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Abstract
Dissolved black carbon (DBC) is the largest known slow-cycling organic carbon pool in the ocean; yet, its

sources and processing in the coastal seas remain poorly understood. To address this knowledge gap, we con-
ducted a study in the East China Sea and South Yellow Sea to quantify and molecularly characterize DBC using
benzene polycarboxylic acids (DBCBPCA) and ultra-high resolution mass spectrometry (DBCFT), respectively. The
concentration of DBCBPCA was 0.70–1.9 μmol C L�1 and exhibited a significant negative correlation with salin-
ity. Significant correlations were also observed between salinity and molecular characters (oxygen-to-carbon
ratio; double bond equivalent; molecular weight) of DBCFT. These findings collectively suggest that mixing pro-
cesses primarily control the concentration and composition of DBC. A two-end-member mixing model revealed
that riverine input and offshore water contributed � 22% and 63%, respectively, to the DBCBPCA in the study
region. Additionally, atmospheric deposition and potentially other unidentified sources contributed at least
� 15% DBCBPCA, assuming no removal. Furthermore, � 70% of DBCFT in the coastal seawater could be found in
the river water, and aerosols, which was in line with the information from DBCBPCA. Our study provides the first
comprehensive assessment of both the sources and influential processes of DBC in coastal seas, highlighting the
importance of additional sources, such as atmospheric deposition, and emphasizing the need to identify previ-
ously unknown sources of DBC.

The incomplete combustion of biomass and fossil fuel
results in the release of a continuum of black carbon (BC; Kuo
et al. 2011; Liu et al. 2021; Schmidt and Noack 2000). Part of
the BC is transported to the oceans in a dissolved form known
as dissolved BC (DBC) through various pathways (Bao

et al. 2017; Jaffe et al. 2013; Jones et al. 2020). DBC constitutes
� 2% of oceanic dissolved organic carbon (DOC) and is char-
acterized by a depletion in radiocarbon (Ziolkowski and
Druffel 2010). It represents the largest known pool of refrac-
tory DOC in the ocean (Dittmar and Paeng 2009). Therefore,
it is crucial to understand the sources and fate of DBC in the
ocean for a comprehensive understanding of the global car-
bon budget.

Each year, � 18–27 Tg of DBC is delivered to the ocean
through riverine discharge, while atmospheric deposition con-
tributes around 1.8 Tg (Jaffe et al. 2013; Bao et al. 2017; Jones
et al. 2020). Tidal pumping from coastal wetlands and hydro-
thermal vents are also significant regional sources of DBC
(Dittmar et al. 2012; Yamashita et al. 2023), although their
total flux on a global scale has not been well quantified.
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However, the observed � 6‰ difference in the stable carbon
isotope values between riverine and oceanic DBC contradicts
the known sources of DBC in the ocean (Wagner et al. 2019a),
highlighting the need for a better understanding of the sources
and processes involved, particularly in the coastal regions
(Wagner et al. 2019a; Coppola et al. 2022). Previous studies
have been conducted in various ocean basins, such as the South
China Sea (Fang et al. 2017), Bohai Sea (Fang et al. 2021b), and
Bering Sea (Fang et al. 2021c). However, the lack of molecular
information hinders our understanding of how DBC is modi-
fied and how its composition is linked to its sources and pro-
cesses. Additionally, most studies have relied on top–down flux
estimations to assess the contributions from different transport
pathways. Nevertheless, it remains unconfirmed how changes
in DBC concentration and composition in coastal seas respond
to the various input sources.

Currently, no single method can fully capture the entire spec-
trum of BC due to its complex nature (Wagner et al. 2018,
2021). The benzenepolycarboxylic acids (BPCA) method is com-
monly used to quantify the specific fraction of DBC (noted as
DBCBPCA) in natural dissolved organic matter (DOM) obtained
from rivers, oceans, and atmospheric deposition (Ziolkowski and
Druffel 2010; Jaffe et al. 2013; Bao et al. 2017; Jones et al., 2019,
2020; Geng et al. 2021; Wagner et al. 2021). Additionally,
Fourier transforms ion cyclotron resonance mass spectrometry
(FT-ICR-MS), a state-of-the-art technique with exceptional reso-
lution, allows for detailed molecular characterization of DBC
(noted as DBCFT) (Chen et al. 2022; Qi et al. 2022). This tech-
nique has proven to be valuable in studying the composition of
DBC in various environments (Bao et al. 2017; Roebuck
et al. 2017; Coppola et al. 2019; Zhao et al. 2023). DBCBPCA and
DBCFT are used to characterize the fraction of BC that forms
at intermediate temperature and is relatively resistant to biodeg-
radation (Wagner et al. 2018). Thus, the combination of
FT-ICR-MS and BPCA methods has the potential to elucidate the
sources, molecular character, and processing of the bio-refractory
fraction of DBC in the coastal region.

The DBCBPCA can be removed from the water column
through processes such as photodegradation and particle sorp-
tion (Dittmar and Paeng 2009; Stubbins et al. 2012; Coppola
et al. 2014). While some studies have observed biodegradation
of DBC derived from biochar (Norwood et al. 2013; Qi
et al. 2020), the DBCBPCA fraction from both fresh and pho-
todegraded biochar has been found to be resistant to biodegra-
dation, with only � 5% degradation occurring over a period of
66 d (Bostick et al. 2021). This resistance to biodegradation
aligns with the distribution of DBCBPCA in the global oceans
(Dittmar and Paeng 2009; Wagner et al. 2021). Particle sorp-
tion has been proposed as the primary process for removing
DBCBPCA in the open ocean (Yamashita et al. 2022). A previ-
ous study in the Arctic region indicated that the deposition of
particulate BC in the ocean exceeded the input (Fang
et al. 2016), suggesting an additional source of particulate BC,
likely resulting from scavenging from the dissolved phase.

Condensed aromatics are believed to preferentially adsorb
onto particles, leaving fewer condensed aromatic structures in
the water column (Coppola and Druffel 2016; Coppola
et al. 2014; Yamashita et al. 2022). Thus, a more detailed char-
acterization of the molecular composition of DBC can help to
understand its sources and influencing processes better.

