53 0.09 6.7 −20.6 −369 3640
200–500 16 0.60 0.10 6.7 −20.2 −370 3640
100–200 34 0.42 0.08 6.2 −20.4 −367 3610
63–100 32 0.64 0.11 7.1 −21.0 −317 3000
<63 18 0.62 0.11 6.6 −21.5 −329 3150
M-balance 0.55 0.10 −20.8 −345

D04 36.000°N, 123.833°E Clay Bulk 1.11 0.17 7.5 −21.7 −188 1610
200–500 3 1.01 0.16 7.5 −22.0 −208 1810
100–200 8 1.13 0.18 7.4 −21.7 −199 1720
63–100 27 1.20 0.18 7.6 −22.2 −186 1590
<63 62 1.16 0.18 7.6 −22.3 −172 1460
M-balance 1.16 0.18 −22.2 −179

Note: M-balance (mass-balance) values were calculated based on the % of each size fraction.
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2013). The relatively homogeneous character of the SPM exported by
the Yellow River in terms of its high concentration and low POC content
is significantly different from that in other large rivers, such as Amazon,
Mississippi and Yangtze, and is mainly influenced by the drainage en-
vironment.

The POC contents in the five size fractions of the riverine SPM
showed good correlations with particle sizes: small particles (< 8 μm)
exhibit higher POC% values than larger particles (Fig. 2). This trend is

consistent with the results of previous studies conducted on Yellow
River SPM (Tao et al., 2015; Zhang et al., 2009). The association of high
OC contents with fine particles is mainly because fine particles, such as
clay minerals, have high surface areas and high OC adsorption capa-
cities (Wang and Lee, 1993; Keil et al., 1994; Keil and Mayer, 2014).
The fine particles derived from the Loess Plateau include a significant
fraction of clay minerals and are delivered into the Yellow River mainly
through many small local rivers and streams (Liu et al., 2003, 2007b).
The POC content of the fine SPM fraction (< 16 μm) from Xiaolangdi
was higher than that from Lijin (Fig. 2), which may be due to the fact
that small particles with a large specific surface area easily erode during
transportation.

The relatively constant values of POC δ13C values in the riverine
SPM and the size fractions (with averages of 23.6‰ and 23.4‰, re-
spectively) also suggest the similarity and homogeneity of the OC as-
sociated with the particles. Yu et al. (2019a) investigated the values of
δ13C with different particle sizes in Kenli station, which is close to Lijin
station, and found relatively uniform δ13C values (−23.7 ± 0.3 to
−24.2 ± 0.7‰) with no systematic variations of the δ13C values
among the size fractions, which had a similar range to that of our two
stations. The POC δ13C values we measured are consistent with the
values (with an average of −23.3‰, n = 18) reported for the loess
particles (Liu et al., 2003), further confirming the dominance of loess
particles in the Yellow River. The OC associated with the loess particles
is very old, with an average 14C age of 5222 ± 295 years. This finding
is in good agreement with the results of recent studies that concluded
that the Yellow River transports old POC throughout the year (Tao
et al., 2015; Xue et al., 2017). In a recent study, Xue et al. (2017) re-
ported the oldest 14C ages of POC (7550 ± 35) in the middle reach of
the Yellow River at the Loess Plateau. The OC associated with different
size fractions was old, with a 14C age of 3100–7770 years, and exhibited
some variation; the> 63 μm fractions of most samples were older than
the fine fractions (< 32 μm). and the ages were relatively constant for
most size fractions (< 32 μm), as shown in Fig. 3b. The much older OC
measured in the>63 μm and 32–63 μm size fractions likely includes
more weathered ancient rock OC that had not broken down to fine
particles. This could be the reason why no constant trend between OC
age and particle size was found. We also examined the correlations
between the δ13C value and age of POC associated with both bulk SPM
and the size fractions and found no clear trend either (data not shown).

