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Abstract Organic carbon (OC) burial in nondeltaic continental shelves is an important part of the global
carbon cycle. Of these, the Taiwan Strait (TWS) is a typical, nondeltaic shelf region that is influenced by a
variety of factors including strong ocean currents, coastal upwelling, and small river inputs. To better
understand how these factors influence OC burial in the TWS, we measured total organic carbon and total
nitrogen contents as well as the stable carbon isotopes of sedimentary organic matter (δ13Corg) from the TWS.
We also measured glycerol dialkyl glycerol tetraethers in surface sediments collected from the TWS. The
concentrations of sedimentary total organic carbon and total nitrogen along the coast were high but
decreased in areas more central to the TWS. This gradient was controlled by both hydrological conditions and
coastal upwelling. The calculated accumulation rate of organic carbon ranged from 1.9 to 47.2 g C/m2/year
and was comparable to other areas of the Chinese marginal seas. The source contribution calculated from
the three-end-member model revealed that mostly marine OC was buried in the upwelling regions. In
comparison, OC derived from terrestrial plant and soil was buried in the estuaries. Collectively, these results
showed that the TWSmay serve as a CO2 sink in the global carbon cycle. This is due to the preservation of the
labile portions of the OC derived from plant and marine source, which formed the main component of
the buried OC in the TWS.

Plain Language Summary Organic carbon (OC) burial in nondeltaic continental shelves is an
important part of the global carbon cycle. Of these, the Taiwan Strait is a typical, nondeltaic shelf region
that is influenced by a variety of factors including strong ocean currents, coastal upwelling, and small river
inputs. This study addressed what control the distribution of OC and where different sources of OC (e.g., soil,
plant, and marine) are buried. We demonstrated that the distribution of burial of OC was controlled by both
hydrological conditions and coastal upwelling. Also, since the easily degradable marine OC formed the
main component of the buried OC, we revealed that the Taiwan Strait may serve as a CO2 sink in the global
carbon cycle.

1. Introduction

Marine organic matter (OM) is the largest organic carbon (OC) pool on Earth, with approximately 80% of all
global OC found buried in the Earth’s continental shelves (Berner, 1982; Hedges & Keil, 1995). Because the
accumulation of OM within these shallow areas plays a key role in the global carbon cycle, any change in
its carbon pool may directly result in climate and/or environmental changes (Bauer et al., 2013). In order to
evaluate the impact of carbon pool changes on the climate and environment, a quantitative assessment of
OC located within continental shelves is necessary. Past work has been done toward this quantification; for
instance, river delta and nondeltaic shelf regions bury an estimated 114 and 70 Tg C/year, respectively
(Burdige, 2005). However, previous work has focused predominantly on large river deltas (e.g., Baudin
et al., 2017; Feng et al., 2016; Galy et al., 2007; L. Hu et al., 2016; Sun et al., 2018; Yao et al., 2015), even though
nondeltaic region covers a comparatively larger area. Critically, little is known about the carbon cycle in these
spatially heterogeneous and dynamic environments, including how carbon is transported, remineralized, and
buried (Zhu et al., 2011).

OC burial efficiency likely has significant variation across different continental shelves, owing to diverse
depositional environments as well as changing hydrodynamic conditions, sedimentary rates, and bottom
water oxygen concentrations (Allison et al., 2007; Bianchi & Allison, 2009). For instance, wide shelves (e.g.,
the Amazon shelf and the Yellow Sea) are characterized by low burial efficiency and are impacted mainly
by marine processes (Aller & Blair, 2006; Feng et al., 2016). In comparison, small mountainous river shelves
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(e.g., the U.S. West Coast) are characterized by high burial rates and impacted by both terrestrial and marine
processes (Blair et al., 2003; Coppola et al., 2007; Feng et al., 2013; Goñi, Hatten, et al., 2013). Given these dif-
ferences, a more thorough knowledge of the main controlling depositional environments will result in a bet-
ter understanding of the size and spatial distribution of the OC pool.

Different OC sources—along with their different compositional properties and biological availabilities—have
different respective contributions to the marine carbon pool and overall global carbon cycle (Bianchi et al.,
2018; Blair & Aller, 2012; Galy et al., 2007). Generally, OM sources in marine carbon pools include terrestrial
plants as well as soil- and marine-derived OM. More specifically, the burial of marine OC acts as an
atmospheric CO2 sink, while the delivery of terrestrial plants participates in marine biogeochemical processes
(Blair & Aller, 2012; Drenzek et al., 2007; Feng et al., 2013). However, since soil OC is refractory and already part
of the terrestrial carbon sink, soil OC burial in marine sediments is only a transportation from one carbon sink
to another and has no influence on the atmospheric CO2 content (Blair & Aller, 2012; Drenzek et al., 2007;
Feng et al., 2013). Owing to the different diagenesis and transformation rates of different sources of OC, a
better OC source analysis is needed.

