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Abstract This study conducted the first extensive and comprehensive investigation of the regional-scale
sedimentary polycyclic aromatic hydrocarbons (PAHs) concentration, flux, and budget in the continental
shelves of the Eastern China Marginal Seas (ECMSs). Surface sediment samples from multiple sites were
collected and assessed, and the latest data from current research were assessed. The spatial distribution
pattern of PAHs in the ECMSs was significantly influenced by the regional hydrodynamics, sediment
properties (grain-size, total organic carbon [TOC] content, and sedimentation rate), and anthropogenic
impacts. Relatively higher PAHs concentrations occurred in areas with fine-grained sediment. Results of
source apportionment found that the relative proportions of PAHs showed significant regional variation,
mainly influenced by socioeconomic differences between north and south China. The PAHs burial flux in
the study area ranged from 11.2 to 1308 ng cm ™2 yr~ ' with an average value of 101 = 104 ngcm 2 yr .
The area-integrated sedimentary PAHs burial flux across the ECMSs was 494 t yr~'. A mass budget
calculation revealed that riverine input and atmospheric deposition were the most significant sources
contributing, 28.4% and 71.6%, respectively. The study demonstrated that net PAHs transportation occurs
between the Bohai Sea (BS) and Yellow Sea (YS), with a flux of approximately 10.2 t yr’1. PAHs were also
transported from YS to the East China Sea (ECS), due to water exchange between the YS and ECS.
Additionally, substantial amounts of PAHs in the inner shelf of the ECS were transported out of the shelf
area due to cross-shelf plume.

1. Introduction

Coastal and shelf regions are important oceanic realms in terms of human activity and biological diversity,
and are among the most sensitive and vulnerable areas on earth [Bouloubassi et al., 2012]. The influence of
anthropogenic activities and biogeochemical processes in coastal zones is critical to ecosystem preservation
[Lipiatou et al., 1997; Bianchi, 2011]. Therefore, researchers are focusing on regional and global oceanic car-
bon and nitrogen cycles, fate of environmental pollutants, and transportation of nutrients in coastal ocean
ecosystems [Fang et al.,, 2015; Lin et al,, 2016; Bouloubassi et al., 2012]. Increasing human activities have
threatened services and goods provided by coastal marine ecosystems, due to increases in surface runoff,
riverine discharge, and industrial and domestic wastewater discharges. Consequently, coastal oceans are
recognized as important sinks of various materials such as organic carbon, heavy metals, nutrients, and per-
sistent organic pollutants (POPs), among others [Leithold et al., 2016; Gao et al, 2014; Xing et al., 2017;
Mwangi et al., 2016]. In recent years, the focus on POPs, especially polycyclic aromatic hydrocarbons (PAHs),
in coastal marine ecosystems has increased, due to their adverse effects on marine organisms.

PAHs mainly originate from anthropogenic activities such as vehicle emissions and incomplete combustion
of fossil fuels and biomass [Sverdrup et al., 2002; Han et al., 2015]. They are known for their toxic, carcino-
genic, mutagenic, bio-accumulative, and persistent characteristics [Liu et al., 2012a; Khairy et al., 2014]. The
U.S. Environmental Protection Agency has identified 16 PAHs as priority pollutants. Anthropogenic PAHs are
omnipresent in environmental matrices and are found in the atmosphere, soil, water, ice, sediment, and
food web [Chen et al., 2016; C. Wang et al., 2015; Lohmann et al., 2009; Yuan et al., 2014; Stout and Graan,
2010; Huang and Batterman, 2014], due to the global distribution of sources and the resistance of PAHs to
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degradation. Marine sediments usually act as important sinks for anthropogenic PAHs through two major
pathways, riverine discharge and atmospheric deposition [Wang et al., 2007; Mulder et al., 2014; Gonzalez-
Gaya et al., 2016]. Following release into the marine environment, most PAHs bind to fine particles, due to
their high hydrophobicity and lipid solubility, and are deposited in the bottom sediments. [Kim et al., 1999;
Li et al., 2006]. More than 90% of global riverine sediments are buried on the continental shelf, though the
continental shelf accounts for only 10% of the area of the global ocean [Deng et al., 2006]. Consequently,
the sedimentary PAHs buried in the continental shelf play a key role in the global PAHs cycle, by linking the
terrestrial, oceanic, and atmospheric PAHs reservoirs. Moreover, PAHs contain large amounts of carbon, and
previous studies have demonstrated that semivolatile organic compounds, including PAHs, have significant
roles in the carbon cycle [Park et al., 2013; Gonzalez-Gaya et al., 2016]. Global atmospheric PAHs input to the
global ocean is about 1.08 Tg yr~', and these PAHs are a significant component of global carbon deposi-
tion, estimated at 400 Tg yr~' of carbon, or approximately 15% of the oceanic CO, uptake [Gonzdlez-Gaya
et al., 2016]. Therefore, in addition to posing a threat to marine organisms, PAHs play an important role in
oceanic carbon biogeochemical cycles. PAHs emissions from Asia contributed approximately 55% of the
global atmospheric PAHs emissions, and the highest emitter was China [Zhang and Tao, 2009]. The conti-
nental shelves of the Eastern China Marginal Seas (ECMSs, including Bohai Sea [BS], Yellow Sea [YS], and
East China Sea [ECS]) constitute a part of the Asian continental outflow pathway to the western Pacific
Ocean, driven by the East Asian monsoon [Lang et al., 2008; Li et al., 2016]. Approximately 4664 t of PAHs
are transported to the BS, YS, and ECS annually.

