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Coastal seas, including coastal bays, are the geographically critical transitional zone that
links terrestrial and open oceanic ecosystems. Organic carbon cycling in this area is a
dynamic and disproportionally key component in the global carbon cycle and budget. As
the thermally-transformed organic carbon produced exclusively from the incomplete
combustion of biomass and fossil fuels, the recalcitrance and resultant longer
environmental residence times result in important implications of black carbon (BC) in
the global carbon budget. However, the environmental dynamics of BC in coastal seas
have not well been constrained. In this study, we conducted one seawater sampling
campaign in the high-intensity BC emission influenced Bohai Bay (BHB) and Laizhou Bay
(LZB) in 2013, and quantified both particulate and dissolved BC (PBC and DBC). We
elaborated the distributions, sources, and associated influencing factors of PBC and DBC
in BHB and LZB in 2013, and simultaneously contrasted the PBC and DBC quantity and
quality under two distinct fluvial hydrological regimes of 2013 and 2014 [discussed in Fang
et al. (Environ. Sci. Technol., 2021, 55, 788–796)]. Except for the overwhelmingly high PBC
in northern BHB caused by anthropogenic point-source emission, horizontally, both PBC
and DBC showed a seaward decreasing trend, suggesting that riverine discharge was the
major source for PBC and DBC. Vertically, in contrast to the uniform concentrations of
DBC between surface and bottom waters, the PBC levels in bottom waters was
significantly higher than that in surface waters, which was primarily resulted from the
intense sediment re-suspension process during this sampling period. The nearly
simultaneous investigations in 2013 and 2014 revealed consistent spatial patterns of
PBC and DBC quantity and quality. But significantly lower PBC and DBC quantity and
quality were found in 2014 than in 2013, which were largely due to the significantly different
climatic conditions (including the watershed hydrology and sunlit radiation) between these
2 years.
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INTRODUCTION

Coastal seas, including coastal bays, are the geographically critical
transitional zone that links terrestrial and open oceanic
ecosystems (Bauer et al., 2013; Fang et al., 2018a; Fang et al.,
2021). Despite comprising only 7–10% of global ocean surface
area, the coastal seas are responsible for 20–30% of global marine
primary productivity and up to 80–90% of organic carbon (OC)
accumulation in marine sediments (Bauer et al., 2013; Keil, 2017;
Fang et al., 2018a). This results in OC cycling in coastal seas as a
dynamic and disproportionally crucial component in the global
carbon cycle and budget (Dai et al., 2012; Bauer et al., 2013). As
the thermally-transformed OC generated exclusively from the
incomplete combustion of biomass and fossil fuels (Masiello,
2004; Hammes et al., 2007), black carbon (BC) has recently
received considerable concern due to its recalcitrance and the
resultant longer environmental residence times, which has
significant implications when including BC in the global
carbon budget (Bird et al., 2015; Landry and Matthews, 2017;
Wagner et al., 2019). The global-scale yields of BC from biomass
burning and fossil fuels combustion are each estimated to be
114–383 and 2–29 Tg-C yr−1 (Bond et al., 2013; Santín et al., 2016;
Coppola et al., 2018; Jones et al., 2019). A vast majority of BC
(>90%) produced from vegetation wildfires resides in the
neighborhood of the burning sites (Kuhlbusch and Crutzen,
1995; Jones et al., 2019). BC deposited on the landscapes
becomes incorporated into soils, in which it constitutes on
average 13.7% of soil organic carbon reservoirs globally
(Reisser et al., 2016). In addition to mineralization to CO2,
lateral transport is a significant process for the translocation of
BC from soils (Guggenberger et al., 2008; Major et al., 2010;
Dittmar et al., 2012a). Soil BC is mobilized to adjacent rivers and
then to coastal seas through wind, erosion, and/or leaching
pathways (Abney and Berhe, 2018; Coppola et al., 2018),
supplying a continuous contribution of fire-derived carbon to
the aquatic environments (Wagner et al., 2018). In the natural
water bodies, BC occurs simultaneously as particulate and
dissolved phases (i.e., PBC and DBC) (Wagner et al., 2015;
Wang et al., 2016; Xu et al., 2016; Myers-Pigg et al., 2017;
Fang et al., 2018a; Wagner et al., 2018; Qi et al., 2020; Fang
et al., 2021; Liu and Han, 2021). Available studies regarding
process-based BC fluxes suggested that global rivers deliver 17–37
and 18–66 Tg-C yr−1 of PBC and DBC to the coastal seas,
respectively (Jaffé et al., 2013; Coppola et al., 2018; Jones et al.,
2020; Fang et al., 2021). It is therefore of great necessity and
importance to elaborate the distributions and sources of BC in
coastal seas, especially those areas strongly influenced by high
intensity of BC emission (Wang et al., 2012; Wang et al., 2014),
such as the eastern China marginal seas, which will largely refine
the regional and even global BC cycle (Fang et al., 2018a; Fang
et al., 2021).