Bulk organic parameters are typically used to track OM sources in continental shelf systems; such parameters
include OC/N ratios and stable isotope ratios of elements in OM (e.g., Goñi, O’Connor, et al., 2013; J. Hu et al.,
2006; Krishna et al., 2013; Wu et al., 2013). The marine and terrestrial OM OC/N ratios are generally ~5–8 and
>15, respectively (Meyers, 1997). However, the absorption of inorganic nitrogen in clastic sediment can limit
the use of OC/N ratios as a source indicator in marine sediments (Meyers, 1997). Furthermore, the use of
stable carbon isotope ratios relies on an understanding of source signals. For example, the typical range of
δ13C values in terrestrial C3 plants is �26 to �28‰, whereas the δ13C values in marine phytoplankton range
from �19 to �21.9‰ (Fry & Sherr, 1984; Meyers, 1997). However, the interpretation of such data can be
further complicated by the possibility of multiple terrigenous sources of OM (Wu et al., 2013; Yao et al., 2015).

The limitations of these bulk geochemical approaches can be overcome by using specific biomarkers (Wu
et al., 2015; Zhu et al., 2013). Recently, a biomarker ratio based on the relative abundance of glycerol dialkyl
glycerol tetraethers (GDGTs) known as the branched/isoprenoid tetraether (BIT) index (Hopmans et al., 2004)
was proposed for use in tracing terrestrial OC inputs—particularly those of soil OC to marine sediments
(Smith et al., 2010). The BIT index is based on the relative contributions of GDGTs derived from soil bacteria
(branched GDGTs or brGDGTs) and GDGTs from marine Thaumarchaeota (isoprenoid GDGTs or isoGDGTs; in
this case, crenarchaeol; Hopmans et al., 2004). In soil, the BIT value is close to 1, while pure marine OM has a
value close to 0 (Kim et al., 2006; Weijers et al., 2006). Given this range, the BIT index is a useful tool to assess
the flux of OM in continental shelf systems that derives from soils (Kim et al., 2006; Walsh et al., 2008; Yao
et al., 2015). Therefore, more specific sources (e.g., soil, plant, and marine OM) can be differentiated using a
multiproxy method that combines the BIT index, C/N, and δ13C (Smith et al., 2010; Weijers et al., 2009).

The Taiwan Strait (TWS) serves as connection between the South China Sea (SCS) and the East China Sea
(ECS). Given its geographical location, it is a unique environment that is subjected to strong ocean currents,
coastal upwelling, and massive terrestrial input. These factors form heterogeneous depositional conditions
and produce different input sources for OC. Ultimately, this leads to differences in OC pools. Despite this
heterogeneity, previous work has focused mostly on the carbon burial in the ECS (Deng et al., 2006; L. Hu
et al., 2012, 2016; Li et al., 2013) rather than the TWS.

Given this lack of understanding of the TWS, the main goals of this study were twofold: (1) to explore the con-
trolling factors behind the distribution of buried OC in the TWS and (2) to assess the source composition of
buried OC and infer its influence in the carbon cycle. To do this, we investigated the TWS in terms of its spatial
distribution of total organic carbon (TOC) and total nitrogen (TN), the values of stable carbon isotopes in its
sedimentary OM, and the levels of GDGTs in its surface sediments. We then combined these results with the
accumulation rate (AR) presented in Huh et al. (2011) to quantitatively estimate carbon burial in the TWS.

2. Materials and Methods
2.1. Study Area

The study area was located in the northern and western TWS, between 23.5–27°N latitude and 118.5–121°E
longitude (Figure 1). More broadly, the TWS is located between Taiwan Island and the southeastern Chinese
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mainland. It is approximately 180 km wide and 350 km long, with an
average water depth of 60 m. Water circulation and the formation of
upwelling regions in the TWS are driven by a complex bottom topography
coupled with strong, seasonal monsoon forces (Gan et al., 2009; Hong
et al., 2011; J. Hu et al., 2003; Liang et al., 2003). There are three major
ocean currents in the TWS that control its hydrological conditions: the
Zhejiang-Fujian Coastal Current (ZFCC), the Taiwan Warm Current (TWC),
and the incursion of the Kuroshio Current branch. The ZFCC is the stron-
gest during the winter, due to the influence of the East Asian Monsoon.
The TWC and Kuroshio Current branch are both strongest during the sum-
mer (J. Hu et al., 2011; L. M. Hu et al., 2011; Qiu et al., 2011).

The upwelling regions in the TWS have been well defined by previous
studies (J. Hu et al., 2001, 2003; Qiu et al., 2011). Of these, the
Xiamen-Quanzhou upwelling and the Pingtan upwelling (PTU) regions
are the most important. They are both wind-driven, topographically forced
coastal upwelling systems, which form in the western TWS during the
summer monsoon period (Tang et al., 2002).