The ECMSs are gigantic marginal sea systems in the western Pacific Ocean and one of the largest conver-
gence regions between the world’s largest continent (Asia-Europe) and the Pacific Ocean. Moreover, the
Changjiang (Yangtze) River and Huanghe (Yellow) River have discharged approximately 480 X 10° and
1000 X 10° t of sediment, respectively, to the ECMSs throughout history [Xu et al., 2012], or approximately
10% of the global sediment discharge. The ECMSs are adjacent to one of the world’s most heavily popu-
lated and densely developed regions (Changjiang [Yangtze] River basin with 400 million inhabitants) [Zhao
et al., 2015], and receive large amounts of terrestrial pollutants [Lin et al., 2013; Zhong et al., 2014; Li et al.,
2017]. In the early 21st century, several ECMSs-related studies focused on the PAHs cycle, important factors
that regulate PAHs budgets, fate of PAHs in the marine environment [Liu et al., 2006; Lin et al., 2011; Li et al.,
2012], deposition flux of sedimentary PAHs [Guo et al, 2006; Qin et al, 2011; Lin et al, 2013], and air-
seawater exchange of PAHs [Wang et al., 2013; Chen et al., 2016]. However, PAHs research efforts have con-
centrated on specific compartments and regions due to the complexity and size of the ECMSs region. Lim-
ited attention has been paid to the distribution patterns and mass budget of PAHs in the ECMSs region as a
whole, although this would be essential to understanding the significance of ECMSs on the regional and
global PAHs cycles.

The present study explores the distribution patterns of PAHs and factors that influence PAHs levels in the
ECMSs. Regional hydrodynamics, grain-size distribution, total organic carbon (TOC) content, sedimentation
rate, and depositional flux were analyzed in the context of the regional socioeconomic structure and
anthropogenic impacts. This study also attempts to construct a preliminary mass budget for sedimentary
PAHs in the ECMSs based on the most recent data in the published literature. To the best of our knowledge,
this is the first study to estimate the mass budget of sedimentary PAHs on an extensive regional scale.

2. Materials and Methods

2.1. Regional Settings

The BS is a shallow enclosed sea with an area of 77,000 km?, mean depth of approximately 18 m, and mean
tidal current varying from 0.2 to 0.8 m/s [Huang et al., 1999]. The circulation pattern in the BS consists of an
inflow via the northern section of the Bohai Strait and an outflow via the southern section [Zeng et al., 2015;
Bian et al,, 2013]. The YS is a semiclosed shallow sea with area of 400,000 km?, and mean depth of approxi-
mately 44 m. Circulation patterns in the YS exhibit distinct seasonal variation. In winter, the strong Yellow
Sea Warm Current (YSWC) flows northward through the middle of the YS, while the relatively weak Yellow
Sea Coastal Current (YSCC) flows southward. In summer, the YSCC flows north but the YSWC is so weak that
it only reaches the area north of Cheju Island [Xia et al., 2006; Zeng et al., 2015]. The ECS is a relatively open
marginal sea linked with the Pacific Ocean, with an area of 770,000 km? and shelf area of approximately
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550,000 kmZ The mean depth of the ECS is approximately 77 m [Dong et al., 2011]. The circulation of the
ECS exhibits seasonal variation and mainly consists of the Zhejiang-Fujian Coastal Current (ZFCC), con-
trolled by the East Asian monsoon, and the Taiwan Warm Current (TWWC) [Zhang et al., 2015; Zhao et al.,
2017]. In winter, the ZFCC is strong and flows southward due to the prevailing winter monsoon, but the
flow direction of the ZFCC becomes northward in summer due to southerly winds [Yuan and Hsueh, 2010].

