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• A preliminary BC budget in the coastal
ECS was constrained.

• The Yangtze River alone contributed
~72% of total BCflux into the coastal ECS.

• The coastal ECS could serve as a major
sink of land-based BC.

• Char and soot exhibited different geo-
chemical behaviors in the coastal ECS.
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Mobilization of terrestrial-derived and recalcitrant black carbon (BC), including char and soot, from land to ocean
exerts a significant influence on the global carbon cycle. This study elaborated the occurrence and spatial distri-
butions of BC, char, and soot concentrations, aswell as their burialfluxes, in the estuarine-inner shelf surface sed-
iments of the East China Sea (ECS), an epicontinental sea adjacent to Chinese high-intensity BC emission source
regions. Using a combination of BC measurements in the Yangtze River water and coastal ECS aerosol samples, a
preliminary BC budget was concurrently constrained. The spatial distribution of char concentrations resembled
largely that of BC, but differed significantly from that of soot, indicating that char and soot exhibited different geo-
chemical behaviors. In contrast to concentrations, BC, char, and soot burial fluxes exhibited highly consistent spa-
tial patterns, and all declined as the distance from the coastline increased. For the coastal ECS, riverine discharge
dominated (~92%) the total BC input, with the Yangtze River alone accounting for as high as ~72%. The area-
integrated sedimentary BC sink flux (630 ± 728 Gg/yr) in the coastal ECS was equivalent to the total BC influx
(670 ± 153 Gg/yr), which coincided well with the regional sediment budget. This suggested that the
terrestrial-derived and recalcitrant BC could be regarded as an alternative geochemical proxy for tracing the sed-
iment source-to-sink processes in this region. Comparisons between BC and co-generated polycyclic aromatic
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hydrocarbons (PAHs) budgets in the coastal ECS revealed similarities in their input pathways, but dramatic dif-
ferences in their ultimate fates. Despite these, the ECS estuarine-inner shelf could serve as a major sink of these
terrestrial-based materials in the global ocean.

© 2018 Published by Elsevier B.V.
1. Introduction

Black carbon (BC) is defined as the aromatic carbonaceous by-
product generated from incomplete biomass burning or fossil fuels
combustion (Coppola et al., 2018; Fang et al., 2018). It has recently re-
ceived substantial attention due to its widely recognized key roles in a
variety of biogeochemical processes, including regional and global car-
bon cycle, climate change, air quality, and public health (Ramanathan
and Carmichael, 2008; Anenberg et al., 2012; Bird et al., 2015; Fang
et al., 2015). Despite these potential implications, BC is currently not a
well-characterized chemical component, but is rather a complex com-
bustion/temperature continuum (Masiello, 2004; Hammes et al.,
2007). Overall, BC can be produced by two different chemical mecha-
nisms, which yield two subtypes, i.e., char and soot (Han et al., 2011).
Char is the solid residue formed by low temperature thermal treatment
(300–600 °C), while soot is the condensate produced from the vapor-
phase condensation reactions at high temperatures (˃600 °C)
(Elmquist et al., 2008; Han et al., 2011). Differences in the physical
(e.g., the particle sizes) and chemical (e.g., the aromaticity) properties
between char and soot result in their differential geochemical behaviors
(Han et al., 2011; Han et al., 2015a; Han et al., 2015b). For instance, Han
et al. (2015a) recently found an association of polycyclic aromatic hy-
drocarbons (PAHs) that is stronger with soot than with char, in the
soils and sediments. Extensive combustion activities, coupled with its
recalcitrance to chemical and/or biological degradation, render BC a
ubiquitous component in the environment, such as in the atmosphere,
soils, fresh/sea water, polar/alpine ice and snow, as well as lacustrine/
marine sediments (Bird et al., 2015; Coppola et al., 2018). It is exten-
sively acknowledged that marine sediments are the final sinks for
terrestrial-based BC through riverine run-off and atmospheric deposi-
tion (Elmquist et al., 2008; Sánchez-García et al., 2012; Fang et al.,
2015; Yang and Guo, 2018).