There are many small rivers around the TWS, eight of which are greater
than 100 km in length (Chen et al., 1998; Milliman & Farnsworth, 2011).
These include the Min, Jiulong, Jin, Jiaoxi, and Mulanxi Rivers, which flow
into the TWS from mainland China. The Tanshui, Tachia, and Choshui
Rivers flow into the TWS from Taiwan Island. Collectively, these rivers
discharge 87 Mt of sediment annually into the TWS and are large sources
of terrestrial OC (Chen et al., 1998; Milliman & Farnsworth, 2011).

2.2. Sampling Sites and Procedure

The study area covered the northern and western TWS and was influenced
by previously described ocean currents, coastal upwelling regions, and terrestrial inputs. It consisted of six
land-ocean sections, with each section consisting of four to six sampling sites (Figure 1). In addition, three
sampling locations were located at major river estuaries (the Jin, Mulanxi, Jiaoxi, and Min Rivers). A total of
32 surface sediment (0–5 cm) samples were collected with a stainless-steel grab sampler onboard the R/V
YANPING II in July 2016. All samples were packed into presterilized aluminum foil in polyethylene bags
and stored at �20 °C until further analysis.

2.3. Grain-Size Analysis

Approximately 1 g of each freeze-dried sample was used for grain-size analysis. Briefly, samples were
pretreated with 10% H2O2 and 1 N HCl to remove all OM and dissolvable salts. The pH of the resulting
solution from the residual sample was adjusted to 7 by repeatedly rinsing the samples with distilled water.
A 0.05 N (NaPO3)6 solution was then added to disperse any particles. Sample grain sizes were measured using
a Malvern Mastersizer 2000G laser diffraction particle analyzer with ultrasonic pretreatment. The
measurement range was 0.02–2,000 μm with a relative error of less than 2%.

2.4. Elemental and Stable Carbon Isotope Analyses

The remaining sediment samples were freeze dried, homogenized, and ground into powder. Individual
samples were then subdivided for TOC, TN, and isotope analyses. Briefly, these samples were treated with
6 N HCl for 24 hr to remove any carbonate, then rinsed with deionized water. The carbonate-free samples
were dried, then analyzed for OC and TN content using a Thermo Fisher Scientific FLASH EA 1200 Series
CNS elemental analyzer. Every sample was run in duplicate and the means were used for all analysis.
Replicate analysis of one sample (n = 5) gave a 1σ precision of ±0.02 wt %C and ±0.003 wt %N.

All δ13Corg analyses were performed on carbonate-free sediment samples using a FLASH2000 Elemental
Analyzer connected to a Thermo MAT-253 isotope ratio mass spectrometer. Results are reported using
standard delta notation in permil units (‰) according to the following equation:

Figure 1. Map of the Taiwan Strait showing its topography and ocean cur-
rents. The solid, red, arrowed lines indicate warm currents flowing from the
south, including the Kuroshio Current (KC), the Kuroshio branch (KB), the
South China Sea Warm Current (SWC), and the Taiwan Warm Current (TWC).
The solid, dark blue, arrowed line indicates the Zhejiang-Fujian Coastal
Current (ZFCC) flowing from the north. The ellipses indicate the Xiamen-
Quanzhou upwelling (XQU) and Pingtan upwelling (PTU) regions. The solid,
light blue lines indicate rivers flowing into the Taiwan Strait. The locations of
the sampling stations are denoted with blue dots. Note that this figure
was created using Ocean Data View (Schlitzer, R., Ocean Data View, http://
odv.awi.de, 2017).
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δ ‰ð Þ ¼ Rsample–Rreference
� �

=Rreference�1; 000

where δ (‰) is δ13C (‰) and Rsample and Rreference are the isotopic ratios of the sample and reference
materials, respectively. The reference standard used was Peedee belemnite. Analytical precision for
international and in-house reference materials was largely better than ±0.2‰ (n = 5). Replicate
measurements of samples yielded similar standard deviations.

2.5. Glycerol Dialkyl Glycerol Tetraethers

A total of 30 g of each powdered sample was spiked with an appropriate amount of C46-GDGT standard
compound, then extracted via Soxhlet reflux for 72 hr using a mixture of dichloromethane (DCM) and
methanol (9:1, vol/vol). The resulting mixture was centrifuged, and the organic phase was separated from
the aqueous phase using a separation funnel following the addition of a 5% solution of KCl. The aqueous
phase was extracted with DCM (3 times using 15 ml), and the collected organic material was concentrated
by rotary evaporation. The total lipid extract was saponified with 6% KOH, and the neutral fraction was
extracted using hexane. The neutral fraction was then separated into nonpolar and polar fractions on an
active silica gel column by elution with a hexane/DCM mixture (9:1, vol/vol) and a DCM/methanol (1:1,
vol/vol), respectively. The polar fraction (DCM/methanol) was condensed by rotary evaporation, redissolved
in a hexane/ethyl acetate (EtOAc) mixture (84:16, vol/vol), and filtered through a 0.45-μm
polytetrafluoroethene filter prior to analysis.