The coastal and upland zones of the ECMSs span six coastal provinces (Liaoning, Hebei, Shangdong,
Jiangsu, Zhejiang, and Fujian), five inland provinces (Inner Mongolia, Shanxi, Henan, Anhui, and Jiangxi),
and three municipalities under the direct jurisdiction of the Central Government in China (Beijing, Tianjin,
and Shanghai). The area near the ECMSs is the most densely populated and economically and industrially
developed region in China. These provinces and mega-cities host more than half the national population,
contribute almost 60% of the national GDP, and were responsible for 60.7% of national coal consumption in
2014 (http://www.stats.gov.cn/english). Therefore, large amounts of terrestrial and atmospheric contamina-
tion, including PAHs, were discharged into the ECMSs.

2.2. Experimental Section

2.2.1. Sample Collection, Preparation, and Cleanup

In 2013, 77 surface sediment samples (0-2 cm depth) were collected from the estuarine-inner shelf of the
ECS using a stainless-steel grab sampler. All samples were placed into precleaned (baked and solvent-
rinsed) aluminum foil and stored at —20°C prior to analysis.

Detailed information about PAHs extraction and analysis is described in our previous study [C. Wang et al.,
2016b], and a brief outline is provided here. Surface sediments were freeze dried, and then gently ground
and sieved. 5 g of the dried sediment sample, together with 2 g of activated copper, underwent Soxhlet
extraction in 100 mL acetone/n-hexane (1:1 v/v) for 24 h. A three-step cleanup was then used to purify the
extracted solution. The extract was first concentrated to a volume of 1-2 mL using a rotary evaporator; the
concentrated solution was then applied to a 10 mm id chromatography column containing 5 g of silica gel
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Figure 1. Location (a) map and (b) sampling sites located in the ECMSs. TWWC, Taiwan Warm Current; ZFCC, Zhejiang-Fujian Coastal Current; YSCC, Yellow Sea Coastal Current; YSWC,
Yellow Sea Warm Current; CDW, Changjiang Diluted Water.
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and 2 cm anhydrous sodium sulfate and eluted with 50 mL dichloromethane/n-hexane (3:2 v/v). Finally, the
eluent was vacuum-evaporated and exchanged with n-hexane, and concentrated to 1 mL.

2.2.2. Chemical Analysis

Specific analytes included 16 priority PAHs: naphthane (Nap), acenaphthylene (Acy), acenaphthene (Ace),
fluorene (Flu), anthracene (Ant), phenanthrene (Phe), benzo[a]anthracene (BaA), chrysene (Chr), fluoran-
thene (Flo), pyrene (Pyr), benzo[alpyrene (BaP), dibenzo[a,hlanthracene (DahA), benzo[b]fluoracene (BbF),
benzo[k]fluoracene (BkF), benzo[g,h,ilperylene (BghiP), and indeno[1,2,3-cd]pyrene (IcdP). All PAHs stand-
ards were purchased from Supelco (Bellefonte, PA, USA).

The samples were analyzed on a Shimadzu QP2010 Ultra GC-MS, fitted with a fused silica capillary Rtx-5MS col-
umn (30 m X 0.25 mm internal diameter, 0.25 um film thickness). The carrier gas was helium, with a flow rate
of 1.0 mL min~". The GC temperature procedure was as follows: initial temperature of 80°C (held for 2 min),
increased to 180°C at a rate of 20°C min~ ' and held for 5 min, then increased to 290°C at a rate of 10°C min ™'
and held for 15 min. The ionization was carried out in the electron-impact mode at 70 eV, and all samples
were analyzed in the selective-ion monitoring mode.

2.2.3. Quality Assurance/Control

Glassware and sodium sulfate were baked for 5 h at 450°C, and glassware was subsequently rinsed three
times with n-hexane, dichloromethane, and acetone before use. All solvents used were HPLC grade (Tedia
CO. Inc., USA). Silica gel (200 mesh, Qingdao Haiyang Chemical CO. Inc., Shandong, China) was extracted
using n-hexane, dichloromethane, and acetone, and activated at 130°C for 16 h.