A rough estimation based on extremely sparse data has concluded
that up to ~90% of global sedimentary BC sequestration occurs in the
coastal shelf regime, although that area makes up only ~10% of the
global ocean (Suman et al., 1997). To consolidate this preliminary view-
point, recently increasing efforts have been devoted to study the BC
burial in these coastal shelf regimes.Most of these pioneering investiga-
tions are geographically confined within American and European
coastal shelf areas, such as the Gulf of Maine (Gustafsson and
Gschwend, 1998; Flores-Cervantes et al., 2009), Washington Coast
(Dickens et al., 2004), Northern European Shelf (Sánchez-García et al.,
2012), Gulf of Cádiz (Sánchez-García et al., 2013), and Pan-Arctic
Shelves (Guo et al., 2004; Elmquist et al., 2008; Yang and Guo, 2018).
However, only little attention has been paid to the Asian coastal shelves
(Fang et al., 2015; Hu et al., 2016; Huang et al., 2016), where BC emis-
sions from Asian continent are estimated to contribute more than half
of the global anthropogenic BC emissions (Bond et al., 2004). This im-
plies that a more detailed study of BC in the coastal shelf of Asian coun-
tries, especially in the largest BC emitter of China (Wang et al., 2012),
will to a large extent deepen our understanding of the influence of sed-
imentary BC sink on the regional and even global carbon cycles and
budgets.

The East China Sea (ECS) is a typical epicontinental sea of the north-
west Pacific Ocean and has one of the largest coastal shelves in the
world (Zhang et al., 2017). The areas adjacent to ECS are among the
most heavily populated and highly industrialized and urbanized regions
in China (Lin et al., 2013; Liu et al., 2017a). The ECS is strongly
influenced by several major Chinese rivers, including the dominant
Yangtze River, as well as other local rivers (e.g., Qiantang, Ou, and Min
Rivers) along the eastern coasts of Zhejiang and Fujian provinces (Hu
et al., 2011; Lin et al., 2013). The Yangtze River, the longest
(~6300 km)Asian riverwith a total drainage area of ~1.94×106 km2, ac-
counting for one-fifth of the Chinese territory, historically has the
world's fourth largest sediment load and fifth largest freshwater dis-
charges (Yang et al., 2006). It is unquestionable that large quantities of
anthropogenic substances, like BC, will pour into the ECS via riverine
discharge. In addition, the coastal ECS is located in the transport path-
way of Asian continental outflow (Wang et al., 2015; Jiang et al.,
2018), and there are several booming ports at the ECS coast (Liu et al.,
2017b). As an example, the Shanghai Port and Ningbo-Zhoushan Port
are now ports with the world's largest container throughput and
cargo throughput, respectively. Such busy marine shipping activities in
the ECS may also be significant sources of aerosol BC (Zhang et al.,
2018). It is apparent that atmospheric deposition may also transport
significant amounts of BC released from mainland China and sea-going
ships (andfishingboats) to the ECS. Due to the net effects of shear forces
from coastal currents (Bianchi and Allison, 2009), BC from atmospheric
deposition and riverine discharge is preferentially trapped in the Yang-
tze River Estuary (YRE) and the inner shelf of the ECS, which are devel-
oped depocenters of fine-grained sediments (mainly clayey-silt
particles) (Jia et al., 2018). Our recent investigations have demonstrated
that the ECS estuarine-inner shelf sediments are important sinks for an-
thropogenic materials, such as the PAHs and heavy metals
(e.g., mercury (Hg)) (Lin et al., 2013; Liu et al., 2017a). Therefore, the
estuarine-inner shelf of the ECS is also expected to be a key sink for
BC, and is consequently ideal for studying the regional BC budgets or
source-to-sink processes, given that the BC intensities of the adjoining
areas are among the highest in China (Wang et al., 2012). To our knowl-
edge, the available BC studies in the coastal ECS focusedmainly on indi-
vidual environmental compartments, such as aerosols (Cao et al., 2013;
Chen et al., 2013; Andersson et al., 2015; Wang et al., 2015), soils
(Lehndorff et al., 2014), waters (Wang et al., 2016; Xu et al., 2016), or
sediments (Hung et al., 2011; Li et al., 2012; Huang et al., 2016). The
lack of information on integrated BCflux for thesemedia in this area sig-
nificantly limits our understanding of the regional BCbudgets or source-
to-sink processes.