High-performance liquid chromatography/atmospheric pressure chemical ionization-mass spectrometer
(HPLC/APCI-MS) was used to analyze the GDGT content of all samples. Analyses were performed using a
Thermo Accela HPLC system liquid chromatograph and a Thermo TSQ Vantage triple quadruple mass
spectrometry, equipped with an autoinjector. Samples (10 μl) were injected, and separation of 5- and
6-methyl brGDGTs was achieved with two silica columns in tandem (150 mm × 2.1 mm, 1.9 μm; Thermo
Finigan; USA) maintained at 40 °C. The eluent gradient was modified from Yang et al. (2015). Briefly,
GDGTs were eluted isocratically for the first 5 min with 84% A and 16% B, where A = n-hexane and
B = EtOAc. The following elution gradient was used: 84/16 A/B to 82/18 A/B for 5–65 min, 100% B for
21 min, 100% B for 4 min to wash the column, and then 84/16 A/B to equilibrate the column for 35 min at
a constant throughput of 0.2 ml/min. GDGTs were detected using selected ion monitoring mode, following
the methods described in Schouten et al. (2007). The MS conditions were followed according to those pub-
lished by Pearson et al. (2011). Integration of the peak area of the [M + H]+ ion traces was used to quantify all
GDGT content. Each sample was analyzed in duplicate, and the data presented are mean values. Replicate
HPLC/APCI-MS analysis of one sample revealed the reproducibility of the BIT index to be ±0.035. Indices
based on the distribution of GDGTs were calculated following Hopmans et al. (2004) and the following ratio:

BIT ¼ IaþIIaþIIa
0 þIIIaþIIIa

0

IaþIIaþIIa
0 þIIIaþIIIa

0 þCren:ð Þ
2.6. Statistical Analyses

Statistical significance was determined using Pearson correlation analyses and two-tailed Student’s t tests. All
analyses were performed using SPSS 22.0. Origin 9.0 data analysis and graphic software was used for all
graphs. Maps showing the spatial distribution of the surface sediment parameters from the TWS were pro-
duced using the DIVA method in Ocean Data View (Schlitzer, R., Ocean Data View, http://odv.awi.de, 2017).

3. Results
3.1. Bulk Sediment Properties

The grain size composition of sediments from the TWSwas divided into three groups based on grain size: clay
(<4 μm), silt (4–63 μm), and sand (>63 μm). The relative percent of clay, silt, and sand content in total
particles ranged from 0 to 21.0%, 0 to 84.1%, and 1.1 to 100%, respectively. We defined the sum of clay
and silt as fine-grained sediments; their collective content ranged from 0 to 98.9%. The spatial distribution
of fine-grained sediments of the TWS is presented in Figure 2a. The northern and western TWS sediments
were dominated by fine-grained sediment, with a relative content of 56.9–98.9%. Comparatively, central
TWS sediments were dominated by coarser grain sediments, as their fine-grained sediment content only
ranged from 0 to 47.6%. Notably, fine-grained sediment content decreased across the TWS from west to east
and from north to south.
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Across the full sample set, TOC content ranged from 0.13 to 0.73%. TOC ranged from 0.25 to 0.73% in the
northern and western areas of the TWS and from 0.13 to 0.36% in the central areas of the TWS (Figure 2b).
The highest TOC content was found in the western TWS, close to Pingtan Island and within the PTU. The
TOC content in the sediment along the coast was generally high but decreased toward the central areas of
the TWS (Figure 2b). We also found a significant, exponential relationship between fine-grained sediment
and TOC content (r2 = 0.901, p < 0.05; Figure 3a).

As with TOC content, TN content was relatively high in the northern andwestern TWS and lower in the central
TWS (Figure 2c). TN ranged from 0.01 to 0.11% in the full sample set, with the highest values seen in the
western part of the TWS (Figure 2c). TN content ranged from 0.01 to 0.05% in the central TWS and increased
toward the western and northern areas (Figure 2c).

There was a linear relationship between TOC and TN (Figure 3b), with the following regression equation:
TOC% = 6.61, TN% + 0.04 (r2 = 0.937, p < 0.001, n = 32). The regression line almost crossed the origin,
suggesting that most of the nitrogen was related to sedimentary OC and therefore probably in an organic
form (Figure 3b; Goñi et al., 1998; Hedges et al., 1986). In the full TWS sample set, the C/N atomic ratio ranged
from 6.6 to 19.7 (Figure 2d). There was no obvious C/N ratio trend from the western or northern areas to the
central areas of the TWS. More specifically, the ratio ranged from 6 to 10 in the TWS. There were only a few
exceptions, including three samples obtained from the southern area of the TWS (C/N atomic ratios ranged
from 10.3 to 19.7) and one sample from the Min River estuary (C/N ratio of 10.3).

The range of δ13Corg values from the complete sample set ranged from �23.9 to �21.9‰ (Figure 2e). The
most negative value (�23.9‰) was found in a sample obtained in close proximity to the Jiaoxi and Min
River’s estuaries. The δ13Corg values were relatively negative along the coast as well as in the central areas
of the TWS (Figure 2e). Finally, δ13Corg values were less negative in the upwelling systems of the
TWS (Figure 2e).