China is commonly recognized as the largest BC emitter in the
world, accounting for approximately one-fifth of global emissions
(Bond et al., 2004). Due to the large spatially-bias in development
status in China, the geographic patterns of BC emission varied
dramatically (Wang et al., 2012). The recent compiled BC
emission inventory manifests that districts in Bohai Rim,

comprising the five provinces/municipalities of Shandong,
Hebei, Liaoning, Beijing, and Tianjin (Figure 1A), rank the
strongest BC emission intensity in China (Wang et al., 2012).
Though comprising only 5% of the Chinese territory, these areas
contribute >20% of China’s total BC emission. Under the
integrated impacts from large amounts of riverine discharge
(including the Yellow River (Figure 1B), carrying the world’s
second largest sediment loads into the ocean (Hu et al., 2016))
and prevailing northerly/northwesterly winter and spring East
Asian monsoon, large quantities of BC produced in Bohai Rim
can be easily migrated to the adjacent coastal Bohai Sea and then
involved in the coastal carbon cycle (Wang et al., 2016; Xu et al.,
2016; Fang et al., 2015; Fang et al., 2018a; Fang et al., 2021). This
renders the coastal Bohai Sea as an important BC reservoir
(Huang et al., 2016; Fang et al., 2015; Fang et al., 2018a; Fang
et al., 2021).

To date, there have been plenty of investigations concerning
PBC on the regional atmosphere, soils, sediments, and coastal
wetlands in Bohai Rim (Li and Bai, 2009; Liu et al., 2011; Chen
et al., 2013; Huang et al., 2014; Andersson et al., 2015; Fang et al.,
2015; Zhang et al., 2015; Fang et al., 2016; Liu et al., 2016; Xu et al.,
2017; Fang et al., 2018b; Shao et al., 2018). In comparison,

FIGURE 1 | Map of study area illustrating deployed sampling sites with
water depth. Note: Details for sampling sites in 2014 is referred to
Supplementary Table S1 and Fang et al. (2021).
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however, the available studies draw relatively less attention on
PBC in the aquatic environments (such as the riverine water and
coastal seawater), let alone the analytically highly complicated
and challengeable DBC (Wang et al., 2016; Xu et al., 2016; Fang
et al., 2018a; Qi et al., 2020; Fang et al., 2021). The relative absence
of refined studies on PBC and DBC in aquatic ecosystems might
to a large extent hamper our comprehensive understanding of BC
geochemistry in this high-intensity BC emission affected coastal
zones. To resolve this geochemically key issue, we implemented
the seawater sampling campaigns in Bohai Bay (BHB) and
Laizhou Bay (LZB) in two neighboring years of 2013 and
2014, at which their fluvial hydrological regimes contrasted
significantly (Bulletin of Chinese River Sediment, 2013, 2014).
We quantified and discussed both PBC and DBC, with relatively
more emphasis on DBCmolecular composition changes owing to
the absolute advantage of the benzene poly-carboxylic acid
(BPCA) molecular marker method used. The detailed
sampling and analysis for samples in 2014 were detailed in
our recent work (Fang et al., 2021). Here we only presented
the associated datasets and figures to make direct and clear
comparisons on PBC and DBC distributions and sources
between these 2 years.

The primary objectives of this study were 1) to elaborate the
distributions and sources of PBC andDBC in coastal BHB and LZB
in 2013; and 2) to contrast the PBC and DBC quantity and quality
under two distinct fluvial hydrological regimes of 2013 and 2014.