The major objectives of this study are two-fold: (1) to detail the oc-
currence and spatial distributions of BC and the two subtypes char and
soot concentrations and burial fluxes in surface sediments of the
estuarine-inner shelf of the ECS; (2) to quantitatively constrain a pre-
liminary BC budget in the coastal ECS, in combination with recent BC
measurements of the Yangtze River water and coastal ECS aerosol sam-
ples (Cao et al., 2013; Wang et al., 2015; Huang et al., 2016).
2. Materials and methods

2.1. Sediment sampling

A total of 58 surface sediments (0–3 cm) from the Yangtze River
estuarine-inner shelf of the ECS (Fig. 1) were collected, using a box
corer of stainless steel in the cruises conducted by R/V Dong Fang Hong
2 and R/V Ke Yan 59 during 2011–2013. All sediment samples
were packed in pre-combusted aluminum foil, and they were stored
at−20 °C until further analysis.



Fig. 1.Map illustrating the study area and sampling sites. a. Red points represent the surface sediment sampling sites. b. Ocean currents and mud areas (in light grey) refer to Liu et al.
(2007) and Hu et al. (2011). ZFCC, TWC, and KC denote Zhejiang-Fujian Coastal Current, TaiwanWarm Current, and Kuroshio Current, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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2.2. BC, char, and soot quantification

In the present study, wet-chemical pre-treatment coupled with
thermal optical reflectance (TOR) detection was applied to quantify
the sedimentary BC, owing to its proven ability for effectively differenti-
ating between char and soot (Han et al., 2007a; Han et al., 2011; Han
et al., 2012; Han et al., 2015b; Hu et al., 2016). In brief, thawed, freeze-
dried, and ground sediments (b80 meshes) were processed with
hydrochloric and hydrofluoric acids (HCl/HF) to remove the inorganic
materials, such as carbonates, silicates, and some metals and
metallic oxides. The acid-treated sediment residues were diluted with
Milli-Q water (18.2 MΩ·cm) and then filtered through pre-combusted
(450 °C, 4 h) quartz fibre filters (Whatman, 47 mm diameter, nominal
pore size 0.7 μm). The filters loaded with sediment residues were air-
dried and analyzed for BC on a Desert Research Institute (DRI) Ther-
mal/Optical Carbon Analyzer (Model 2001A) following the protocol of
Interagency Monitoring of Protected Visual Environment (IMPROVE)
(Fang et al., 2015; Fang et al., 2018). A punch of 0.544 cm2 filter was de-
livered into an oven for carbon quantification. The ovenwas first heated
in 100% He atmosphere, yielding four organic carbon subfractions in
four different temperature steps. Then the analyticalmaterialwas trans-
ferred to a mixed atmosphere of 98% He/2% O2. Correspondingly, three
BC subfractions (BC1, BC2, and BC3) were produced in three tempera-
ture steps (580, 740, and 840 °C). Pyrolysis of organic carbon (defined
as OCPyro) occurred concurrently in the pure He atmosphere, as seen
from the declined reflectance signal of the laser. OCPyro, like the original
BC fraction, was oxidized in the second He/O2 stage. The IMPROVE
protocol calculated BC as the sum of three BC subfractions minus the
OCPyro (i.e., BC=BC1+BC2+BC3−OCPyro). Han et al. (2007a) further
examined the thermograms of seven char and three soot reference ma-
terials following the same protocol as in the present study, and they ob-
served that char evolved almost exclusively in the BC1 step and soot in
the BC2 + BC3 steps. Therefore, in this study char was defined as BC1
− OCPyro, and soot as BC2 + BC3. The detailed procedures regarding
the sedimentary BC, char, and soot separation and quantification are de-
scribed in our recent work (Fang et al., 2015; Hu et al., 2016).