Figure 2. The spatial distribution of (a) fine-grained sediment, (b) total organic carbon (TOC) content, (c) total nitrogen (TN) content, (d) C/N atomic ratios, and
(e) δ13Corg in surface sediments of the Taiwan Strait. The ellipses indicate the Xiamen-Quanzhou upwelling (XQU) and Pingtan upwelling (PTU) regions. The white
dashed lines indicate the regions defined in section 4.2.
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3.2. Branched GDGTs and BIT Index

brGDGT content from sediment samples ranged from 23.61 to 226.36 ng/g
dry weight and the brGDGT content normalized to TOC ranges from 3.73
to 36.66 μg/g TOC (Figure 4a). This accounted for 4.1–15.5% of total
GDGTs. The brGDGT fraction was dominated by GDGT-I compounds (i.e.,
GDGT-Ia, Ib, and Ic, accounting for 49–67% of total brGDGTs) and
GDGT-II (27–41% of total brGDGTs). The brGDGT content normalized to
TOC was relatively high in the southwestern and northeastern areas of
the TWS. The distribution of the percentage of total brGDGTs was similar
to the brGDGT content normalized to TOC, with the exception of the
northeastern area of the TWS. In most samples, brGDGT content was
below 10% of total GDGTs, with the exception of four samples near the
river mouths of both the Jiulong and Jin Rivers.

The BIT index from the full set of sediment samples ranged from 0.04 to
0.17 (Figure 4b). The BIT index ranged from 0.04 to 0.17 in the central areas
of the TWS and 0.04 to 0.16 in the northern and western areas of the TWS.
The highest BIT index values occurred in the southern and western areas of
the TWS, which were located near the Jiulong and Jin Rivers’ estuaries
(Figure 4b). The BIT index was also slightly increased at the Jiaoxi and
Min River’s estuaries.

4. Discussion
4.1. Spatial Distribution of Buried OC

It is known that the bulk OC in continental shelves is closely associated
with fine-grain particle sizes (Bianchi et al., 2018; Hedges & Keil, 1995).
In the TWS, the TOC contents showed a significant, exponential
correlation with the relative proportion of fine-grained sediment. The
flattening of TOC content in areas of that have low fine-grained sediment
proportions has also been observed in other shelf sediments (e.g., J. Hu
et al., 2006; L. Hu et al., 2012; Ramaswamy et al., 2008). In the ECS, initially
deposited sediments are readily resuspended and transported southward
along the coast, driven by the wind-induced waves in the winter and by
the ZFCC. This results in the formation of a muddy belt along the coast
(Bian et al., 2013; L. M. Hu et al., 2011; Liu et al., 2006, 2007). Since the

Figure 3. Correlation between (a) total organic carbon (TOC) content and
fine-grained sediment and (b) TOC content and total nitrogen (TN) in sur-
face sediments of the Taiwan Strait.

Figure 4. Spatial variation in (a) total organic carbon (TOC)-normalized branched glycerol dialkyl glycerol tetraether
(brGDGT) contents and (b) branched/isoprenoid tetraether (BIT) index in surface sediments of the Taiwan Strait.
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ZFCC weakens as it travels southward, the proportion of fine-grained
sediment decreased in more southern areas. Given this, the spatial distri-
bution of OC in the TWS is controlled by its specific hydrological condi-
tions, which is corroborated by observations from other continental
shelves around the world (e.g., Galy et al., 2007; L. Hu et al., 2012;
Ramaswamy et al., 2008).

Upwelling of cold and nutrient-rich water along the coast in the summer is
another major oceanographic feature of the TWS (Hu & Wang, 2016).
Satellite-derived chlorophyll a concentrations display a distinct
seasonality, with maxima between June and September each year
(Shang et al., 2004). Past work has revealed a statistically significant,
negative linear relationship between SST and chlorophyll a, indicating that
the coastal TWS productivity is primarily controlled by the upwelling (J. Hu
et al., 2001; Hu & Wang, 2016). This high primary production induces POC
flux (Sun et al., 2012; Wang et al., 2017). Moreover, TOC contents in the PTU
are consistent with the POC contents of descending particles (Wang et al.,
2017). Correlating with our data, it can be inferred that upwelling-related,
high primary productivity may cause the increase of OC and N contents
observed in coastal surface sediments.

Huh et al. (2011) conducted a comprehensive study of the AR of bulk sediment in the TWS. We calculated the
AR of organic carbon (AROC) based on the AR determined by Huh et al. (2011). The ARs were taken from the
contour map of AR presented in Huh et al. (2011), which covered more than 50 data points in our study area.
Using these sedimentation rates, the AR of sedimentary OM was calculated as follows:

AROC accumulation rate of organic carbonð Þ ¼ AR�TOC

The calculated AROC ranged from 1.9 to 47.2 g C/m2/year. The AROC spatial distribution in the TWS revealed
enhanced OC burial in the western areas of the TWS with greater importance of the PTU; this distribution
decreased from the west to the east (Figure 5).