A procedural blank containing only copper was subjected to the same cleanup and concentration steps, and
analyzed alongside the sediment samples with every six-sample set. Matrix-spiked samples (sediments pre-
extracted and baked for 5 h at 450°C to remove PAHs and then spiked with PAHs standards) were also analyzed
with every six-sample set, to determine percentage of recovery, which has been demonstrated to be effective
by Wang et al. [2015]. The average recoveries of 16 PAHs based on the matrix-spiked samples ranged from
74.5% to 106.2%. An external standard method was used to quantify the concentration of 16 PAHSs in this study.

2.3. Data Collection

Data values for PAHs concentration (n = 204) (Figure 1b), sedimentation rates (n = 202), and TOC content
(TOC, n =386) in sediment samples were collected, consolidated, and processed further using the Kriging
interpolation method. PAHs concentration data were mainly obtained from Qin et al. [2011], and Lin et al.
[2011, 2013] and TOC contents were derived from Qin et al. [2011], Hu et al. [2012], Lin et al. [2013], Zeng
et al. [2012], and Xing et al. [2014]. Sedimentation rates were mainly obtained from Hu et al. [2011], C. Wang
et al. [2016b], and references therein. The original data set on sediment grain-size was mainly found in Hu
et al. [2009, 2013] and Lin et al. [2013].

Deposition flux of PAHs in the surface sediments was estimated to assess the extent of contamination and
the potential toxicity. The deposition flux was calculated using several sediment properties and measured
PAHs concentrations, as shown in equation (1).

Fdeposition:1010'A'CPAHs'p'w'(1_(/)) (1)

where, A is the area of a given region (km?), Coans is the measured sedimentary PAHs concentration (ng
g™ "), p is the dry density of the sediment samples (g cm ™ 3), w is the sedimentation rate (cm yr "), and ¢ is
the sediment porosity (dimensionless). Porosity is widely measured in sediment mixing layers around the
world and ranges from 0.7 to 0.8 [Ali et al., 2014; Fang et al., 2015]. We selected a median value of 0.75 to
represent sediment porosity in the study area. A recommended value of 1.2 g cm ™3 was selected for p [Liu
et al, 2007]. The Kriging interpolation method was used to obtain the spatial distribution of @, based on
accurately dated values collected in the study area.

3. Results and Discussion

3.1. Background Depositional Setting: Distribution Patterns of Grain-Size and TOC

3.1.1. Distribution Patterns of Grain-Size and Sedimentation Rate in the ECMSs

The general distribution pattern of grain-size in the ECMSs determined by this study was consistent with
findings of previous studies [Hu et al., 2016a; Lin et al, 2013], which reported several mud deposits
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composed primarily of silt and clay (with a finer median grain, Md 6-7 @), in Bohai Bay (BB), the central YS,
the Changjiang Subaqueous Delta (SCD), and the ECS inner shelf (Figure 2a). Sediments in the semienclosed
BB mainly originated from the Luanhe (2.67 X 10” t yr ') and Haihe (6 X 10° t yr™") Rivers [Qin et al., 1990],
and grain-size ranged from 5.37 to 7.55 ®, with an average value of 6.6 ®. Mud deposits in the central YS
(grain-size from 3.24 to 7.70 @, with an average value of 5.21 @) were not directly sourced from rivers. Other
large mud deposits are located at the estuarine-inner shelf region of the ECS, which comprises two subre-
gions, the SCD mud area (SCDMA) and Zhejiang-Fujian coastal mud area (ZFCMA) [Liu et al., 2007]. These
mud deposits (grain-size from 1.91 to 8.65 ®, with an average value of 5.85 ®) are mainly controlled by
Changjiang-derived sediments and regional marine dynamics. Overall, the distribution pattern of grain-size
in the ECMSs mainly reflected river input and regional marine dynamics.

As seen in Figure 2b, the distribution of sedimentation rates in the ECMSs presents a significant difference.
The sediment accumulation rate, on a time scale of 100 years, was extremely high near the Huanghe
(Yellow) River Estuary (HRE), as large amounts of sediment discharged from the Huanghe (Yellow) River are
trapped and deposited in this area. Compared to the HRE, sediment accumulation rates in the BB, open BS,
and YS were relatively slow as these areas lack large river discharges. The BB received sediment from the
Haihe and Luanhe Rivers, leading to higher sedimentation rates than found in the open BS and YS. The
open BS and YS received small portions of Huanghe-derived sediments, transported by regional hydrody-
namics. Atmospheric deposition also serves as a sediment source in the BS and YS, as they are downwind of
the Asian continental outflow during spring and winter [Lin et al., 2011]. Under the influence of the East
Asian monsoon, considerable amounts of aeolian dust from northwest China and Mongolia are transported
and deposited into the marginal seas [Zhang and Gao, 2007]. The region with second highest sedimentation
rate is located in the CSD, and is influenced by the Changjiang (Yangtze) River. The sedimentation rate in
the ZFCMA is also relatively high (Figure 2b), due to Changjiang-derived sediments.