2.3. Quality assurance and quality control (QA/QC)

Initially, we checked whether the acid-treated sediment residues
onto the filters have even distributions (Khan et al., 2009; Han et al.,
2011; Fang et al., 2015; Hu et al., 2016). For this, 10% of the total filters
(n=6)were randomly selected, and two punches drilled fromdifferent
locations in a filterwere analyzed for BC. The relative standard deviation
(RSD, %) of BC concentrations from the two punches was 2–9%, and av-
eraged b5%, implying even distributions of the sediment residues onto
the filters. In addition, blanks, replicates, and standard reference mate-
rial (NIST SRM-1941b, marine sediments from the Chesapeake Bay),
were also examined. The blanks (n = 6) contained non-detectable BC
contents. The RSD of 6 pairs of replicates was 2–11%, and averaged
within 6%. The BC content in the NIST SRM-1941b was 10.89 ±
1.01 mg/g (n = 6; all weights are dry weight), which agreed well
with the values reported by recent studies with a similar TOR method
(Hammes et al., 2007; Han et al., 2007b; Cong et al., 2013; Fang et al.,
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2015; Hu et al., 2016). The QA/QC results evidenced that the applied BC
methodology was credible and reproducible.

3. Results and discussion

3.1. Occurrence and spatial distributions of BC, char, and soot
concentrations

BC was detected in all estuarine-inner shelf surface sediments of the
ECS, and its concentration varied by a factor of 6, ranging from 0.33 to
2.04 mg/g and averaging 1.04 ± 0.40 mg/g (Supporting information
(SI) Table S1). For the two subtypes, char and soot had concentration
ranges of 0.17–1.89 and 0.13–0.52 mg/g, with averages of 0.79 ± 0.40
and 0.25 ± 0.07 mg/g, respectively (SI Table S1).

Fig. 2a–c shows the spatial distributions of BC, char, and soot concen-
trations. Generally, there were two remarkable spatial features ob-
served for BC concentrations. One was the relatively low level
(b0.90 mg/g) occurring in the YRE, and the other was the apparent de-
creasing trend from the inshore areas (N1.80 mg/g) toward the outer
shelf (~0.60mg/g) along the Zhejiang-Fujian coastal shelf areas. Consis-
tent with the present terrestrially combustion-derived BC, our recent
work has also found relatively low concentrations of other terrestrial-
derived materials, such as PAHs and heavy metal of Hg, in the YRE
(Lin et al., 2013; Liu et al., 2017a). The strong dilution effect induced
by the overwhelmingly high sedimentation rates in the YRE might to a
large extent resulted in the low levels of these land-based materials. It
has been estimated that ~40% of the Yangtze River-derived sediments
was deposited in the YRE subaqueous delta (Demaster et al., 1985),
and the measured sedimentation rates there could reach N4 cm/yr,
which was at least 3 times higher than those in the Zhejiang-Fujian
coastal shelf areas (Liu et al., 2006; Jia et al., 2018).
Fig. 2. Spatial distributions of BC, char, and soot concentrations and bur
The spatial distribution of char concentrations resembled largely
that of BC. Since char constituted a major component of BC, with an av-
erage char/BC ratio of 72 ± 12% (SI Table S1), the similar spatial distri-
butions between char and BC concentrations should not be
unexpected. However, the spatial distribution of soot concentrations
differed considerably from those of BC and char. The soot concentrations
increased seaward with increasing distance from the coastline in the
Zhejiang-Fujian coastal shelf areas. The dramatically different spatial
patterns between char and soot indicated that they had different geo-
chemical behaviors in this regime. Specifically, the spatial distribution
of char corresponded well with the fine-grained sediment distributions
within the coastal mud of the ECS inner shelf (Zhu et al., 2011). This im-
plied that the sedimentary dynamics exerted a predominant effect on
the fate of char in this area, as the mud deposits here are driven by
the seasonal changes of riverine inputs, estuarine processes, tidal cur-
rents, shelf circulations, and storm/typhoon episodes (Liu et al., 2007).
The Yangtze River-derived fine-grained sediments are transported
southward along the inner self in the bottom layers by the intensified
coastal currents (~50 cm/s) during the wintertime (Bian et al., 2013).
The offshore region in the coastal ECS is characterized as a bypass
zonewith little net accumulation due to the limited sediment supply as-
sociated with the strong winnowing (Zhu et al., 2011). Therefore, the
high occurrence of soot in the offshore region could be largely related
to its input pathway, mainly by atmospheric deposition, which can mo-
bilize the submicron-meter sized soot particles more effectively (Han
et al., 2015b).