In this study, we conducted research in the East China Sea
and the South Yellow Sea during the spring season, which is
known for its significant atmospheric deposition (Bao
et al. 2017, 2022). The East China Sea is home to one of the
largest continental shelves globally, which supports a complex
circulation system that potentially facilitates the biogeochemi-
cal processing of DOM. During the cruise, we observed a clear
decrease in atmospheric deposition from the South Yellow Sea
to the East China Sea. This makes the study area ideal for
investigating the impact of atmospheric deposition on the dis-
tribution of dissolved BC (DBC; Bao et al. 2017). To determine
the sources of DBC in seawater, we compared its molecular
composition with samples collected from rivers and aerosols.

Fig. 1. Sampling locations and major water masses in the study area.
Red and black dots denote stations in the South Yellow Sea (SYS) and East
China Sea (ECS), respectively. The black arrows indicate the surface cur-
rent, and the blue dash lines indicate the subsurface current. The informa-
tion for main water masses in spring was from previous studies
(Chen 2009). YSWC, Yellow Sea warm current; YSCC, Yellow Sea coastal
current; YSCW, Yellow Sea cold water; ZFCC, Zhejiang-Fujian coastal cur-
rent; CDW, Changjiang dilute water; TWC, Taiwan warm current; KSSW,
Kuroshio subsurface water. This figure was drawn by ocean data view soft-
ware (Schlitzer 2023).
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The aerosol samples (n = 46) were collected during the same
cruise as the seawater samples, and the DBC data were obtained
from our previous studies (Bao et al. 2017; Bao et al. 2018;
Fig. 1). The riverine samples (n = 18) were collected from the
North Jiulong River, which flows into the East China Sea and
covers a complete hydrograph (Bao et al. 2019). The objectives
of our study were: (1) to characterize the molecular composi-
tion of DBC in the coastal seas; (2) to infer the sources and pro-
cesses affecting the concentration and composition of DBC.

Materials and methods
Study area

The primary source of freshwater in the region is the
Changjiang, which contributes � 80% (900 km3 yr�1) of
the total freshwater input. Other rivers, such as the Huanghe
and Qiantang Jiang, located along the east coast of China,
account for the remaining 20% of freshwater discharge into
the East China Sea and the Yellow Sea (Milliman and Farns-
worth 2011). Although the Huanghe does not directly dis-
charge into the Yellow Sea, it is still a significant contributor
of freshwater to the area (Hwang et al. 2014).

The East China Sea is characterized by several major water
masses. These include the Changjiang Dilution Water (with a
specific salinity of < 31.00), and the Zhejiang-Fujiang Coastal
Currents, which flow southward along the coast. In addition,
the warm and saline Taiwan Warm Current and the Kuroshio
Current flow northward (Chen 2009; Fig. 1). In the spring, spe-
cific water masses in the South Yellow Sea include the Yellow
Sea Cold Water, the Yellow Sea Coastal Current, and the north-
ward Yellow Sea Warm Current, which is warmer and saltier
(Fig. 1). While there is ongoing debate regarding the formation
mechanisms of the Yellow Sea Warm Current, it is widely
accepted that it originates from the Pacific Ocean as a branch of
the Kuroshio Current (Liu et al. 2017; Lian et al. 2022).

Field sampling
A total of 10 stations were investigated in the South Yellow

Sea and the East China Sea onboard R/V Dong Fang Hong
2 (Fig. 1). The stations were divided into two sections: P sec-
tion, consisting of stations P1-P5, and C section, consisting of
stations C1, C3–C6. The P section was sampled in early April
2015, while the C section was sampled in early May 2015.
Water samples were collected using Niskin bottles attached to
a conductivity, temperature, and depth (CTD) system. The
CTD instrument recorded the depth, salinity, and water tem-
perature. The water depth at each station ranged from 30 m to
104 m, and samples were taken from specific water layers,
including the surface (5 m), chlorophyll max, middle layer
(� 10–30 m), and near-bottom layer (5 m above the sea floor).
The temperature differences between the in situ measure-
ments (determined by CTD) and the potential temperature
(in situ temperature corrected by depth) for all samples were
< 0.02�C, so the in situ temperature was used for analysis.

For each sample, 1 L water was first collected and filtered
through 47 mm GF/F filters (pre-combusted at 450�C). DOC
samples were sealed in pre-combusted (450�C for 5 h) glass
ampules. Filtered water samples for DBCBPCA and Fourier
transform ion cyclotron resonance mass spectrometry (FT-
ICR-MS) analysis were immediately acidified to pH = 2 by
adding hydrochloric acid (32%, Merck) and concentrated
using solid phase-extraction (SPE) with PPL cartridges
(500 mg, Agilent, USA) onboard (Dittmar et al. 2008). The car-
tridges were then dried by high purity N2 on board and stored
at –20�C until further processing and laboratory analysis. The
sampling and processing methods for the river samples can be
found in Bao et al. (2019).

Chemical analysis
The concentration of DOC was measured using a total

organic carbon (TOC) analyzer (Shimadzu TOC VCPH) at
Xiamen University. To ensure the accuracy of the data, refer-
ence samples of deep seawater from the Sargasso Sea (obtained
from Dr. D.A. Hansell’s lab at the University of Miami, FL, USA)
were used for verification. The average analytical error, deter-
mined from duplicate measurements, was found to be < 10%.

The concentrations of DBC were determined using
(BPCA) method, as described by Stubbins et al. (2012) at
Oldenburg University. This specific fraction of DBC is
referred to as DBCBPCA. Upon nitric oxidation, a series of
BPCAs are released. The total concentration of DBC was cal-
culated using a power-function relation between the most
reliably quantified benzenepentacarboxylic acid (B5) and
benzenehexacarboxylic acid (B6) and the total DBC concen-
tration generated based on a set of 351 samples. The ratio of
B6 to B5 (B6/B5) can be utilized as an indicator for molecu-
lar condensation of DBC, which typically decreases during
photo-degradation (Stubbins et al. 2012). For quality control
of the analytical procedure, a natural aquatic organic matter
(NOM) reference sample (Suwannee River NOM, reference
#2R101N) from the International Humic Substance Society
(IHSS) was used. The standard deviation (SD) of DBCBPCA

concentrations and B6/B5 ratio, based on replicate measure-
ments of the IHSS reference sample, were found to be less
than 3% and 2%, respectively. Details of the processing
method for riverine and aerosol samples can be found in
previous studies (Bao et al. 2018, 2019).