3.1.2. Distribution Pattern of Sedimentary TOC in the ECMSs

TOC content over the study area varied over a relatively broad range from 0.08% to 1.37%, with a mean value
of 0.37% (Figure 3b). The distribution pattern of TOC was fairly similar to of sediment grain-size (Figure 2a)
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Figure 2. The distribution patterns of sediment grain-size and sedimentation rate of the ECMSs.
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Figure 3. The distribution patterns of PAHs and TOC in the ECMSs.

(correlation coefficient > 0.5), indicating relatively high TOC content in the central YS, SCDMA, and ZFCMA
(Figure 3b). Low TOC content (<0.3%) mostly occurred in the Bohai Strait and western YS, which were proba-
bly influenced by strong hydrodynamics, relatively coarser sediment grain-size, and low sedimentation rates.
Bohai Strait is the water exchange channel between the BS and YS, with high flow velocity only relatively
coarser particles are retained. Sediments in the western YS were mainly composed of coarse particles (fine
sand, sandy silt, and silty sand), which mainly originated from coastal erosion in the old HRE. The highest TOC
content was observed in the central YS, which is subject to cyclonic circulation leading to substantial deposi-
tion of fine particles in the area (Figure 2a). Moreover, relatively high content of TOC occurred in the SCODMA
and ZFCMA (Figure 3b) as large amounts of TOC were discharged along with Changjiang-derived sediments.

3.2. Distribution Patterns of PAHs and Their Constraining Factors

3.2.1. Distribution Patterns of PAHs in the ECMSs

Total concentration of the 16 PAHs (XPAHs) over the entire sampling area showed a relatively broad range,
varying between 26.38 and 537.60 ng g~ ', with an average value of 231.21 ng g~ ' (Figure 3a). Relatively
high PAHs concentrations were observed in the BB, central YS, and SCDMA, and the distribution was gen-
erally consistent with that of sediment grain-size. The ZPAHs in the BB (324-446 ng g~ ', with a mean value
of 400 ng g~ ') was relatively higher than that in the YS and SCDMA. BB is surrounded by industrial cities
such as Tanshan and Tianjin, and is an important component of the Bohai Economic Rim. BB is also an
important oil-producing region, surrounded by busy oilfields such as Dagang and Shengli. Therefore, large
amounts of surface runoff containing domestic sewage, industrial effluent, and mining wastewater are dis-
charged into the BB. Bai and Sun [2007] illustrated that water exchange in the BB is relatively slow, resulting
in inefficient diffusion of pollutants in this region. In addition, Figure 2a shows that surface sediments in the
BB are dominated by fine particles that easily absorb PAHs. Thus, multiple factors, including anthropogenic
activities, hydrodynamics, and sedimentary features, have contributed to relatively high XPAHs in the BB. The
2PAHs levels in the central YS and SCDMA are also high (Figure 3a), again consistent with the distribution pat-
terns of sediment grain-size and TOC contents. The XPAHs levels in the central YS are mainly controlled by
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sedimentary features and hydrodynamics. Previ-

Table 1. Correlation Coefficient Matrix of PAHs and Sediment . .
ous studies have demonstrated that sediments

Features in the ECMSs

High- e in the central YS mainly originated from the
Weight ~ Weight Grain- Huanghe (Yellow) River, under the influence of
PAHs _ PAHs ZPAHs Sze  TOC the YSCC and YSWC [Yang and Liu, 2007; Hu
Rlgfielgiti PR 40 et al, 2016a]. Huanghe-derived sediments dis-
;m—,_,v:e'ght PARS g:gg? ;:ggg 1.000 charged into the BS were transported along the
Grain-size 0372 0497 0524  1.000 Shandong Peninsula by coastal currents and
oS 0348 0179 0306 0568 1.000 trapped by cyclonic circulation in the central YS.