3.2. Occurrence and spatial distributions of BC, char, and soot burial fluxes

Compared with the sedimentary concentration, which may be
strongly influenced by the varying inflows of organic and mineral
ial fluxes in the estuarine-inner shelf surface sediments of the ECS.



Fig. 3. A preliminary constrained BC budget in the estuarine-inner shelf of the ECS.
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materials, the geochemical parameter of the burial fluxwasmore favor-
able for reflecting their real sedimentation (Fang et al., 2015; Xu et al.,
2017). The calculation processes of BC, char, and soot burial fluxes are
described in SI Text S1. The ranges of BC, char, and soot burial fluxes
were 0.03–3.52, 0.01–2.79, and 0.01–0.75mg/cm2/yr, withmean values
of 0.79 ± 0.91, 0.62 ± 0.74, and 0.16 ± 0.19 mg/cm2/yr, respectively
(the standard deviations following averages were calculated from the
total analyzed 58 individual sedimentary BC, char, and soot burial flux
in the coastal ECS region; SI Table S1). It was apparent that, regardless
of BC and the two subtypes, the variations of their burial fluxes (by fac-
tors of 75–279) were more pronounced than those of their correspond-
ing concentrations (by factors of 4–11), which was mainly ascribed to
the significant difference in the sedimentation rates in the study area.

In contrast to those concentrations, the spatial distributions of BC,
char, and soot burial fluxes exhibited highly consistent patterns
(Fig. 2d–f). The BC, char, and soot burial fluxes all decreased with in-
creasing distance from the coastline, and their maximum fluxes all oc-
curred in the YRE. A similar seaward decreasing trend of BC burial flux
has been also detected in other large-river impacted estuaries, such as
the Yellow River estuary in the Bohai Sea (Fig. 1), in which the BC burial
flux decreased significantly from ~1.10 to ~0.20 mg/cm2/yr within
~60 km away from the coastline (Fang et al., 2015). The spatial distribu-
tions of BC, char, and soot burial fluxes correlated well with those for
sedimentation rates (Liu et al., 2006; Jia et al., 2018). For the
estuarine-inner shelf of the ECS, the spatial distribution of the sedimen-
tation rateswasmainly dominated by theYangtze River discharged sed-
iments. Therefore, it could be expected that riverine discharge,
especially from the large Yangtze River, might be the major source of
BC (especially for char) to the ECS estuarine-inner shelf areas. This hy-
pothesis was evidently confirmed from the following constrained re-
gional BC budget calculations in the coastal ECS (see Section 3.3).