For FT-ICR-MS analysis, the solid phase extractable DOC
(SPE-DOC) sample was diluted with ultrapure water (18.2 MΩ)
and methanol to achieve a methanol-to-water ratio of 1:1 and a
final carbon concentration of 10 mg L�1. Ultra-high-resolution
mass spectral analysis was performed on a solariX (Bruker
Daltonic, Germany) FT-ICR-MS equipped with a 15 Tesla mag-
net at Oldenburg University. The experimental procedure was
described by Seidel et al. (2014). Samples were ionized in the
negative mode in an electrospray source (ESI, Apollo ion source,
Bruker Daltonic GmbH Bremen, Germany). A total of 500 scans
were accumulated in the mass range of 150–2000 Da for each
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sample. The acquired spectra were calibrated using an internal
calibration list and the Bruker Daltonics data analysis software
package. To ensure instrument performance, a deep seawater
reference sample collected from the North Pacific Ocean
(700 m, NEqPIW, www.icbm.de\en\ds-dom) was analyzed
daily. Molecular formulae containing the elements C, H, O,
N, S, and P were assigned using previously published criteria
with a mass tolerance of < 0.5 ppm for seawater and aerosols
(Koch et al. 2007), and using the ICBM- OCEAN (a server-based
tool) with an error tolerance of < 0.5 ppm for river water
(Merder et al. 2020). Only peaks with a signal-to-noise (S/N)
ratio of 5 or higher, detected in at least two samples, were con-
sidered for further analysis. Peaks in blank samples with S/N
larger than 20 were removed from all the samples. The
reconstructed mass spectrum of the surface and bottom layers
of P5 exhibited a non-Gaussian distribution, as shown in
Supporting Information Fig. S1. This suggests possible contami-
nation during sample processing. Consequently, the DBCFT and
DBCBPCA data of surface and bottom layers of P5 were excluded
from further analysis.

The modified aromaticity index (AImod) was calculated for
each formula based on its elemental composition following
the equation described in Koch and Dittmar (2016). Molecular
formulas with an AImod > 0.66 are considered to be polycyclic
aromatics (PCAs), which is indicative of DBC (Koch and
Dittmar 2006; Seidel et al. 2015; Merder et al. 2020). These
PCAs were denoted as DBCFT. The number of DBCFT in the
NEqPIW sample was 27 � 5 (n = 25), demonstrating the reli-
able reproducibility of our measurements. The nominal oxida-
tion state of carbon (NOSC) and double bond equivalent
(DBE) were calculated according to a previous study (Riedel
et al. 2012). The NOSC increases with greater polarity, while
the DBE value increases with higher degrees of unsaturation
(Riedel et al. 2012). To represent the intensity-weighted aver-
age values, the parameters were suffixed with “wa.” For
instance, the intensity-weighted average H/C ratio was den-
oted as H/C_wa.

End-member mixing model
In the study region, the primary source of freshwater input

is derived from riverine discharge. Simultaneously, the Taiwan
Warm Current and Kuroshio Current transport the main
saline offshore water from the Pacific Ocean. Therefore, the
relative contribution of riverine and offshore water to
the study region was determined by assessing the salinity bal-
ance using the following equations:

Ssample ¼ SE1� f E1þSE2� f E2 ð1Þ
1¼ f E1þ f E2 ð2Þ

where sample, E1 and E2 represent river and offshore end-
member, respectively; f and S are the relative contribution and
salinity, respectively.

The expected DBCBPCA (DBCexp) from the mixing and the
difference between observed DBCBPCA and DBCexp (noted as
ΔDBC) was then estimated by the following equations:

DBCexp ¼DBCE1� f E1þDBCE2� f E2 ð3Þ
ΔDBC¼DBCBPCA�DBCexp ð4Þ

A positive value of ΔDBC indicates an input of DBC, while
a negative value indicates its removal. The contribution of
each end-member to the DBCBPCA of each sample was esti-
mated as follows:

f DBCEi
¼DBCEi�f Ei=DBCBPCA

ð5Þ

wheref DBCEi
represents the contribution from ith end-member.

The fraction of ΔDBC to the total DBCBPCA was noted
as fΔDBC.

Statistical analysis
Pearson regressions were performed to identify the linear

change of various molecular parameters (oxygen-to-carbon
ratio, molecular weight, DBE, modified aromaticity index, etc.)
along the salinity gradient. The t-test was performed to analysis
the differences in molecular composition among different
groups of samples. Principle coordinate analysis (PCoA) based
on the DBCFT of all samples was performed to analyze the main
molecular difference among different samples. All analyses were
performed in the R language platform (RCoreTeam 2022).

Results
Temperature, salinity, and water masses

During our sampling, the water temperature ranged from
7.86�C to 18.02�C. It demonstrated a decreasing trend toward
the north and at deeper depths in both the P and C sections
(see Supporting Information Fig. S2). The salinity ranged from
28.25 to 34.58 across all samples. The T-S diagram illustrated
that the P5 station had the highest salinity and temperature,
suggesting the influence of the Taiwan Warm Current and
Kuroshio Current (Chen 2009). Conversely, the surface layer
of the P1 station in the Changjiang Estuarine region exhibited
the lowest salinity, which is characteristic of the Changjiang
Dilution Water (Supporting Information Fig. S2). Furthermore,
the deep layers of the C5 and C6 stations had temperatures
below 10�C, which is typical for the Yellow Sea Cold Water
during the spring season (Chen 2009).