Therefore, PAHs associated with river-derived
sediments were also trapped and deposited, resulting in relatively high ZPAHs. Unlike the central YS, PAHs in
the ECS were directly influenced by river input. Changjiang-derived sediments discharged into the ECS were
deposited in the estuary to form the SCDMA, consequently transporting substantial sedimentary PAHs in this
region. The range of XPAH in the SCDMA is 239-324 ng g~ ', with an average of 330 ng g~ ' (Figure 3a). During
winter, sediments trapped in the SCDMA are resuspended due to the strong winter monsoon, and transported
southward along the Zhejiang-Fujian Coast. Therefore, significant amounts of PAHs were transported south-
ward and deposited along the coast. Overall, the distribution patterns of PAHs in the ECMSs were mainly con-
trolled by the combination of river inputs, hydrodynamics, and sedimentary features.

Some studies have confirmed correlation between PAHs concentrations and both sediment grain-size and
TOC concentration [Li et al.,, 2006; Hu et al., 2014], while others have questioned the correlation [C. Wang
etal, 2016b; Lin et al., 2013; Yim et al., 2014]. In order to assess the correlation between PAHs concentrations
with sediment grain-size and TOC content, our study examined the correlations individually. Considering
the otherness of the sampling sites in different indexes, an assimilation method was used in this study. First,
all indexes were interpolated based on the existing sampling sites to obtain spatial distribution patterns.
Second, the “Fishnet” technology in ArcGIS 10.2 was used to acquire a series of new virtual sampling sites
with unified position coordinates in our study area. Third, the “Extract values to points” operation in ArcGIS
10.2 was used to acquire attribute values for each new virtual sampling site. At this point, the process of
data assimilation was complete, and we had obtained a data set with PAHs concentration, sediment grain-
size, and TOC concentration. Correlation analyses indicated that significant correlations existed between
PAHs concentrations and sediment grain-size on this extensive regional scale, but not between PAHs con-
centrations and TOC contents (Table 1). This probably reflects regional differentiation of sediment sources,
regional hydrodynamics, TOC sources, and others. The ECMS is a large and complex system, with different
depositional processes, hydrodynamics, and material sources. These results suggest that PAHs concentra-
tions in the sediment are not controlled by any single factor, but depend on multiple factors [C. Wang et al.,
2016b].

3.2.2. Anthropogenic Impacts

Previous studies have demonstrated that environmental changes caused by anthropogenic activities
are recorded in marine sediment as chemical residues are buried by depositional processes [Lima
et al., 2003; Guo et al., 2006; Liu et al., 2013]. Liu et al. [2012b] reconstructed the evolution of anthropo-
genic activities in mainland China by characterizing PAHs in sediment cores from the YS and South
China Sea. Some researchers have discussed the sources and compositions of PAHs in the ECMSs at
different scales and in different regions [Qin et al., 2011; Lin et al, 2011, 2013; C. Wang et al., 2016b].
However, these studies focused on local dynamics, and an integrated study on the ECMSs is lacking.
For the present study, we collected the results of source apportionment of PAHs from published mate-
rials [Lin et al., 2011, 2013; C. Wang et al., 2016b] to understand the distribution patterns of PAHs with
different sources in different regions of the ECMSs. All of these results are acquired by a positive
matrix factorization model, demonstrated to be effective by Shi et al. [2009] and Zhang et al. [2012].
We also attempted to include the socioeconomic structure of the coastal provinces and current sys-
tems in the ECMSs to explore factors controlling the distribution patterns of PAHs in these regions.
The ECMSs were divided into six subregions (BB, BS, North YS (NYS), South YS (SYS), SCDMA, and
ZFCMA), based on the compositions of PAHs, physicochemical properties of sediments, and regional
hydrodynamics. Three main PAHs sources, petrogenic sources, coal combustion, and vehicle emis-
sions, were selected to identify different distribution patterns of PAHs in the subregions of the ECMSs,
as shown in Figure 4.
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Figure 4. Source compositions and contributions of PAHs in the ECMSs.