The mean BC burial flux in the estuarine-inner shelf of the ECS (0.79
± 0.91 mg/cm2/yr) was 2 to 6 times higher than those obtained in the
Bohai and Yellow Seas, China (0.17 ± 0.20 mg/cm2/yr) (Fang et al.,
2015), Gulf of Maine, USA (0.13 ± 0.04 mg/cm2/yr) (Gustafsson and
Gschwend, 1998), Coast of Pakistan (0.33 ± 0.16 mg/cm2/yr) (Ali
et al., 2014), and Gulf of Thailand (0.21 ± 0.23 mg/cm2/yr) (Hu et al.,
2016), but it was nearly a half that in the strong human impact Swedish
Continental Shelf (1.10 mg/cm2/yr) (Sánchez-García et al., 2012). Here
it should be noted that, in addition to the distinct human activities
among these coastal regions, the applied BC quantification method
was also a key factor complicating the above flux comparisons. For in-
stance, Sánchez-García et al. (2013) compared the chemical thermal ox-
idation (CTO-375) and benzene polycarboxylic acids (BPCAs) derived
BC burial fluxes in the Gulf of Cádiz, Spain, and found that the CTO-
375-derived BC burial flux (0.12 ± 0.08 mg/cm2/yr) was only one half
that of the BPCAs-based (0.25 ± 0.21 mg/cm2/yr). Despite the large
methodological uncertainties and a discrepancy of nearly an order of
magnitude observed among these typical coastal shelf regimes, the BC
burial fluxes there were still 2 to 4 orders of magnitude larger than
those in the pelagic regimes, such as 0.002 mg/cm2/yr for the South At-
lantic Ocean (Lohmann et al., 2009) and 0.0001 mg/cm2/yr for the Pa-
cific Ocean (Smith et al., 1973). Such low burial fluxes of BC in the
open/deep ocean sediments were largely resulted from their extraordi-
narily low sedimentation rate (generally b0.01 cm/yr),whichwas a cru-
cial parameter for the calculation of the burial flux. The occurrence of
the predominant BC sequestration at the coastal shelf regimes suggest
us that in future we should pay closer and on-going attention on these
regimes, such as the extensive East China Marginal Seas (Fig. 1) and
the Arctic (the world's largest coastal shelf system) (Sánchez-García
et al., 2012).

The area-integrated sedimentary BC sinkfluxwas calculated bymul-
tiplying the mean BC burial flux in a given region by the area of that re-
gion. It is estimated that 630 ± 728 Gg/yr of BCwas sequestrated in the
estuarine-inner shelf surface sediments of the ECS, over an area of ~0.8
× 105 km2. Until now, there have been several investigations reporting
the sedimentary BC sink flux in the geographically separated coastal re-
gions, such as ~200 Gg/yr in the Gulf of Thailand (~1.5 × 105 km2) (Hu
et al., 2016), ~400–800 Gg/yr in the New England shelf off the North-
eastern USA (~3.8 × 105 km2) (Gustafsson and Gschwend, 1998),
~1160 Gg/yr in the entire Northern European Shelf (~1.0 × 106 km2)
(Sánchez-García et al., 2012), and ~3050 Gg/yr in the three Arctic
Shelves (~1.4 × 106 km2, including Mackenzie, Chukchi, and Bering
Shelves) (Yang and Guo, 2018). It is obvious that the coastal shelf sedi-
ments are likely to be significant final BC reservoirs in the global BC bio-
geochemical cycles, which may transfer carbon from the rapid-cycling
bio-atmospheric carbon cycle into the slow-cycling geological carbon
cycle (Fang et al., 2015).

3.3. A preliminary constrained BC budget in the estuarine-inner shelf of the
ECS

To constrain the BC budget in the estuarine-inner shelf of the ECS, a
primary step is to calculate each process-based BC flux. In addition to
above presented sedimentation (corresponding to the area-integrated
sedimentary BC sink flux), othermajor processes involved in the coastal
ECS shelf BC budget calculations consist of atmospheric deposition and
riverine discharge. The detailed procedures for calculations of the BC
fluxes from atmospheric deposition and riverine discharge were elabo-
rated in SI Texts S2 and S3, respectively.