Distribution of DOC and DBCBPCA in coastal seas
The concentration of DOC ranged from 44 to

112 μmol C L�1, with the highest value at the surface layer of
the P1 station and the lowest at the bottom layer of the P5 sta-
tion (Table 1; Bao et al. 2023a). The concentration of DBCBPCA

ranged from 0.70 to 1.9 μmol C L�1 and 0.97 to
1.7 μmol C L�1 in the East China Sea and South Yellow Sea,

Bao et al. DBC in coastal seas
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respectively (Fig. 2). Generally, DBCBPCA concentrations were
higher in surface waters and decreased with increasing water
depth at most stations (Bao et al. 2023a). When comparing
samples with similar salinity in the East China Sea, samples
collected in the South Yellow Sea exhibited higher DBCBPCA

concentrations (Fig. 2).
The DBCBPCA/DOC ratio was 1.1–2.8%, with a mean value

of 1.9 � 0.4% (n = 37, Table 1). The lowest and highest values
were observed at the deep layer of P5 and the middle layer of
C3, respectively (Bao et al. 2023a). The ratio of B6/B5 was
0.24–0.30 in all the samples, which showed no clear trend
with salinity (p > 0.05) or downward water column (Table 1).

Molecular composition of DBCFT in seawater samples and
comparison with other aquatic samples

A total of 129 DBCFT formulae were found in all the sam-
ples. The number of DBCFT formulae in each sample ranged
from 15 to 119, with an average of 90 � 20 (Table 1). The
intensity of DBCFT accounted for 0.11% - 0.77% of the total
intensity of each sample, which was significantly correlated
with DBCBPCA for all the samples (R2 = 0.44, p < 0.01, n = 37;
Table 1; Bao et al. 2023a). The intensity of DBCFT provides
information about the relative contribution of DBCFT to total
(SPE-)DOC, and due to the similar matrix, the percentage con-
tribution can be directly compared among different samples.

Table 1. The minimum (Min), maximum (Max), mean, and standard deviation (SD) of the DBCBPCA and DBCFT parameters.

n Range (Min–Max) Mean � SD Correlation coefficient with salinity

DOC 37 44–112 70 � 15 �0.68**

DBCBPCA

DBC (μmol C L�1) 37 0.70–1.9 1.3 � 0.29 �0.83**

DBCBPCA/DOC 37 0.011–0.028 0.019 � 0.004 0.22

B6/B5 37 0.24–0.30 0.28 � 0.01 0.14

DBCFT

Intensity (%) 0.11–0.77 0.47 � 0.12 �0.68**

Formulae number 37 15–119 90 � 20 �0.37*

H/C_wa 37 0.68–0.70 0.69 � 0.005 0.06

O/C_wa 37 0.19–0.27 0.24 � 0.02 �0.69**

N_wa 37 0.26–1.01 0.57 � 0.15 0.14

S_wa 37 0–0.49 0.22 � 0.11 0.01

DBE_wa 37 11–15 12 � 1 0.56**

MW_wa 37 246–321 269 � 17 0.57**

AImod_wa 37 0.69–0.70 0.70 � 0.003 �0.54**

NOSC_wa 37 �0.25 � 0.01 �0.06 � 0.05 �0.64**

CHO% 37 35–58 40 � 5 �0.03

CHON% 37 22–49 40 � 6 0.07

CHOS% 37 0–40 20 � 8 �0.03

The suffix “wa” represents the intensity weighted average.
AImod, modified aromaticity index; DBE, double bond equivalent; MW, molecular weight; NOSC, norminal oxidation state of carbon; S, sulfur content;
N, nitrogen content; H/C, hydrogen to oxygen; O/C, oxygen to carbon ratio.
*Indicate significant level of p < 0.05;
**Indicate significant level of p < 0.01.

Fig. 2. The correlation between DBCBPCA and salinity. Black dots and red
triangles denote samples collected in the ECS and SYS, respectively. The
correlation was performed by excluding the lowest salinity sample to
avoid the influence from this single point. The DBCBPCA for freshwater
end-member was calculated based on the DBC concentration from
Changjiang and Huanghe (Wang et al. 2016; Wang 2018). The red, blue,
and gray dashed lines represent upper-, mean-, and lower- limit of the
conservative mixing between riverine and offshore end-members.
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However, DBCFT does not allow quantification due to the lack
of standards and the variable ionization efficiency of individ-
ual compounds that also depend on the sample matrix.

Molecular formulae containing only C, H, and O were
defined as CHO formulae, C, H, O, and N as CHON formulae,
and so forth. Among the 129 DBCFT formulae, the majority
belonged to the CHON category (n = 52), followed by CHO
(n = 43) and CHOS (n = 25). Only three formulae were classi-
fied as CHONS and CHOP. The mean (� SD) fraction of CHO,
CHON, and CHOS in each sample were 40 � 4.6%,
40 � 6.1%, and 20 � 8.4%, respectively (Table 1).

The oxygen-to-carbon ratio and hydrogen-to-carbon ratio
ranges of DBCFT were primarily distributed between 0.03 and
0.83 and between 0.36 and 0.89, respectively (Fig. 3). The
intensity normalized heteroatom content S_wa and N_wa
were 0–0.5 and 0.3–1.0 with a mean � SD value of 0.22 � 0.11
and 0.57 � 0.15 and were found to have no correlation with
salinity (Table 1). Furthermore, the intensity normalized
values of modified aromaticity index, molecular weight, the
NOSC and DBE of DBCFT were 0.69–0.70, 246–321, �0.25–
0.01, and 11–15, respectively (Table 1). All of these parameters
showed a significant correlation with salinity (Table 1).

Out of the total 129 formulae, 87 were detected in river
water samples, accounting for 40–78% of the overall DBCFT

intensity in seawater. Similarly, 75 formulae were found in
aerosols, representing 30–60% of the total DBCFT intensity in
seawater (Fig. 3; Bao et al. 2023a). Specifically, 56 formulae
were present in both river water and aerosol samples
(Seawater_River_Aerosol), while 31 formulae were exclusively

Fig. 3. Distribution of DBC formulae in different samples. van Krevelen
diagram showing the oxygen-to-carbon- and hydrogen-to-carbon ratios
of seawater DBCFT also identified in aerosol and/or river samples.
Seawater_Aerosol_only: present in both seawater and aerosol, but not in
the river; Seawater_River_only: present in both seawater and river, but
not in the aerosol; Seawater_River_Aerosol: present in seawater, river and
aerosol; Seawater_only: only present in seawater samples.