Spatially, TOC ARs exhibited a broad range across the TWS, with several patches of high TOC depositional flux
(Figure 5). The highest TOC AR was more than 45 g C/m2/year and was observed near the Pingtan Island.
Relatively high OC ARs of more than 40 g C/m2/year were also observed to the northeast of Pingtan Island,
within the region affected by the PTU. Another subregion with relatively high TOC depositional flux was
observed in the Jiaoxi and Min River’s estuaries. This observation is likely explained by its high flux of
sediment accumulation.

Average TOC sequestration rates were estimated on a TWS regional scale to be 20.1 g C/m2/year. If we only
focus on the northern and western areas of the TWS, this average sedimentary OC sequestration rate
increases to 27.6 g C/m2/year. This is notably higher than the global average of coastal OC burial rates
(~4 g C/m2/year; Berner, 1982). Together, a total mass budget of sedimentary TOC of 0.44 × 106 t C/year
was obtained for the sampled region (~22,000 km2; Figure 5). The TOC accumulation and sequestration rates
in the TWS were comparable to those of other coastal margins in the world that had significant river dis-
charge and/or high primary production (Table 1). These include areas like the Bohai Sea (27 g C/m2/year;
L. Hu et al., 2016), the Louisiana Inner Shelf (22.7 g C/m2/year; Gordon et al., 2001), the Amazon Shelf
(58.2 g C/m2/year; Aller et al., 1996), and the North Sea (35 g C/m2/year; de Haas & van Weering, 1997).
TOC accumulation and sequestration rates were even higher than other marginal seas in China, such as
the Yellow Sea (15.3 g C/m2/year; L. Hu et al., 2016) and the ECS (Deng et al., 2006). This comparison suggests
that the TWS likely serves as a significant, global repository of sedimentary OC.

4.2. Characterization of Sources for Buried OC

Based on our C/N, δ13Corg, and BIT ratios, we divided our study area into three subregions (Figure 2): Region I
was close to the river estuary and was characterized by high C/N ratios (8.6–19.7), negative δ13Corg values
(�22.6 to �23.9‰), and a high BIT index (0.11–0.17). Region II was inside the upwelling systems and was

Figure 5. Spatial variation in the accumulation rate of total organic carbon
(AROC) in surface sediments of the Taiwan Strait.
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characterized by low C/N ratios (6.6–9.5), less negative δ13Corg (�21.9 to�22.8‰), and a low BIT index (0.04–
0.14). Region II was also dominated by high TOC content (average 0.58%) and fine-grained sediment (average
77.7%). Region III was in the central area of the TWS and was generally characterized by low C/N ratios (6.6–
10.0), a low BIT index (0.04–0.12), and negative δ13Corg (�22.6 to �23.6‰). Region III also had depletion of
13C and an increasing BIT index toward the east.

Bulk sedimentary OC was divided into marine and terrestrial components. The C/N ratio of degraded marine
phytoplankton approximated 6–7, while vascular plants are nitrogen-depleted and have C/N ratios greater
than 20 (Hedges & Oades, 1997; Meyers, 1994). In the TWS, C/N ratios generally varied between 6 and 10,
suggesting a mixture of marine and terrestrial OM (Figure 2d). The highest observed C/N ratio (19.7) occurred
in the southern—not coastal—TWS (Figure 2d), indicating a more significant influence of the Jiulong River.
Even though there are no data between the Jiulong River and this region, previous work also supports this
conclusion, as the Jiulong River plume has been shown to reach the sample location at high flux (Lin et al.,
2016; Wang et al., 2013). Moreover, the C/N ratios were the highest in Region I, indicating a notable terrestrial
input in this heavily river-influenced region.

Measured δ13Corg values in the TWS ranged from �21.9 to �23.9‰. This range overlaps with those seen in
terrestrial C3 plants (�33 to�22‰; Bender, 1971) and marine phytoplankton (�23 to�17‰; Bouillon et al.,
2008), indicating that OM derived from both marine and terrestrial sources is present in the sampled TWS
sediments (Figure 2e). As shown in Figure 2e, the δ13Corg values were the most positive in Region II. As
previously mentioned, this region was in the upwelling region with high primary productivity. The marine
phytoplankton blooms found there supply the marine OC, resulting in enriched 13Corg. The δ

13Corg was rela-
tive negative in Region I, especially in sampled areas influenced by the Jiaoxi andMin Rivers (�23.9‰) as well
as the Jiulong River (average �23.3‰). In Region III, δ13Corg was more negative in eastern samples, suggest-
ing the influence of Taiwanese mountain rivers reaching the middle of the TWS. There are many mountain
rivers in the island of Taiwan that have high erosion rates (Kao et al., 2008). However, sediments from most
of these rivers are transported for only a short distance (Kao et al., 2008, 2014), with the strong currents of
the TWC carrying these sediments northward into the ECS (Horng & Huh, 2011; Huh et al., 2011).
Therefore, the influence of Taiwanese mountain rivers is constrained to the central areas of the TWS.