The preliminary constrained BC budget in the estuarine-inner shelf
of the ECS is shown in Fig. 3. The total BC influx to the coastal ECS was
estimated at 670 ± 153 Gg/yr (the sum of atmospheric deposition and
riverine discharge) (Texts S2 and S3). For atmospheric deposition, in-
cluding both dry and wet depositions, a total of 55 ± 19 Gg/yr of BC
was deposited into the coastal ECS over an area of ~0.8 × 105 km2,
which accounted for only ~8% of the total influx. Of the total atmo-
spheric deposition, dry and wet depositions each contributed 14 ± 6
and 41 ± 18 Gg/yr, with a regional dry/wet deposition ratio of ~0.34,
~1.7-fold that of the global ocean average BC dry/wet deposition ratio
(~0.2) (Jurado et al., 2008). For the riverine discharge, 615 ±
152 Gg/yr of BC was delivered into the coastal ECS, which was N11
times higher than that from the atmospheric deposition. Therefore, it
can be concluded that, in the coastal ECS, the riverine discharge was
the predominant BC input pathway, accounting for ~92% of the total in-
flux. According to the riverine BCfluxestimations (SI Text S3), the Yang-
tze River and other local rivers from adjacent provinces (including
Zhejiang, Fujian, and Taiwan, Fig. 1) discharged 485 ± 147 and 130 ±
40 Gg/yr of BC, respectively, with the Yangtze River alone contributing
up to ~80% of the total river influx. Furthermore, our most concerned
Yangtze River alone also accounted for up to ~72% of the total BC influx
to the coastal ECS. This to a large degree implied that BC produced
within the Yangtze River drainage basin and then discharged by the
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Yangtze River exerted a far-reaching influence on the regional BC cycle
in the coastal ECS shelf marine ecosystem.

Coincidently, we found that the annual sedimentary BC burial
(~630 Gg/yr) was nearly equivalent to the estimated total BC flux into
the coastal ECS (~670 Gg/yr). This suggested that the regional BC from
the atmospheric and riverine delivery was almost (~94%) sequestrated
in the ECS estuarine-inner shelf. The BC budget pattern in the coastal
ECSwaswell in accordancewith the established regional sediment bud-
get patterns by some researchers (Deng et al., 2006; Jia et al., 2018). For
instance, Deng et al. (2006) estimated that the annual sediment flux in
the coastal ECS shelf accounted for ~96% of the total terrestrial inputs
(mainly from riverine discharge, with negligible contribution from at-
mospheric deposition), and there was only b4% of total sediments es-
caping off the ECS and entering to the northwest Pacific Ocean. Such
high retention potential of sediments and associated BC in this area
were mainly attributed to the broad nature of the ECS shelf edge (ap-
proximately 500–600 km), together with an alongshore sediment
transport driven by the southward Zhejiang-Fujian Coastal Current
(ZFCC), and an obstruction of the cross-shelf seaward transport by the
year-round northward Taiwan Warm Current (TWC) (Fig. 1) (Deng
et al., 2006). The highly consistent budget patterns between BC and sed-
iments in coastal ECS shelf indicated that the terrestrial-derived and re-
calcitrant BC component could be regarded as an alternative
geochemical proxy for tracing the sediment source-to-sink processes
in this region.

PAHs are a class of organic molecular proxies co-generated with BC
during the incomplete combustion of organic matter (Fang et al.,
2016). The similar production mechanism shared by BC and PAHs
makes it reasonable to compare their budgets. The PAHs budget in the
coastal ECS showed that, as for the input pathways, atmospheric depo-
sition and riverine discharge accounted for ~7% (~17 t/yr over an area of
~0.8 × 105 km2) and ~93% (~243 t/yr) of the total USEPA 16 priority
PAHs influx, respectively (Lin et al., 2013; Jiang et al., 2018), which
matched well with the present BC input patterns. Despite their similar
input patterns, however, the ultimate retention of PAHs in the sedi-
ments (~58%) was significantly lower than that of BC (~94%) (Lin
et al., 2013; Jiang et al., 2018). The selective release of low molecular
weight (LMW) PAHs, such as naphthalene, fluorine, and phenanthrene,
frombottom sediments to overlyingwater due to the resuspension trig-
gered by the strongwinter East Asianmonsoon has been demonstrated
to be a key sedimentary PAHs loss process in this area (Lin et al., 2013).
Because of their relatively high water solubility, the LMW PAHs are
prone to bemaintained in thewater column, and they can thus be effec-
tively uptaken by the abundant aquatic organisms or even liberated into
the air (Lin et al., 2013). Our latest one-year study showed that in the
coastal ECS, ~44 t/yr of PAHswas net volatilized from seawater to atmo-
sphere over an area of ~0.8 × 105 km2, of which ~90% was the LMW
three-ring PAHs, suggesting that seawater acts as a second source of
three-ring PAHs to the ambient atmosphere (Jiang et al., 2018).