Fig. 4. The distribution and comparison of the molecular composition of DBCFT among sample groups. The offshore group includes the P5 station,
while shelf includes all other seawater samples. NS., non-significant; *, **, *** indicate significance level of p < 0.05, p < 0.01, and p < 0.001 for the t-test
analysis, respectively. The Offshore group was excluded from the analysis due to the limited number of samples (n = 3). The parameters shown were all
intensity normalized. (a) AImod_wa: modified aromaticity index; (b) DBE_wa: double bond eqvilent; (c) MW_wa: molecular weight; (d) NOSC_wa:
norminal oxidation state of carbon; (e) S_wa: sulfur content; (f) N_wa: nitrogen content. The DBCFT data for aerosols are from previous studies
(Bao et al. 2017, 2018).
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found in river water and 19 formulae were exclusively found
in aerosols (Fig. 3). At the offshore P5 station, � 40% of the
DBCFT, in terms of both intensity and number of formulae,
could not be identified in either river water or aerosols
(Supporting Information Table S1).

The DBCFT found in seawater exhibited lower intensity nor-
malized indices of modified aromaticity index, and NOSC
compared to both riverine and aerosol samples (Fig. 4). How-
ever, in terms of intensity normalized N-content, the DBCFT

in seawater was similar to riverine samples but higher than

aerosol samples. By contrast, the intensity normalized sulfur
content in seawater was similar to aerosol samples but higher
than in riverine samples (Fig. 4).

End-member mixing model results
The value for the freshwater end-member of DBCBPCA was

determined as the discharge-weighted value of major rivers that
contribute to the study area, which was estimated to be
8.0 � 1.8 μmol C L�1. This value was calculated using monthly
data from the Changjiang and Huanghe rivers, taking into

Fig. 5. The end-member model results. (a) The distribution of ΔDBC (μmol C L�1) in the sampling regions. The white lines indicate 0 μmol C L�1, which
means no input or removal. (b) The distribution of contribution (%) of freshwater (fDBCE1), offshore (fDBCE2), and other sources (fΔDBC) to the total
DBCBPCA in each sample.

Fig. 6. PCoA analysis based on the molecular composition of DBCFT. (a) the PCoA scores of each sample with red triangles representing the South Yel-
low Sea and black circles representing the East China Sea samples. Offshore samples are highlighted in the box; (b) the Pearson’s correlation coefficient
of different parameters with the PCoA 1 and PCoA2 scores of each sample, with molecular indices in black, environmental factors displayed in red and
contribution from each source in blue. The suffix wa represents intensity weighted value. AImod, modified aromaticity index; DBE, double bond equiva-
lent; MW, molecular weight; NOSC, norminal oxidation state of carbon; S, sulfur content; N, nitrogen content; H/C, hydrogen-to-carbon ratio; O/C, oxy-
gen-to-carbon ratio.
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account the potential impact of other rivers (refer to Supporting
Information Data S1 for detailed calculations) (Wang et al. 2016;
Wang 2018). According to the T-S diagram described in sec-
tion 2.1, the P5 station exhibited characteristics typical of the
Taiwan Warm Current and Kuroshio Current. Since the surface
and bottom layers of P5 were potentially contaminated, the aver-
age salinity and DBCBPCA of the three intermediate layers at P5
were considered as the end-member values for SE2 and DBCE2,
respectively, yielding values of 34.32 � 0.2 and 0.81 � 0.037,
respectively.

With the exception of the surface layer of P1, the ΔDBC
increased along transect C from 0.003�0.11 μmolCL�1 at the
bottom of C1 station to 0.52�0.14 μmolCL�1 at the bottom
of C4 station (Fig. 5a; Bao et al. 2023a), and the fDBCE1 and
fΔDBC was 6–37% and 0–30%, respectively (Fig. 5b). Devia-
tion “�” is assessed from the error propagation considering
the variation in end-member values, which included freshwa-
ter DBCBPCA, offshore DBCBPCA, and offshore salinity. Addi-
tionally, the ΔDBC of the surface layer of P1 indicated a
removal trend of �0.18�0.32 μmolCL�1 (Bao et al. 2023a).

Principal coordinate analysis
The first two components of the PCoA accounted for

27.9% and 18.0% of the variation of DBCFT, respectively

(Fig. 6). PCoA1, the first component, primarily differentiated
the offshore station P5 from the other samples and showed a
significant positive relationship with the intensity normalized
molecular weight and DBE, while displaying a significant neg-
ative relationship with the NOSC. PCoA2, the second compo-
nent, mainly distinguished between the samples from the East
China Sea and South Yellow Sea, exhibiting a significant posi-
tive correlation with sulfur content (r = 0.90, n = 37, p < 0.01)
and a negative relationship with nitrogen content (r = �0.6,
n = 37, p < 0.01).

Discussion
Variation in DBCBPCA concentration in coastal seas:
Sources and influencing processes
Sources of DBCBPCA

The concentrations of DBCBPCA in the East China Sea and
the South Yellow Sea (0.70–1.9 μmol C L�1) fall within the
reported range for coastal seas with similar salinity levels, such
as the Canada Basin and the South China Sea (Fang
et al. 2017, 2021c; Table 2), and are higher than reports for
the open ocean (see Table 2 and references therein). The low-
est DBCBPCA concentrations observed at station P5 (0.70–
0.88 μmol L�1) were similar to DBC levels measured in the

Table 2. Comparison of DBCBPCA concentration in global coastal and open oceans.