MATERIALS AND METHODS

Seawater Sampling and Preparation
A total of 41 sites were deployed to collect the stratified (surface and
bottom) seawater in coastal BHB and LZB during a month sampling
duration in 2013 (from 23rd September to 17th October)
(Figure 1B). Upon retrieval of seawater samples from Niskin
bottles, they were immediately filtered through 47mm diameter
precombusted (at 450°C for 4 h) quartz fiber filters (QFF, Whatman,
a nominal pore size of 0.7 μm) aboard to conduct the physical
separation between particulate and dissolved phases. The QFFs
loaded with total suspended solids (TSS) were reweighed under
the same temperature and humidity conditions as those for the
blank filters and stored at −20°C for PBC quantification. The mass
concentrations of TSS (mg L−1) were calculated by dividing the dry
weight of solids onto the filter by the total filtered seawater volume.
For the dissolved phase, an aliquot of 1 L was acidified with 32%HCl
(analytical grade) to pH � 2. The acidified filtrate was extracted for
DBC through the solid phase extraction (SPE) cartridges (Supelco
Supelclean ENVI-Chrom P, 500mg), which was pre-rinsed with
HPLC grade MeOH. The flow rate of extraction was limited within
5ml min−1. Following the extraction, the SPE cartridges were
desalted with 20ml of pH � 2 HCl, dried under an airstream,
and stored at −20°C for DBC quantification.

PBC Analysis
Except for elucidating the present distributions and sources of
coastal seawater PBC, constructing a regional PBC budget has
been one of our major scientific focuses (Fang et al., 2015, 2018a).

To maximize comparability of PBC datasets within different PBC
pools, including the atmosphere, riverine and seawater, as well as
sediments, we kept the consistency of the PBC analytical method
for these different sample types. The Thermal Optical Reflectance
(TOR) method was originally designed for aerosol BC
measurements (Chow et al., 2001), and it has been applied to
reliably determine BC in soils and sediments, as well as TSS in
waters (Han et al., 2007; Zhan et al., 2013; Fang et al., 2018a; Fang
et al., 2021). So here we adopted the TOR method for quantifying
PBC in coastal seawater samples.

PBC was analyzed on a Desert Research Institute Model 2001
Thermal/Optical Carbon Analyzer via the Interagency
Monitoring of Protected Visual Environment (IMPROVE)
protocol (Han et al., 2015; Fang et al., 2018a). Prior to the
instrumental analysis, TSS was acidified with HCl fumes (32%)
for at least 24 h to effectively remove the inorganic carbon. A
circular punch of 0.544 cm2 drilled from the filter was placed in a
quartz boat and sent into an oven. The oven was first heated in
100% He, releasing organic carbon fractions in different
temperature steps. The environment was then shifted to 2%
O2/98% He, and three BC sub-fractions (BC1, BC2, and BC3)
were yielded at three temperature stages (580, 740, and 840°C).
During 100% He, a portion of organic carbon pyrolyzed (defined
as OCPyro) and was monitored from the reflectance laser. OCPyro
similar to the original BC was oxidized in the second O2/He stage.
The quantity of OCPyro was defined as the carbon that evolves in
the oxidizing atmosphere until the reflectance laser signal returns
to its initial value. Based on the IMPROVE protocol, PBC content
is calculated by the sum of three BC sub-fractions minus OCPyro.
The PBC in μg-C cm−2 output from the analyzer were then
normalized to the initial volume of filtered seawater and were
reported in μg-C per liter seawater (here abbreviated as μg-C L−1

in the following text).

DBC Analysis
DBC was analyzed at the molecular level using the BPCAmethod
optimized in our laboratory (Huang et al., 2016; Fang et al., 2021),
which not only eliminated the complicated pretreatments but also
quantified the nitrated BPCAs (NO2-BPCAs), the significant
fractions not involved by most of previous DBC studies
(Dittmar, 2008; Jaffé et al., 2013; Wagner et al., 2015; Bao
et al., 2017; Fang et al., 2017; Khan et al., 2017; Roebuck et al.,
2018a; Roebuck et al., 2018b; Wagner et al., 2019; Bao et al., 2019;
Drake et al., 2020; Jones et al., 2020). DBC was eluted from SPE
cartridges with 10 ml of HPLC grade MeOH. The eluents were
condensed to ∼0.5 ml with a high-purity N2 stream at 50°C and
then transferred into 2 ml Teflon digestion tubes. After the
eluents were evaporated to dryness, 0.5 ml of concentrated
HNO3 (65%) was added. The tubes were sealed and heated at
170°C for 7 h to convert condensed aromatic structures of DBC
into the BPCAs molecular markers. After digestion, the
remaining HNO3 and water were evaporated to dryness under
high purity N2 at 50°C. Subsequently, 5 μL of biphenyl-2′2-
dicarboxylic acid (2 μg μl−1 in MeOH) was added as an
internal standard. The samples were re-dissolved in 1 ml of
MeOH/water (v/v, 50:50), and transferred to auto-sampler
vials for BPCAs analysis.
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BPCAs were determined on a Water a Alliance E2695 HPLC
system outfitted with a photodiode array (PDA) ultraviolet
absorbance detector and an auto-sampler. An ether-linked
phenyl with polar end-capping reversed phase HPLC column
(Synergi, 4.6 × 250 mm, 4 μm, Phenomenex) and a binary mobile
phase consisting of mobile phase A (0.5% formic acid in water,
v/v, pH � 2.3) and B (MeOH) under the gradient elution
conditions were used to implement the chromatographic
separation. The BPCAs were identified through the retention
time and absorbance spectra (210–400 nm), and quantification
was conducted using the absorbance signal at 240 nm.