Although the preliminary BC source-to-sink processes in the coastal
ECS have been constrained, there were still some uncertainties associ-
ated with these BC budget calculations. These uncertainties derived
mainly from the inconsistent time scales integrated in each environ-
mental compartment, our lack of consideration of the spatio-temporal
variability of BC concentrations in aerosol and river water samples, as
well as the inconsistent BC quantification methods applied to the envi-
ronmental samples. Also, the large uncertainty in the burial flux of BC
makes the BC budget poorly constrained. All these sources of uncer-
tainty imply that continuous field observations and consistent BC quan-
tificationmethods are essential steps for approaching amore reliable BC
budget construction (Fang et al., 2018). Regional BC budgets have also
been investigated in some other coastal areas, such as the coastal
Bohai Sea (Fang et al., 2015), New England continental shelf
(Gustafsson and Gschwend, 1998), Gulf of Maine (Flores-Cervantes
et al., 2009), and Northern European shelf (Sánchez-García et al.,
2012). All these available studies revealed a significant “sink” of the
coastal shelf sediments for the terrestrial BC burial. However, the
input patterns of BC varied among these regions. Except for the coastal
Bohai Sea, the BC budgets in the other three coastal regions all showed
that the sedimentary BC sink fluxes were comparable to the upwind at-
mospheric BC emissions, illustrating the key role of atmospheric deposi-
tion over riverine discharge on the BC transport in these areas. For the
coastal Bohai Sea (Fig. 1), which is also an important part of the East
China Marginal Seas, the inputs of BC differed significantly from those
in the coastal ECS. Atmospheric deposition and riverine discharge
were of equal importance in delivering BC to the coastal Bohai Sea
(Fang et al., 2015; Fang et al., 2018). The much higher percentage of
BC from riverine discharge in the coastal ECS (~93%) than that in the
coastal Bohai Sea (~50%) was primarily due to the overwhelmingly
higher BC discharge from the Yangtze River (~485 Gg/yr) than from
the YellowRiver (~70 Gg/yr). However, considering the overall decreas-
ing trend of freshwater and sediment discharges from both the Yellow
River and Yangtze River owing to a number of large water and soil con-
servation engineering construction in recent decades (Yang et al., 2006;
Wang et al., 2007), the importance of BC fromatmospheric deposition in
these coastal areas is expected to increase. Compared with riverine dis-
charge, atmospheric transport is more efficient in accelerating the re-
gional BC dispersal, particularly released from the world's largest BC
emitter of China, into the global BC biogeochemical cycles.

4. Conclusions

BC concentrations in the ECS estuarine-inner shelf surface sediments
varied from0.33 to 2.04mg/g and averaged 1.04±0.40mg/g. Char con-
stituted amajor fraction (on average 72± 12%) of BC. The spatial distri-
bution of char concentrations resembled largely that of BC, but differed
considerably from that of soot, indicating the different geochemical be-
haviors between char and soot in this region. In contrast, BC, char, and
soot burialfluxes exhibited highly consistent spatial patterns and all de-
clinedwith increasing distance from the coastline,whichwasmainly re-
sulted from the dominant input from riverine discharge, especially from
the dominant Yangtze River. The preliminary constrained BC budget in
the coastal ECS showed that the riverine discharge contributed as high
as ~92% of the total BC inputs, and sequestration to bottom sediments
(i.e., the area-integrated BC sink flux, 630 ± 728 Gg/yr) was nearly
equivalent to the estimated total BC flux (670 ± 153 Gg/yr) into the
coastal ECS. Comparisons between BC and co-generated PAHs budgets
in the coastal ECS revealed their similar input pathways but dramati-
cally different ultimate fates. Despite these, the estuarine-inner shelf
of the ECS could serve as a major sink for these terrestrial-based mate-
rials. This study also suggests that in future we should pay closer and
on-going attention on the coastal shelf regimes because of the observed
~2–4 orders of magnitude larger BC burial flux occurring in these re-
gimes than those in the pelagic regimes.
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