Region Salinity range DBCBPCA (μmol C L�1) References

Coastal Sea

East China Sea 28.5–34.5 0.6–1.9 This study

Chukchi Sea 29–32 0.7–1.0 Nakane et al. 2017

Bering Sea 30.5–33 0.3–0.9 Nakane et al. 2017

Bering Sea 28.5–34.5 0.7–3.8 Fang et al. 2021c

Chukchi Sea 26–32.5 1.0–1.5 Fang et al. 2021c

Canada Basin 28–35 0.8–1.8 Fang et al. 2021c

Bohai Bay and Laizhou Bay 22–31 1.8–5.6 Fang et al. 2021b

South China Sea 32–34 0.6–1.6 Fang et al. 2017

Bohai Sea 25–32 0.2–5.3 Fang et al. 2021a

Sargasso Sea / 1.2/1.8 Coppola and Druffel 2016

Open Ocean

Subarctic North Pacific 32.5–34 0.4–0.7 Nakane et al. 2017; Mori et al. 2021

Subtropical North Pacific 34–35 0.6–0.7 Nakane et al. 2017

Pacific Ocean (50 N-40�S) / 0.2–0.5 Yamashita et al. 2022

Prydz Bay shelf 32.6–34.7 0.4–1.5 Fang et al. 2018

Northeast Pacific / 1.4 Coppola and Druffel 2016

Beaufort Sea / 1.7/2.6 Coppola and Druffel 2016

Northeast Atlantic / 1.5 Coppola and Druffel 2016

South Atlantic / 2.4 Coppola and Druffel 2016

Coastal Arctic / 1.5 Coppola and Druffel 2016

Pacific / 0.6 Wagner et al. 2019a; Wagner et al. 2019b

Atlantic / 0.7–0.8 Wagner et al. 2019a; Wagner et al. 2019b

Antarctic / 0.6–0.8 Dittmar and Paeng 2009

/, data not available.
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Pacific Ocean (0.4–0.7 μmol L�1; Nakane et al. 2017) (Table 2),
which is consistent with the origin of the water mass (the
Pacific Ocean), and also support the selection of this station as
offshore source end-member.

DBC primarily originates from the incomplete combustion
of biomass and fossil fuel on land and is transported to the
ocean through various pathways, including riverine discharge,
atmospheric deposition, and tidal pumping from coastal wet-
lands (Dittmar et al. 2012; Jaffe et al. 2013; Bao et al. 2017;
Jones et al. 2020). While fresh groundwater could potentially
be a source of DBC, it has been reported to be relatively
depleted in condensed aromatics (McDonough et al. 2022).
Excluding the surface sample of the P1 station (which had the
lowest salinity), the concentration of DBCBPCA in all other sam-
ples showed a significant negative correlation with salinity
(Fig. 2), indicating that DBC is primarily associated with fresh-
water discharge, consistent with findings in the Bering Sea, the
Canada Basin, the Bohai Sea, and the South China Sea (Fang
et al. 2017, 2021a, 2021c). The concentration of DBCBPCA in
coastal rainwater (mean: 0.56–1 μmol C L�1) is typically lower
than that in seawater (Bao et al. 2022; Wagner et al. 2019b).
Therefore, riverine discharge plays a crucial role in delivering
DBC to the South Yellow Sea and East China Sea shelf, which is
also consistent with other river-dominated ocean margins, such
as the Bohai, Yellow Sea, and Bering Sea (Fang et al. 2021a,
2021b, 2021c). The correlation coefficient between DBCBPCA

and DOC in the coastal samples (R2 = 0.26) further indicates
that they are influenced by different primary sources/processes.
Previous studies suggest that DOC in the East China Sea is pri-
marily related to phytoplankton production and microbial
transformation (Yu et al. 2016; Kim et al. 2020). Thus, the
decoupling between the two parameters supports a primarily
terrestrial source of DBC.

The surface layer of P1 exhibited the highest concentration
of DBCBPCA, which was associated with the lowest salinity and
indicated input from the river. The much lower salinity at the
surface layer (28.25) compared to deeper layers of P1 (> 32.5,
Bao et al. 2023a) reflected the direct influence from the
Changjiang. Extrapolating a conservative mixing line between
the surface layer of P1 and the offshore end-member resulted
in a freshwater end-member concentration of � 7 μmol C L�1

(Fig. 2). This value closely matched the DBCBPCA concentra-
tion of the Changjiang in spring (6–8 μmol C L�1;
Wang 2018), further supporting the direct influence from the
Changjiang on the surface layer of P1.

In almost all other samples, DBCBPCA concentrations were
higher than what could be explained by the two-end-member
mixing model (Fig. 5a). The main error was attributed to the
variation in the end-member value of freshwater DBCBPCA.
However, even considering the propagated error from the vari-
ation of the end-member, the calculated DBCBPCA concentra-
tions still indicated an additional source of DBC in most
samples (Bao et al. 2023a). The contribution from this addi-
tional input was comparable to that of riverine discharge in

this region (Fig. 5b). Integrating over the entire water column
(obtained from the mathematical area of ΔDBC with respect
to depth by using OriginPro [2023]), the estimated addition of
DBCBPCA ranged from 3.5�8.9mmolm�2 (P4) to
26�7.8mmolm�2 (C5), and showed a significant positive cor-
relation with latitude (Fig. 7). This addition amount should be
treated as the net results between the removal and input,
which further indicates additional sources played a more criti-
cal role than riverine discharge in this region.

Atmospheric deposition of DBCBPCA is considered signifi-
cant on both global and regional scales (Bao et al. 2017; Zhang
et al. 2023; Zhao et al. 2023). A previous study has shown that
dry deposition of DBCBPCA in the study area accounted for
� 40% of the quantitatively most relevant riverine input in
spring, with a decreasing trend southward. The main sources
of atmospheric DBCBPCA during the study period were dust
and haze (Bao et al. 2017). Ship emission could also be a
potential source of BC in the ocean (Lack and Corbett 2012),
which may contribute to the DBC pool after photo-oxidation/
dissolution (Decesari et al. 2002; Zhang et al. 2023). The ratio
of B6/B5 in most stations was within the range for riverine dis-
charge (range: 0.26–0.31; Bao et al. 2019) and aerosols (range:
0.15–0.39; Bao et al. 2017), indicating the input from both
sources.