In this study, a total of 14 BPCAs (including 7 NO2-BPCAs,
their full names and abbreviations are listed in Supplementary
Table S2) with the number of carboxyl functional groups
(−COOHs) ≥ 3 were operationally defined as DBC. The
B2CAs (substituted with 2 −COOHs) were not involved, since
they might be originated from certain sources other than
incomplete combustion processes, such as the lignin and
humic substances (Brodowski et al., 2005; Coppola et al.,
2014). Some BPCAs compounds with standards commercially
unavailable were quantified by their analogous standard
compounds calibration curves. Specifically, the calibration
curve of 5-NO2-1,2,3-B3CA was used to quantify 4-NO2-1,2,3-
B3CA, 3-NO2-1,2,4-B3CA, 5-NO2-1,2,4-B3CA, and 6-NO2-
1,2,4-B3CA, and that of 1,2,4,5-B4CA was used to quantify
1,2,3,4-B4CA, 1,2,3,5-B4CA, 3-NO2-1,2,4,5-B4CA, and 5-NO2-
1,2,3,4-B4CA. An average factor of 4.0 obtained from the
systematic analysis of a suite of BC reference materials,
consisting of charcoals, soot substances, and high-ring PAH
model compounds, which covered the entire BC combustion
continuum, was used to convert the carbon in all quantified
BPCAs into DBC for seawater samples (Fang et al., 2021).

RESULTS AND DISCUSSION

Distributions and Sources of PBC in 2013
PBC was detected in all seawater samples, and its concentration
varied bymore than one order of magnitude, ranging from 10.1 to
111.1 μg-C L−1 in surface waters and from 10.9 to 248.2 μg-C L−1

in bottom waters (Supplementary Table S3). The mean PBC in
surface and bottom waters were 32.2 ± 24.3 and 45.9 ± 40.4 μg-C
L−1, respectively. The PBC concentrations in BHB and LZB were
markedly lower than those in the riverine samples in Bohai Rim
(Fang et al., 2018a). For the sub-regions, the BHB had PBC
concentration ranges of 11.7–111.1 μg-C L−1 in surface waters
and 10.9–248.2 μg-C L−1 in bottom waters, averaging 40.3 ± 29.9
and 56.9 ± 50.5 μg-C L−1, respectively (Supplementary Table S3).
In comparison, the LZB had narrower PBC concentration ranges
(by a factor of < 5; 10.1–43.1 μg-C L−1 in surface waters and
16.0–78.0 μg-C L−1 in bottom waters) and lower PBC
concentration averages (22.8 ± 8.3 μg-C L−1 in surface waters
and 33.1 ± 16.1 μg-C L−1 in bottom waters). It was worth noting
that the relative magnitude of PBC concentrations in BHB and
LZB was consistent with their respective riverine PBC levels. The
riverine PBC levels in BHB (394.3 ± 591.8 μg-C L−1) was on
average 30% higher than those rivers pouring into LZB (303.4 ±

241.5 μg-C L−1), reflecting the more intense human activities
occurring in BHB than in LZB (Fang et al., 2018a).

The spatial distributions of PBC concentrations in 2013 were
shown in Figures 2A,B. Horizontally, it was apparent that, except
for the extremely high individual PBC values in northern BHB, an
area adjacent to the rapidly constructing Caofeidian (CFD)
industrial district, PBC levels overall exhibited a seaward
decreasing trend, which was particular true in the Yellow
River-affected near-shore areas. The markedly higher PBC
concentrations measured in the riverine than in the bay
together with the overall seaward decreasing trend suggested
that PBC in BHB and LZB was primarily sourced from locally
river discharge. PBC concentrations in the CFD-affected region
averaged 56.2 ± 31.7 μg-C L−1 in surface waters and 78.7 ±
66.1 μg-C L−1 in bottom waters, which were ∼2 times higher
than those of rest of BHB (27.0 ± 20.6 μg-C L−1 in surface waters
and 38.8 ± 17.5 μg-C L−1 in bottom waters) (Supplementary
Table S4). During our sampling, we noticed that there were
plenty of large engineering machineries operating in the CFD and
dusts suspending in the air. It was therefore plausible that the
extremely high PBC levels observed in northern BHB were largely
due to the local anthropogenic point-source emission and
subsequent atmospheric deposition.