The BIT index is based on the relative abundance of branched GDGTs and crenarchaeol, representing the rela-
tive contribution of terrestrial OM (Hopmans et al., 2004). Our data revealed that BIT index values were higher
in Region I—given the influence of terrestrial river input—and lowest in Region II. As with δ13Corg values, BIT
values from Region III increased steadily toward the middle of TWS. This also suggested the limited influence
of Taiwanese mountain rivers. Taken together, these results indicate that terrestrial OM is predominantly
deposited under the direct influence of terrestrial input.

Recent evidence has shown that the covariation of crenarchaeol and brGDGTs in sediments may be the result
of in situ brGDGT production (Fietz et al., 2012; Xing et al., 2016). Moreover, as the index is a ratio, its value
may depend on in situ aquatic crenarchaeol production and not be representative of variations in terrestrial
inputs (Fietz et al., 2011). However, our correlation analyses revealed r2 = 0.13 for the relationship between
the BIT index and crenarchaeol and r2 = 0.27 for that between the BIT index and brGDGTs. These findings
suggest that aquatic Thaumarchaeota variation is not the controlling factor for BIT values. Furthermore,

Table 1
Comparison of TOC Burial Rates and Mass Budget in Global Coastal Margins

Shelf Area (106 km2)
TOC burial rates

(g/m2/yr)
TOC budget
(Mt/year) Reference

Amazon Shelf – 58.2 – Aller et al. (1996)
Northeastern North Sea – 35 – de Haas et al. (1997)
Louisiana inner shelf – 22.7 0.18 Gordon et al. (2001)
East China Sea 0.5 14.7 7.4 Deng et al. (2006)
Bohai and Yellow seas 0.36 15.3 (0.03–746.9) 5.6 L. Hu et al. (2016)
Bohai Sea 0.074 27 2 L. Hu et al. (2016)
Taiwan Strait 0.022 20.1 0.44 This study
Global shelves 26 4.15 108 Berner (1982)
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there was no relationship between crenarchaeol and brGDGTs (r2 = 0.21), suggesting that crenarchaeol and
brGDGTs originated from different sources. Therefore, it is possible to use the BIT index to trace terrestrial
input.

Some studies have shown that the BIT index is linearly correlated with δ13Corg values (Smith et al., 2010, 2012);
others have shown only a weak or no significant correlation (e.g., Walsh et al., 2008; Xing et al., 2014). The cor-
relation between the BIT index and δ13Corg has been attributed to the relative importance of soil- and plant-
derived OC input (Smith et al., 2010). As we found no evidence for a relationship between δ13Corg and
BIT (r2 = 0.04), it is possible that the terrestrial input includes more than one source. Given this, a three-
end-member model would be needed to distinguish individual OM sources.

4.3. Source Influences on Buried OC

It has been increasingly recognized in the literature the need to define soil OM as a distinct OC source in end-
member mixing models (e.g., Bianchi et al., 2002; Goñi et al., 2006; Schreiner et al., 2013; Weijers et al., 2009;
Xing et al., 2014). Here we have the possibility of tracing the relative contribution of soil OC by means of the
BIT index, which is a proxy for fluvial input of soil OM. We used the BIT index data in conjunction with the
δ13Corg of the OM in a three-end-member model, similar to that described by Weijers et al. (2009). This
approach would thus allow us to separate the terrestrial OC fraction into both a soil and plant OC fraction.
As the BIT index can trace soil OC and the δ13Corg can distinguish between plant- and soil-derived OC, these
three parameters were used.

As such, the two equations on which the three-end-member mixing model was based are as follows:

BITSample ¼ BITMar�fMarð Þ þ BITSoil�f Soilð Þ
δ13CSample ¼ δ13CMar�fMar

� �þ δ13CSoil�f Soil
� �þ δ13CPlant�f Plant

� �

With the additional mass balance equation of

fMar þ f Soil þ f Plant ¼ 1

fMar, fSoil, and fPlant are the fractions of marine, soil, and plant OC, respectively.

The end-members used to characterize marine OM were assumed to be 0.04 for BIT and �20.0‰ for δ13C
(Hedges & Oades, 1997). With respect to soil, the end-member value was 0.91 for BITsoil (Weijers et al.,
2006) and �24.6‰ for δ13CSoil. As previously published, this value is the average soil value along the main
channel of the Yangtze River (Wu et al., 2007). By referencing prior research results for the Yangtze River estu-
ary and ECS shelf (B. Hu et al., 2014; Zhang et al., 2007), this paper assumed a value of �28.7‰ for δ13CPlant.
Since plant debris contains little brGDGTs, the BITPlant was assumed to be 0.