Figure 4 highlights that the different composition and sources of PAHs in different subregions in the ECMSs.
Firstly, PAHs originating from coal combustion were mainly found in the north part of the ECMSs such as BS
and YS. The proportion of PAHs from coal combustion showed an increasing trend from the BB (19%) to
SYS (37%) (Figure 4). Liu et al. [2012b] reported that variable lifestyles and economic development are
important factors influencing the distribution of PAHs in the ECMSs. North China is an important base for
heavy industry and coal, and consumes larger quantities of coal and coke than South China. Furthermore,
exhaust gases produced by these industries are emitted into the upper air through tall chimney stacks,
allowing transport of pollutants over long distances. The BS and YS are downwind of the Chinese continen-
tal outflow during spring and winter. Consequently, there is significant transport of PAHs from the mainland
to coastal oceans due to the influence of the East Asian monsoon [Lang et al., 2008]. These PAHs in the
upper air can bind to fine particles and are deposited into the ocean due to gravity and precipitation, such
as rain, snow, hail [Chen et al, 2016]. Following deposition in the ocean, most PAHs are easily absorbed
onto suspended particles, due to their high hydrophobicity and lipid solubility [Li et al., 2006]. This fraction
of the total PAHs deposition reaches the bottom sediment through gravity, currents, and biological pump
[Liang, 2014]. BB is closer to land and smaller than the other subregions, and is predominantly influenced
by direct surface runoff and receives limited atmospheric sedimentation. Therefore, the proportion of PAHs
from coal combustion in the BB is smaller than in the other subregions (Figure 4). Secondly, PAHs from
vehicular sources, which are primarily transported by surface runoff, were mainly distributed in the BB, BS,
and SCDMA (Figure 4). Sampling sites in all subregions are near the coast and receive large amounts of river
discharge and surface runoff. Hu et al. [2011] and Lin et al. [2013] have demonstrated that the distribution
patterns of organic pollutants (organochlorine pesticides and PAHs) in the SCDMA and ZFCMA are mainly
controlled by direct riverine inputs and surface runoff. In addition, coastal currents and shelf sedimentary
processes have greater influence on the distribution pattern and fate of organic pollutants in the BS and
ECS than in other parts of the study area. Liu et al. [2015] reported that PAHs in dry and wet deposition sam-
ples in Shanghai, which constituted over 40% of the total PAHs, mainly originated from vehicle exhausts. In
addition, PAHs in soil samples collected from Shanghai city also mainly originated from vehicular emissions
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[X. T. Wang et al., 2015]. Therefore, the main sources of PAHs in riverine inputs and surface runoff were
vehicular emissions. This is related to atmospheric physical processes and physicochemical properties of
PAHSs; vehicle-exhaust emission sources are closer to the earth surface, resulting in easy absorption of emit-
ted PAHs onto soil particles. Vehicle exhausts also usually have a relatively higher density than normal air,
and cannot easily be transported to the upper air and consequently over longer distances. The Bohai eco-
nomic rim and Yangtze Delta have high car ownership rates, with over 2 million cars registered in 16 cities,
including four cities in the Bohai economic rim (Beijing, Tianjin, Shijiazhuang, and Qingdao), four in the
Changjiang River Delta (Shanghai, Suzhou, Hangzhou, and Nanjing), and three in the Changjiang River Basin
[National Bureau of Statistics of China, 2016]. Therefore, riverine inputs and surface runoff could be the main
factors influencing PAH distribution patterns in coastal waters that receive large rivers. The distribution pat-
terns of PAHs in the NYS and SYS are consistent with this hypothesis, as, in the absence of large river dis-
charge into the YS, PAHs mainly originated from atmospheric precipitation [Liu et al., 2012a]. Our calculated
results suggested that the influx of atmospheric deposition was closer to the buried flux of PAHs in the YS
(Figure 7). PAHs originating from petrogenic sources were mainly distributed near the coast, for example,
BB and SCD. In addition to frequent crude oil leaks from the oilfields, the BB is an important shipping center,
with harbors such as Tangshan and Tianjin, which release large quantities of oil into the coastal waters. Like
the BB, the Changjiang River Estuary is also an important shipping center, with harbors at Shanghai and
Yangshan. The cargo throughput of Shanghai is the largest in the world, and the Changjiang (Yangtze) River
is one of the most heavily used shipping highways in the world, discharging large amounts of petroleum
residues.

3.3. Deposition Flux and Budget of PAHs in the ECMSs

Increasing attention has been paid to PAHs fluxes and budgets, due to the recognized importance of the
continental shelf as the major sink of PAHs [Qin et al., 2011; Lin et al,, 2013; C. Wang et al., 2016b]; these
studies may also contribute significantly toward better understanding of the regional or global carbon
cycles. However, the existing studies did not address flux and storage on the continental shelf of the ECMSs,
which is adjacent to one of the world’s largest PAHs emission source regions [Lang et al., 2008]. Bian et al.
[2013] demonstrated that land-derived sediments are transported between subregions of China by of cur-
rents, tides, and waves, which consequently also transport sedimentary PAHs. Therefore, we explored the
transportation of PAHs in each subregion of the ECMSs and constructed the mass budget of sedimentary
PAHs in the ECMSs.