Vertically, the PBC concentration in bottom waters was
significantly (t test, p < 0.001) higher than that in surface
waters (Supplementary Tables S3, S4). The mean water depth
of the study area was within 16 m (Figure 1B) and there was
strong wind blowing during our sampling period. What
impressed us most was that during our sampling in northern
BHB, the strong wind resulted in the severe sea conditions and
even interrupted our scheduled sampling arrangements. We had
to take shelter from the strong wind for several days
(Supplementary Table S4). The shallow water depth in
combination with the strong wind triggered the intensive re-
suspension of sediments, which elevated bottom TSS and
associated PBC concentrations (Supplementary Figure S1;
Supplementary Tables S3, S4). The TSS normalized PBC
(termed PBC*, expressed as mg-C g−1 TSS and here
abbreviated as mg-C g−1) averaged 2.45 ± 0.90 mg-C g−1 in
surface waters and 1.84 ± 0.50 mg-C g−1 in bottom waters in
BHB, and 4.46 ± 2.44 mg-C g−1 in surface waters and 4.17 ±
2.11 mg-C g−1 in bottom waters in LZB (Supplementary
Table S3). The PBC* concentrations detected in surface
sediments covering the same regions in this study averaged
0.93 ± 0.31 mg-C g−1 in BHB and 0.42 ± 0.29 mg-C g−1 in
LZB (Fang et al., 2015), both of which were lower than the
PBC* measured in their respective seawater samples. This
supported that the sediment re-suspension was a vital factor
declining bottom waters PBC* concentrations. The influence of
sediment re-suspension was particular evident in BHB, as
indicated by the relatively larger differences between surface
and bottom waters PBC* concentrations occurring in BHB
than those in LZB. To conclude, the spatial distribution of
PBC concentration in BHB and LZB in 2013 was controlled
by multiple factors, including riverine discharge, point-source
emission and subsequent atmospheric deposition, as well as
sediment re-suspension.
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Distributions and Sources of DBC in 2013
In contrast to that of PBC, DBC concentration in BHB and LZB in
2013 varied by only a factor of <3, and similar averages were
observed in surface and bottom waters (Supplementary Table
S3). The DBC concentration ranged from 65.9 to 188.9 μg-C L−1

in surface waters and from 83.9 to 208.3 μg-C L−1 in bottomwaters,
with mean values of 131.0 ± 30.2 and 133.2 ± 29.9 μg-C L−1,
respectively. Regardless of layers, the BHB and LZB sub-regions also

had similar DBC ranges and averages (Supplementary Table S3).
Due to high BC emission intensity in Bohai Rim and the weak water
exchange in the semi-enclosed Bohai Sea, the DBC concentrations in
BHB and LZB were relatively higher than those in other coastal seas,
such as 32.0–49.0 μg-C L−1 for East China Sea (Wang et al., 2016),
5.9–19.2 μg-C L−1 for western South China Sea (Fang et al., 2017),
7.9–12.1 μg-C L−1 for Chukchi Sea (Nakane et al., 2017),
4.8–15.5 μg-C L−1 for Bering Sea (Nakane et al., 2017), and

FIGURE 2 | Distributions of PBC and DBC concentrations as well as DBC aromatic condensation in BHB and LZB in 2013 and 2014. Note: 1) Datasets for
illustrating Figures 2A–F and Figures 2G–L are referred to Supplementary Table S4 and Fang et al. (2021), respectively; 2) DBC molecularly aromatic condensation
was characterized by the ratio of (B6CA + B5CA)/(tB4CA + tB3CA), and we abbreviated it as B65/B43 (tB4CAs and tB3CAs denote total (including nitrated and non-
nitrated) B4CAs and B3CAs, respectively, listed in Supplementary Table S2).
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7.2–46.8 μg-C L−1 for Gulf of Mexico (Dittmar et al., 2012a).
Undoubtedly, they were also higher than those detected in open
oceans, such as 4.0–30.0 μg-C L−1 for Atlantic Ocean and
1.1–16.8 μg-C L−1 for Pacific Ocean (Dittmar and Paeng, 2009;
Ziolkowski and Druffel, 2010; Coppola and Druffel, 2016; Wagner
et al., 2019). However, the DBC concentrations in BHB and LZB
were lower than those of riverine samples, not only in rivers
encompassing BHB and LZB (range: 161–735 μg-C L−1, mean:
399 ± 142 μg-C L−1) (Fang et al., 2018a), but also in some major
world rivers, such as the Amazon (181–802 μg-C L−1), Congo
(444–912 μg-C L−1), Mississippi (∼216 μg-C L−1), and Siberian
Arctic Rivers (100–500 μg-C L−1) (Jaffé et al., 2013; Myers-Pigg
et al., 2015; Coppola et al., 2019; Wagner et al., 2019; Drake et al.,
2020).