4.2. Source of OC in surface sediment

Unlike the POC in the riverine SPM, the TOC preserved in the sur-
face sediments in the Bohai Sea and the Yellow Sea clearly showed
some spatial differences. Previous studies showed that TOC generally
increased with distance offshore, and the highest values were at the
center of muddy areas (Bao et al., 2016, 2019; Tao et al., 2016; Xue
et al., 2017). In this study, sediments (D04, C03, B02 and B03) collected
in the muddy area of the Yellow Sea had higher TOC contents than
sediments (S5 and LZ01) collected in the Yellow River Estuary (Xue
et al., 2017). These spatial variations were mainly controlled by the
source input of the OC and the hydrodynamic processes (Bao et al.,
2016, 2019; Tao et al., 2016; Xue et al., 2017). The Yellow River dis-
charges a large amount of sediment every year, which has a profound
effect on the sedimentation of the Bohai and the Yellow seas (Ren and
Shi, 1986), resulting in high terrestrial OC deposition and preservation
(Bianchi, 2011; Tao et al., 2016). The terrestrial particles with low POC
content exported by the Yellow River might have a great dilution effect
on the TOC content of sediments in the coastal regions. Sediment de-
position in the central Yellow Sea is likely less affected by river dis-
charge, and the higher TOC contents preserved in the sediments are
mainly from in situ marine-derived sources, which is consistent with the
conclusions of recent studies (Tao et al., 2015; Xue et al., 2017) and is
strongly supported by the carbon isotopic values of the TOC (−21.7‰)
as discussed below. The C/N ratios for most sediments and their grain
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size fractions are quite consistent, falling between 6.0 and 7.5. These C/
N values are similar to the Redfield ratio for marine-derived OC. The
strong linear correlation (R2 = 0.98, p<0.001) between TOC and TN
for different sediment size fractions (Fig. 5) indicates the copreservation
of N (both organic and inorganic N) and OC in the sediments during
early diagenesis (Burdige, 2007; Aller et al., 2008). For most sediments
studied, the good correlations between TOC% and grain size fraction
indicate the importance of fine clay minerals in the adsorption and
preservation of OC in the sediments, as has been demonstrated in many
other marine sediments (Keil et al., 1994; Mayer, 1994a; Bergamaschi
et al., 1997; Curry et al., 2007; Liu and Lee, 2007; Tao et al., 2016).

The carbon isotope values measured for the bulk sediments and
their size fractions provide good evidence supporting our conclusions
made above. The much younger ages of OC in the sediments of the
Yellow Sea (with an average of 2440 years), especially at site D04
(1610 years), compared with the OC age of the mainly river-influenced
S5 site (8274 years) indicate that the sediments in the Yellow Sea re-
ceived significant marine-derived newly fixed OC (Fig. 6b). Their δ13C
values (~−21‰) are also high and are more similar to marine-derived
OC than to riverine OC (−24.5‰). As plotted in Fig. 7, a general
correlation exists (R2 = 0.35, p<0.05) showing that the age of the
TOC decreases with the TOC% in the different size fractions of the se-
diments. The correlation is much better (R2 = 0.86, p< 0.001) for site
S5 (Fig. 7), further indicating that a significant fraction of the OC
preserved in the Yellow Sea sediments is from marine OC sources.
Megens et al. (2002) reported that the OC in the fine fraction (< 20 μm)
had relatively higher δ13C and Δ14C values than that in the coarse
fractions of surface sediment collected from the Ems-Dollard Estuary in
the Netherlands, suggesting that the sources of OC in the fine and
coarse fractions were different.

4.3. Contribution of different organic components

To quantitatively calculate the preservation of OC from different
sources in the riverine SPM and sediments, we used a dual-isotope three
end-member model that has been used for the same application in the
Yellow Sea in recent studies (Tao et al., 2015, 2016; Wang et al., 2016b;
Xue et al., 2017). The model is based on the following equations:

= × + × + ×C [ C ] [ C ] [ C ]14
OC B

14
B S

14
S F

14
F (1)

= × + × + ×C [ C ] [ C ] [ C ]13
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Fig. 6. Plots of (a) δ13C (‰) values and (b) Δ14C (‰) values and 14C ages of TOC in the bulk samples and different grain size fractions of the surface sediments
collected from the Bohai and Yellow seas.
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+ + = 1B S F (3)

where Δ14COC and δ13COC are the measured isotope values of OC in river
SPM or sediments. The three end-members are represented by modern
biomass (ƒB), pre-aged soil OC (ƒS), and ancient fossil OC (ƒF). To assign
the Δ14C values, we used+40‰ for the modern biomass OC based on the
current mean Δ14C value of atmospheric CO2 (Zeng et al., 2011; Ishikawa
et al., 2015); −320‰ for the pre-aged soil OC based on the values of
measured soil OC in the Yellow River basin (Tao et al., 2016; Xue et al.,
2017), and −1000‰ for the ancient fossil OC (14C dead OC). However,
assigning appropriate δ13C values for each end-member is more compli-
cated because carbon isotopic fractionation of 13C occurs during organic
matter biosynthesis and remineralization (Vogel et al., 1993). In their
study, Tao et al. (2015) found that δ13C values of individual biomarkers
(n-alkanes) separated from the Yellow River POC could be offset 5–7‰
compared with the δ13C values of bulk riverine POC. It is therefore ne-
cessary to select a range of δ13C values to cover the most likely variable
end-members of measured δ13C to avoid negative results in the model
calculation (Tao et al., 2015, 2016). Here, we used values of −22.4‰ to
−24.4‰ for pre-aged soil OC based on the soil OC values measured in
the Yellow River basin (Liu et al., 2003; Xue et al., 2017) and −21.1‰ to
−25.5‰ for fossil OC (Liu et al., 2007b). To estimate the contribution of