We further constrained the atmospheric deposition flux to
assess whether atmospheric deposition itself could sustain the
increment of DBCBPCA in the study region. By considering
the reported values of dry and wet deposition of DOC and the
DBCBPCA/DOC ratio in different areas, we estimated the total
deposition of DBCBPCA to be 0.34 mmol m�2 yr�1 in the off-
shore and 2.3 mmol m�2 yr�1 in the nearshore area (see
Supporting Information Data S1 for calculation). These

Fig. 7. The total ΔDBC integrated over the whole water column at each
station. Error bars indicate the estimation error from the propagated error
of ΔDBC. Positive and negative values indicate input and removal,
respectively.
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estimates are comparable to the average atmospheric deposi-
tion of DBCBPCA in the Bohai Sea (� 1 � 0.5 mmol m�2 yr�1;
Fang et al. 2018). However, it is important to note that our
estimates may represent an upper limit for atmospheric depo-
sition due to two reasons: (1) we used a calculation based on
365 d for dry deposition; (2) the wet deposition flux of DOC
in the nearshore region was from a coastal island
(3.15 g m�2 yr�1; Xing et al. 2019), which may lead to over-
estimation since our sites were further away from the coast
because atmospheric wet deposition typically decreases with
increasing proximity to the land (Iavorivska et al. 2016).

The residence time of water, as determined by the Ra iso-
tope, was reported to be 2–5 years, with a mean value of
4 years in the study region (Men and Liu 2014). Based on this
information, we estimated that atmospheric deposition con-
tributed 1.2 to 9.2 mmol C m�2 of DBCBPCA in the offshore
and coastal regions, respectively, during the residence period.
Despite the inherent uncertainties in these estimations, the
significant discrepancy between the estimated increment of
DBC and atmospheric deposition suggests that atmospheric
deposition alone cannot account for the increase in DBCBPCA,
indicating the presence of other sources in the region.

The contribution from coastal wetlands, desorption from
particles, and sediment porewaters are other potential sources.
In the turbidity maximum zone in the Changjinag Estuary
during the dry season, a substantial addition of chromo-
phoric/colored DOM (as indicated by light absorbance at
355 nm, a355) was observed (Guo et al. 2014), which was
found to be highly significantly correlated with DBCBPCA in
Arctic rivers (Stubbins et al. 2015). This addition was suggested
to be related to the resuspension of sediments, porewater, and
contribution from the wetlands resulting from the tidal move-
ment (Guo et al. 2014). Additionally, Liu et al. (2021) quanti-
fied that porewater exchange from coastal wetlands in the
Changjiang coastal area contributed � 1.2 times the riverine
discharge of DOC. Previous studies have also shown the
enrichment of DBCBPCA in porewater from wetlands and
sandy beaches (Dittmar et al. 2012; Ding et al. 2014; Seidel
et al. 2014). Therefore, it is reasonable to deduce that tidal
pumping from coastal wetlands could be another significant
source of DBCBPCA, although it needs to be quantified.
Furthermore, the BPCA was also identified in the petrogenic
origins, such as crude oil (Hindersmann and Achten 2017)
and petroleum (Goranov et al. 2021). Consequently, the dis-
charge of ship fuel directly into the water may serve as an
additional plausible source. Nevertheless, our results indicated
that besides rivers and atmospheric deposition, there are other
important sources in this region that should be quantified and
included in the regional DBCBPCA budgets in the future.

Processes affecting DBCBPCA

The concentration of DBCBPCA exhibited a variation of
approximately threefold across the study area, which is consis-
tent with the range observed in the South China Sea (Fang

et al. 2017) and Arctic coastal seas (Fang et al. 2021c). The sig-
nificant correlation between DBCBPCA and salinity suggests
that the mixing of water masses plays a dominant role in regu-
lating the variation in DBCBPCA concentration.

The removal of DBCBPCA from the water column is primar-
ily attributed to photo-degradation and sorption by particles.
Both processes have been found to preferentially remove con-
densed aromatics, leading to a lower B6/B5 ratio (Stubbins
et al. 2012; Yamashita et al. 2022). Interestingly, our observa-
tions indicate a net input of DBCBPCA, which contrasts with
the significant removal observed in the Bering Sea and the
Canada Basin (Fang et al. 2021c). We hypothesize that this
discrepancy is due to the strong influence of regional inputs,
which mask the removal process. It is important to note that
photodegradation mainly occurs in the surface layer of the
water column, as ultraviolet light attenuates quickly with
depth (Huovinen et al. 2003). Consistent with the input
trend, the B6/B5 ratio in the surface layer was not lower in
most stations (Bao et al. 2023a), indicating the strong influ-
ence of other sources on the condensation degree of DBCBPCA.

Molecular composition of DBCFT: Sources and influencing
factors
Sources indications from the molecular composition of
DBCFT

The molecular evidence provided by DBCFT indicated the
sources of DBC. The presence of � 80% of seawater DBCFT

(in terms of both the number of formulae and intensity) in
the riverine and aerosol samples indicated them as primary
sources of DBCFT (Fig. 3). However, it is important to consider
factors such as ionization efficiency and matrix effect
(e.g., differences between seawater and aerosols) that can
influence the detection of DBCFT. The intensity of DBCFT in
seawater is relatively lower (< 1%) compared to riverine (2.9–
4.7%) and aerosol samples (1.3–10%), which may impact the
identification of low-intensity compounds (Bao et al. 2017),
and consequently affect its molecular characteristics. There-
fore, due to the overlap of DBCFT between seawater, aerosols,
and rivers (Seawater_River_Aerosol formulae in Fig. 3), as well
as differences in ionization efficiency, the relative contribu-
tion of these sources could not be quantified based on molecu-
lar composition alone. Furthermore, the identification of
seawater_river DBCFT is potentially to be biased because of the
variation in the end member. It was found that the molecular
composition of DBCFT, especially the nitrogen content, was
affected by agriculture coverage (Wagner et al. 2015).
Although covering a whole hydrograph, differences in agricul-
tural coverage between the Chanjiang (the primary freshwater
source in the study area) and the North Jiulong River (used for
comparison) may bias the identification of river-derived for-
mulae, especially those nitrogen-containing compounds (Bao
et al. 2023b). Other factors to consider include the possibility
that the same formulae may represent different compounds
with diverse structures and that some formulae found in rivers
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or aerosols may also come from unidentified sources. Never-
theless, the molecular composition of DBCFT was generally in
line with the information from DBCBPCA. Approximately 20%
of the formulae were specific to seawater (seawater_only for-
mulae; Fig. 3), which could be explained by limited riverine
samples, unidentified sources such as tidal wetlands, or deoxy-
genation/decarboxylation processes during photodegradation
(Zhao et al. 2023).