Despite the above comparisons conducted, of particular note
is that the estimation of DBC concentrations from BPCA
concentrations is largely method-dependent. To our
knowledge, formulations proposed by Dittmar (2008) and
Stubbins et al. (2015) were widely adopted for calculating
DBC concentrations in the aquatic ecosystems. In
comparison with these two methods, the evident advantage
of our method was the determination and subsequent
inclusion of NO2-BPCAs, which were indeed produced
during the nitration (Ziolkowski et al., 2011). We compared
DBC concentrations calculated with the three methods and
found that DBC concentrations calculated by our method
were ∼3–4 times higher than those obtained from the
Dittmar (2008) and Stubbins et al. (2015) equations
(Supplementary Figure S2). For the coastal BHB and LZB,
the NO2-BPCAs accounted for 21–35% of the total BPCAs
(C-based), clearly demonstrating the necessity of inclusion of
NO2-BPCAs into total BPCAs in future BPCAs-based DBC
studies (Fang et al., 2021). Differences in the factors converting
the BPCAs concentrations to DBC concentrations [a factor of 4
in Fang et al. (2021) versus a factor of ∼3 in Dittmar (2008)] and
differences in the relative weighting of individual BPCA
concentrations in the three equations also to some extent
results in the different DBC concentrations calculated with
these equations. Finally, the production of B3CAs and B4CAs
from non-pyrogenic sources (such as oak biomass, grass
biomass, and compost) can lead to overestimation of
calculated DBC concentrations (Bostick et al., 2018).
Therefore, as some researchers proposed (Wagner et al.,
2018), in the future it is critical to present individual BPCA
concentrations, as shown here in Supplementary Table S5, so
DBC-associated studies can be best integrated as the DBC fields
continues to evolve. Nonetheless, given the consistency in our
DBC analytical procedures and calculations, we feel that the
following discussion of DBC spatial trends (horizontally and
vertically in 2013 in this section) and temporal trends
(comparing DBC quantity and quality between 2013 and
2014 in the next section) is geochemically meaningful.

Horizontally, consistent with that of PBC, the DBC
concentration also decreased seaward (Figures 2C,D).
Despite this overall similarity, there were significant spatial
deviations on the locations of occurrence of the highest DBC
and PBC concentrations in LZB. The highest DBC

concentration occurred in the southern LZB, whereas the
highest PBC level took place in the Yellow River Estuary.
The overwhelmingly high sediment and associated PBC
discharges from the Yellow River (Fang et al., 2018a) yielded
high PBC concentration in the Yellow River Estuary. Our
sampling campaign in August 2013 found that the TSS and
PBC concentrations in the Yellow River each reached as high as
2000 mg L−1 and 5,720 μg-C L−1, both of which were 1–2 orders
of magnitude higher than those detected in other surrounding
rivers (Fang et al., 2018a). For areas nearby the southern LZB,
there were widely distributed petrochemical and thermal
industries (Pan et al., 2010; Pan et al., 2011), which
consumed large amounts of fossil fuels and largely
contributed to the high riverine (217–735 μg-C L−1) (Fang
et al., 2018a) and subsequent estuarine DBC levels (>180 μg-
C L−1). Vertically, in contrast to the elevated PBC levels in
bottom waters than in surface waters, the dissolving
characteristic of DBC together with the shallow feature of
water depth of study area made the similar levels in surface
and bottom waters.