biomass OC to river SPM, we used values of −24.0‰ to −30.0‰ for
terrestrial C3 plants, which are the dominant vegetation in the Yellow
River basin (Liu et al., 2003). For the sediments, we used values of
−18.1‰ to −23.2‰ to cover mostly marine-derived OC in the Yellow
Sea (Xue et al., 2017). The model calculation was performed based on a
modified Bayesian Markov chain Monte Carlo (MCMC) framework run
using MATLAB software (Andersson et al., 2015).

As plotted in Fig. 8, the modern biomass, pre-aged soil OC and ancient
fossil OC contributed 3–47%, 14–78% and 18–69% to the bulk POC and its
different size fractions of the Yellow River SPM. Except for a few samples,
the pre-aged soil OC clearly contributed the majority of the POC in the
riverine SPM, followed by the ancient fossil OC and biomass OC (Fig. 8a).
For the surface sediment sampling sites except the S5 site, the dominant
source of TOC was biomass OC (31–62%), followed by pre-aged soil OC
(11–48%) and fossil OC (7–38%) (Fig. 8b). The contribution from each
component source did not show significant variations among the size
fractions in the sediments. The calculated OC contribution differences
between the river SPM and surface sediments again suggest different in-
puts of OC and preservation processes, supporting our conclusions made
above. The calculated large contribution of biomass OC to the surface
sediments is likely due to the rapid sedimentation rate of marine-derived
organic matter in the shallow coastal water (<60 m) and fine clay/silt
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sediments, which adsorb fresh OC and protect it from microbiol de-
gradation (Keil et al., 1994; Keil and Mayer, 2014). The old refractory soil
OC and fossil OC associated with SPM exported by the Yellow River are
deposited and preserved in the sediments of the Bohai and Yellow seas,
thus indicating that a major sink in the carbon budget exists in China's
marginal seas (Tao et al., 2015, 2016; Bao et al., 2016, 2019; Xue et al.,
2017). As reported by Bao et al. (2019), the hydrodynamic sorting and
resuspension-deposition processes could affect the 14C heterogeneity of
bulk sediments of the Bohai, Yellow and East China seas but cannot ac-
tually change the age of the very old OC that is likely due to the weath-
ering of fossil OC along the Yellow River basin and delivery to the coasts.

5. Conclusions

The Yellow River transports and exports low concentrations
(<0.48%) of very old (~4500 years) POC. High OC% values are asso-
ciated with fine clay minerals. The δ13C and Δ14C values of the POC are
relatively consistent (−22.8 to −24.6‰ and − 454 to −508‰, re-
spectively) in the bulk riverine SPM but vary among the different grain
size fractions in river particles (−21.9 to−26.0‰ and−325 to−620‰,
respectively). Our model calculations indicate that pre-aged soil OC
(57 ± 16%) and ancient fossil OC (30 ± 8%) are the dominant com-
ponents and that terrestrial vegetation contributes little (13 ± 11%) OC
to the POC in the riverine SPM. The general low OC% values and carbon
isotope values in the riverine SPM suggest that extensively degraded loess
particles dominate the SPM in the lower reach of the Yellow River.

Higher TOC values are also associated with small grain size fractions
in the surface sediments of the Bohai Sea and the Yellow Sea. Although
the values of δ13C are relatively consistent (−22.0 ± 1.1‰) for the
TOC preserved in the surface sediments, large spatial variations in the
Δ14C values and 14C ages (1460 to 8270 yr) are observed in the sedi-
ments, indicating the deposition and preservation of OC from different
sources. A major fraction of the TOC is contributed by marine-derived
OC (47 ± 13%), followed by pre-aged soil OC (29 ± 9%) and ancient
fossil OC (25 ± 14%) in the different grain size fractions of the sedi-
ments in the Bohai Sea and the Yellow Sea. Our study also suggests that
the use of δ13C values alone has limitations when attempting to identify
sources of OC preserved in coastal sediments, especially in areas in-
fluenced by large rivers. The use of the radiocarbon ages of the OC can
overcome these shortcomings.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2019.119452.
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