Molecular-level differences and influencing factors
Like the DBCBPCA, the molecular parameters (molecular

weight, NOSC, and DBE) of DBCFT showed significant correla-
tions with salinity (Table 1). These correlations indicate the
impact of mixing processes on the molecular composition of
DBCFT. Most of the DBCFT parameters fell within the range
observed in river water/aerosol and offshore P5 station sam-
ples, further supporting the idea of mixing among these
sources (Fig. 4). The intensity normalized modified aromaticity
index varied slightly (0.69–0.70), but its range and correlation
with salinity were consistent with the mixing process. How-
ever, it is important to note that the R2 values between the
DBCFT indices and salinity were all < 50% in our study
(Table 1). This suggests that there are other significant factors
at play, including variations in end-member values, input
from unidentified sources, and/or removal processes.

PCoA based on DBCFT composition revealed distinct molec-
ular differences between offshore and coastal samples (PCoA
1) and between the East China Sea and South Yellow Sea sam-
ples (PCoA 2) (Fig. 6a). DBCFT in the offshore P5 station
exhibited higher molecular weight, lower modified aromatic-
ity, and lower nominal oxidation station of carbon compared
to other coastal seawater samples. Both photo-degradation
and sorption by particles may have an impact on the DBCFT

in the open ocean. While sorption has been suggested as the
primary process for removing DBC in the open ocean
(Yamashita et al. 2022), its influence on DBCFT is still unclear.
A previous study found that sorption would preferentially
adsorb compounds with rich oxygen content from biochar
leachate, which would leave compounds with lower nominal
oxidation of carbon (Luo et al. 2019). Photodegradation has
the potential to effectively eliminate nearly all DBCFT

(Stubbins et al. 2010). However, this process may generate
new DBCFT compounds with higher molecular weight
(Stubbins et al. 2010), which could potentially account for the
observed increase in molecular weight of DBCFT at P5.

PCoA 2 mainly distinguished East China Sea samples from
South Yellow Sea samples, and the main distinguishing factors
were the content of sulfur and nitrogen (Fig. 6b). A significant
negative correlation was observed between PCoA 2 and
ΔDBC/DBCBPCA (fΔDBC) (R2 = 0.19, n = 37, p < 0.01). This
suggests that the net addition of DBC, which represents the
balance between input and removal, may have an influence
on the observed differences. The variability in the riverine
end-member could also contribute to the observed variations.

For instance, as discussed in section 3.2.1, the nitrogen con-
tent was found to be associated with the extent of agricultural
activities in the watershed (Wagner et al. 2015), which may
differ between the freshwater discharged into the East China
Sea and the Yellow Sea. Furthermore, during the sorption of
DOM, fractionation also occurred in terms of heteroatom,
leading to a preferential removal of dissolved organic sulfur
over dissolved organic nitrogen (Luo et al. 2019). However,
due to the complexity of the processes involved and the
limited understanding of the molecular composition of DBC
from regional sources, it is challenging to pinpoint the specific
factor responsible for the observed differences. To gain a better
understanding of the sources and processing of DBC in the
ocean, further investigations focusing on the molecular com-
position of potential sources and the effects of different pro-
cesses on DBC are warranted.

Conclusions and implications
A comprehensive understanding of the origins and cycling

of DBC in the coastal ocean is crucial for accurately predicting
potential future changes in this long-lasting carbon pool. By
combining BPCA and FT-ICR-MS methods, the sources and
processes that control DBC in the coastal sea were identified.
Our findings in the coastal seas have unveiled significant
inverse relationships between DBCBPCA and salinity, as well as
between molecular indices of DBCFT (such as NOSC and DBE)
and salinity. These findings indicate that mixing processes
predominantly regulate the concentration and compositional
changes of DBC.

Using a two-end-member mixing model, we further esti-
mated that, in addition to riverine discharge, there are strong
additional sources in the East China Sea and South Yellow Sea
that contribute to DBC to a similar extent. Moreover, our esti-
mates indicate that atmospheric deposition alone cannot sus-
tain the increase in DBC in the coastal region. Therefore, there
are unidentified sources that require further quantification in
future studies. The molecular composition of DBC further
supported the input from riverine discharge and atmospheric
deposition, as � 70% and � 60% of seawater DBCFT could be
found in river water and aerosols, respectively. However,
� 20% of DBCFT remains unidentified, which could be attrib-
uted to either unknown sources or modifications through vari-
ous processes.

The sources of DBC in the ocean are still debatable, primar-
ily due to significant differences in the stable isotope composi-
tion of DBC between riverine and oceanic samples (Wagner
et al. 2019a). Our study indicates that non-riverine sources
play an almost equal role as rivers in delivering DBC to the
coastal sea on a regional scale. This highlights the need to
identify and quantify new DBC sources on both regional and
global scales (Coppola et al. 2022). However, due to the over-
lapping molecular composition among different sources, it is
challenging to track the origins of DBC using single tools.
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Therefore, future studies should simultaneously measure the
concentration, molecular composition, and isotopic composi-
tion of DBC to explore the inputs from other sources and
understand how different processes may modify the molecular
composition of DBC.

Data availability statement
All the data used in this study were provided in two

datasets. Dataset 01 includes the DBCBPCA, indices of DBCFT,
and the results of end-member mixing model; Dataset
02 includes the molecular formulae and relative intensity of
DBCFT for each sample. Both of the datasets were deposited in
Figshare under the license of Creative Commons Attribution
4.0 (CC BY 4.0). The data can be accessed through the follow-
ing link:https://doi.org/10.6084/m9.figshare.23715279.v1 and
was cited in the main text as Bao et al. (2023a).
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