Seen from the steep river-to-coastal sea DBC concentration
gradients (by a factor of ∼3), it can be concluded that DBC in BHB
and LZB was derived primarily from riverine inputs. This
preliminary assertion could be also evidenced by the
significant negative correlations between DBC concentrations
and salinity observed in this study (R2 � 0.37–0.38, p < 0.01;
Figures 3A,B). Regardless of global- and regional-scale marine
districts (such as the present Bohai Sea), the existing studies
revealed that the DBC flux from riverine discharge was
approximately one order of magnitude higher than that from
atmospheric deposition (Jaffé et al., 2013; Bao et al., 2017; Jones
et al., 2020; Fang et al., 2018a; Fang et al., 2021). For instance, the
riverine discharge and atmospheric deposition were estimated to
delivery 6–16 and 0.9 Gg-C yr−1 of DBC into the Bohai Sea,
respectively (Fang et al., 2018a). Recently, however, Wagner et al.
(2019) found that the compound-specific stable carbon isotopes
(δ13C) of DBC in the open ocean is ∼6‰ enriched than that in
major world rivers. They thus concluded that the oceanic DBC
does not predominantly originate from rivers and instead may be
derived from autochthonous marine phytoplankton production.
Besides, heterotrophic and abiotic (e.g., photochemical and
radical-mediated oxidative and reductive) processes that
transform DOC compounds to DBC are also likely sources of
non-pyrogenic DBC (Chen et al., 2014; Waggoner et al., 2015).
However, despite these suggestions, direct evidence for the
production of DBC in marine waters (including coastal and
open oceans) does not exist. It remains an open area for
investigation, and we will look into this in our future work.

Once DBC enters the coastal seas from rivers, during the
waterborne transport it will undergo photochemical
degradation, yielding a less condensed aromatic pool of DBC
molecules (Stubbins et al., 2012; Masiello and Louchouarn,
2013; Fang et al., 2021). The DBC aromatic condensation in
this study was characterized as the ratio of (B6CA + B5CA)/
(tB4CA + tB3CA) (following we abbreviated it as B65/B43). The
B65/B43 spanned from 0.38 to 1.07 in surface waters and from
0.28 to 1.03 in bottom waters, with averages of 0.74 ± 0.14 and
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0.73 ± 0.16, respectively (Supplementary Table S3).
Horizontally, it was visible that there was a general seaward
decreasing trend for B65/B43 in both surface and bottom waters
(Figures 2E,F), demonstrating the indeed occurrence of the
influence of photochemical degradation on DBC quality (and
quantity) along with waterborne transport. The photochemical-
induced yield of less poly-condensed aromatic DBC has been
observed in geographically distributed water regimes, including
the western South China Sea (Fang et al., 2017), the surface
Atlantic Ocean (Dittmar and Paeng, 2009), and even the global
cryosphere (Khan et al., 2017). A rough estimation from
Stubbins et al. (2012) suggested that the global oceanic
photo-chemical sink of DBC reached 20–490 Tg-C yr−1. In
addition, other potentially important mechanisms, like
removal of DBC through photo-induced flocculation might
also affect the distributions, quality, and also quantity of
DBC. This process was found to be closely tied to iron
chemistry (Chen et al., 2014), and should therefore be
examined in future studies. Considering that a fraction of the
PBC in these waters may have resulted from the photo-
flocculation of DBC already present in the water sample, we
recommend that in future studies it is of high importance to use
consistent DBC and PBC analytical methods. The BPCA
molecular marker method, which is capable of providing
some structural and compositional information, may be the

preferred approach from a relatively economic perspective.
Only in this way can we achieve a clearer relationship
between the PBC and DBC pools and then develop a more
comprehensive understanding of the regional and global BC
cycling (Coppola et al., 2014; Wagner et al., 2018). In addition,
future studies comparing TOR-based and BPCA-based PBC will
largely facilitate the analysis of PBC in situations where it is not
necessary to obtain the structural/compositional information
that can be obtained from the BPCA method.

Contrasting PBC and DBC Quantity and
Quality Between 2013 and 2014
The nearly simultaneous sampling in BHB and LZB in 2013 (23rd
September to 17th October) and 2014 (11th August to 5th
September) made the contrasts in PBC and DBC quantity and
quality between the 2 years meaningful. The spatial distributions
of PBC and DBC concentrations (i.e., quantity) and DBC
aromatic condensation (i.e., quality; characterized by B65/B43
ratios) were overall consistent between these 2 years (Figure 2).
However, significantly lower PBC and DBC concentrations as
well as DBC aromatic condensation were measured in 2014 than
those in 2013 (Supplementary Table S3).