The estimated fMar, fSoil, and fPlant ranged from 1.2 to 15.8%, 18.9 to 40.1%, and 50.8 to 76.3%, respectively.
The spatial distribution for fMar, fSoil, and fPlant are shown in Figures 6a–6c. The soil component was the smal-
lest in the TWS, with the highest values located in Region I. This implies that the river input is the main source
of terrestrial soil. The plant component was the largest terrestrial component, consisting of a larger fraction in
the central TWS and Min River estuary.

However, it has been shown that preaged OC—especially petrogenic OC withΔ14Corg approximating 1000‰
is an important source of terrestrial OC in marine sediments (Bao et al., 2016; Bianchi et al., 2018; Tao et al.,
2015). Bao et al. (2016) studied the Δ14Corg of the TWS, and its distribution is shown in Figure 7. In the central
TWS, the relatively low Δ14Corg indicates the input of petrogenic OC from the island of Taiwan (Bao et al.,
2016). Since the average δ13Corg of Taiwanese rivers is �25.2‰ (Hilton et al., 2010), the fraction of OCplant
may be overestimated because petrogenic OC can also cause the depletion of 13Corg. Bao et al. (2016)
showed that the Δ14Corg for the rest of TWS was generally �250 to �350‰ and was not caused by petro-
genic OC. Instead, the general depletion of 14Corg in the TWS is caused by the resuspension-deposition loops
during which the OM aged (Bao et al., 2016). This conclusion is supported by the observation that 65–85% of
settling particulate matter originate from the resuspension of bottom sediments (Wang et al., 2017).
Therefore, the three-end-member model using soil, plant, and marine OM can still be applied to the rest of
the TWS, with the exception of the central areas of the TWS that are influenced by Taiwanese river inputs.
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These source variations may have individually different influences on the buried OC. The erosion and burial of
photosynthetically derived OC are a sink for atmospheric CO2 (Bianchi et al., 2018; Stallard, 1998). In contrast,
reburial of petrogenic OC from sedimentary rock is not a sink for atmospheric CO2, since burial of the petro-

genic OC is a simple recycling of reduced C and has no effect on the long-
term atmospheric CO2 and O2 levels. In the TWS, most of the buried OC
was photosynthetically derived; it may therefore serve as a sink for
atmospheric CO2.

To improve estimates of buried OC in the TWS, we quantified the relative
proportion of soil, plant, and marine OC in the total OC pool. This has
important implications for understanding global coastal carbon budgets
(Cui et al., 2017). The AR of each source was calculated as follows:

AROCx accumulation rate of xð Þ ¼ AR�TOC�f x

where x represents the sources of OC, including soil, plant, and marine.

The calculated AROCsoil, AROCplant, and AROCmarine ranged from 0.1 to 4.1,
0.6 to 15.9, and 1.1 to 32.4 g C/m2/year, respectively. The AROCsoil,
AROCplant, and AROCmarine spatial distributions in the TWS indicated that
enhanced OC burial occurred along the coast, while marine OC accumu-
lated primarily in the PTU regions (Figures 6d–6f). However, soil OC and
plant OC were mainly deposited at the Jin and Min Rivers’ estuaries,
respectively. In the central TWS, even though the terrestrial input fraction
from Taiwan Island was high, the AROCplant was low due to the low AR.

Figure 7. Spatial variation ofΔ14Corg (‰) in surface sediments of the Taiwan
Strait (adapted from Bao et al., 2016).

Figure 6. Spatial variation in (a) relative fraction of soil-derived organic carbon (fsoil), (b) relative fraction of plant-derived organic carbon (fplant), (c) relative fraction
of marine-derived organic carbon (fmarine), (d) accumulation rate of soil-derived organic carbon (AROCsoil), (e) accumulation rate of plant-derived organic carbon
(AROCplant), and (f) accumulation rate of marine-derived organic carbon (AROCmarine), in surface sediments of the Taiwan Strait.
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Nevertheless, these findings suggest that OC burial in the TWS was mainly marine-derived OC and that it was
mostly deposited in the upwelling area. Comparatively, the plant- and soil-derived OC were mainly buried
along the coast. These findings have important implications for OC burial in subtropical, nondeltaic
continental shelves under the influences of strong ocean current, coastal upwelling, and small
mountain rivers.

5. Conclusions

The TOC and TN contents as well as the grain size of 32 surface sediments were measured to better
understand the size and spatial distribution of buried carbon in the TWS. A three-end-member model was
used to estimate the source contribution of soil, plant, and marine components based on both the δ13Corg
and BIT index. Our results showed that the spatial distribution of OC in the TWS was controlled by the
hydrological conditions and coastal upwelling. The total buried carbon budget may be up to
0.44 × 106 t C/year, and comparisons to other continental shelves suggested that the TWS likely serves as
a significant repository for global sedimentary TOC. The marine-derived OC was mainly deposited in the
upwelling regions, while the plant-derived OC was mainly deposited in the river-influenced regions. The
burial of predominantly fresh components (marine and plant) of OC imply that the TWS functions as a carbon
sink for the global carbon cycle.
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