The PBC concentrations in 2014 averaged 14.2 ± 8.9 μg-C L−1

in surface waters and 16.0 ± 9.8 μg-C L−1 in bottom waters, both

FIGURE 3 | Linear correlations between DBC concentrations and salinity in BHB and LZB in 2013 and 2014. Note: Datasets for illustrating Figures 3A,B and
Figures 3C,D are referred to Supplementary Table S4 and Fang et al. (2021), respectively.
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of which were half of those in 2013 (27.0 ± 20.6 μg-C L−1 in
surface waters and 38.8 ± 17.5 μg-C L−1 in bottomwaters; here we
excluded the outliers in northern BHB caused by point-source
emission for comparison) (Supplementary Tables S3, S4). The
mean DBC concentrations in 2014 were 101.5 ± 19.6 μg-C L−1 in
surface waters and 98.1 ± 17.2 μg-C L−1 in bottom waters, both
were ∼23% lower than those in 2013 (131.0 ± 30.2 μg-C L−1 in
surface waters and 133.2 ± 29.9 μg-C L−1 in bottom waters)
(Supplementary Table S3). Watershed hydrology has been
acknowledged as one of the major factors shaping the
temporal variations of riverine PBC and DBC concentrations
and fluxes (Dittmar et al., 2012b; Wagner et al., 2015; Marques
et al., 2017; Roebuck et al., 2018a; Bao et al., 2019; Drake et al.,
2020). With regard to the terrestrial-derived substances, like the
present PBC and DBC, the variations in riverine fluxes will
further affect their concentrations in the coastal seas, especially
in the estuarine areas. As a case study of the dominant Yellow
River, the annual sediment and water discharges were 1.7 × 1014 g
and 2.4 × 1010 m3 in 2013, respectively, which were ∼5.8 and
∼2.1 times higher than those in 2014 (0.3 × 1014 g and 1.1 ×
1010 m3) (Figure 4). Most importantly, the inter-annual
deviations reached up to ∼6.7 times for sediment discharge
and ∼3.5 times for water discharge in the 3 months of June,
July, and August (Figure 4), the nearest period prior to our

sampling. It can be therefore concluded that watershed
hydrology-derived differences in riverine export was a major
factor affecting the PBC and DBC concentrations in BHB and
LZB between 2013 and 2014. This was evidenced by our recent
rough estimations on the riverine PBC and DBC fluxes into the
Bohai Sea (Fang et al., 2018a). Based on the hydrological datasets
and measured riverine concentrations (from four riverine water
sampling campaigns in August in 2013 and March, August and
October in 2014), we estimated that ∼150.4 and ∼16.3 Gg-C of
PBC and DBC were exported from rivers to the Bohai Sea during
2013 and ∼5.8 and ∼6.4 Gg-C were exported during 2014,
respectively (Fang et al., 2018a). The annual riverine PBC and
DBC fluxes were each ∼26 and ∼2.5 times higher in 2013 than in
2014. For the most concerned Yellow River, the PBC and DBC
fluxes were ∼135.7 and ∼6.0 Gg-C in 2013, ∼58 and ∼3 times
higher than in 2014, respectively (∼2.3 and ∼2.0 Gg-C yr−1).
Unfortunately, however, due to the low temporal resolution
riverine water sampling, we couldn’t achieve more refined
temporal variations (such as monthly and even daily) of PBC
and DBC fluxes, which need to be strengthened in our
future work.

The DBC aromatic condensation as represented by the ratio
of B65/B43 in 2014 averaged 0.30 ± 0.06 in both surface and
bottom waters, which were lower than 0.74 ± 0.14 in surface
waters and 0.73 ± 0.16 in bottom waters measured in 2013
(Supplementary Table S3). During these two sampling periods,
the average water temperatures were 25.80 ± 1.07°C in surface
waters and 24.70 ± 2.10°C in bottom waters in 2014, which were
∼5 and ∼4°C higher than those in 2013, respectively (20.53 ±
1.63°C in surface waters and 20.47 ± 1.59°C in bottom
waters; Supplementary Table S3). The seawater temperature
to some extent reflected the sunlight intensity. This signified
that DBC in 2014 experienced higher extent of photochemical
degradation, thus producing a pool of less poly-condensed DBC
than those in 2013. In addition, the photochemical-induced
DBC loss to some extent weakened the correlation between DBC
concentration and salinity in 2014 (R2 � 0.16–0.26, p < 0.01;
Figures 3C,D) as compared with those in 2013 (R2 � 0.37–0.38,
p < 0.01; Figures 3A,B). From above contrasts in the PBC and
DBC quantity and quality in BHB and LZB between 2013 and
2014, we concluded that the climatic conditions (such as the
watershed hydrology and sunlight radiation) exerted a
significant effect on the geochemical behaviors of terrestrial-
derived substances in coastal seas.
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