3.3.1. Deposition Flux of PAHs in the ECMSs

Deposition flux of PAHs was calculated using methods described in section 2.2 and the Map Algebra
application in ArcGIS 10.2 [C. Wang et al., 2016b]. Data sets of PAHs concentration and sedimentation
rate, depicted using the Kriging interpolation method, are shown in Figures 2b and 3a. Detailed informa-
tion on the distribution pattern of PAHs flux is shown in Figure 5. Compared to the PAHs concentrations,
the pattern of PAHs flux is more persuasive, as it has a comprehensive characterization, similar to black
carbon, which is not affected by varying inputs and dilution effects [Fang et al., 2015]. PAHs fluxes in the
ECMSs ranged from 11.2 to 1308 ng cm 2 yr ', and averaged 101 + 104 ng cm 2 yr ' The relatively
high standard deviation (nearly 103%) indicated that PAHs fluxes show significant spatial differentiation
(Figure 5). Among the subregions, the WBS registered the highest PAHs flux, up to 385 + 255 ng cm™ 2
yr~', followed by the SCDMA (219 + 107 ng cm 2 yr '), ZFCMA (166 + 55 ng cm 2 yr '), open BS
(51 =18 ngcm 2yr "), and YS (70.8 = 30 ng cm ™2 yr~ ). Compared to PAHs concentrations (Figure 2a),
the spatial distribution patterns of PAHs flux exhibited obvious differentiation in some subregions such
as the SCDMA and YS (Figure 5). PAHs flux near the HRE was relatively high (Figure 5), but PAHs concen-
trations in the HRE were not very high (Figure 2a). Similarly, PAHs concentrations in the central YS
showed relatively high values (Figure 2a), but a high PAHs flux was not observed (Figure 5). Therefore,
PAHs flux is an integrated indicator determined by multiple factors, including sedimentation rate and
PAHs concentration. On the whole, high values of PAHs flux were mainly distributed in areas of fine-
grained sediment such as the BB, HRE, SCDMA, and ZFCMA, demonstrating the importance of shelf mud
depositional processes on the fate of PAHs.

We divided the ECMSs into five subregions to calculate the deposition flux, based on the distribution pat-
tern of PAHs accumulation rates. The five subregions were the western BS (WBS), the open BS (OBS), YS,
SCDMA, and ZFCMA, with areas of 21,000, 56,000, 197,900, 62,000, and 64,000 km? respectively. We
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Figure 5. Distribution pattern of PAHSs flux in the ECMSs.

calculated the PAHs buried flux in each subregion to be: BB (80.8 + 53.6 t yr'); OBS (28.6 + 10.1 t yr™ "); YS
(1406 + 59.4 t yr'); SCDMA (137 = 66.3 t yr'); and ZFCMA (107 + 35.2 t yr ). Our result for the southern
BS was significantly different from the value of 36.6 t yr~' calculated by Qin et al. [2011]. In our opinion, this
phenomenon can be attributed to two effects: (1) the study areas were different, in that our study covered
a relatively larger area than that of Qin et al. [2011]; (2) data on sedimentation rate was different. The depo-
sition flux of PAHs in the inner shelf regions of ECS and SCDMA calculated by Lin et al. [2013] and C. Wang
et al. [2016b] were consistent with our results.

To assess the importance of PAHs deposition flux in the ECMSs and the biogeochemical processes of
PAHs cycles in global coastal zones, we collected worldwide data regarding PAHs fluxes in surface sedi-
ments (Figure 6). The continental shelf of the East Asian marginal seas is one of the widest in the world,
and receives large amounts of river-derived sediments from large rivers originating in the East Asian Con-
tinent. Consequently, large amounts of terrestrial pollutants are discharged into the adjacent marginal
seas via riverine runoff and atmospheric deposition. PAHs deposition fluxes have also been studied in the
Gulf of Mexico, Mediterranean Sea, and Black Sea (Figure 6). In order to facilitate comparison, the flux per
unit area was calculated for all the areas, and is shown in Figure 6 (green column). Comparison of these
results suggests that the depositional flux of PAHs in the ECMSs and its subregions is higher than the
North Gulf of Mexico, Mediterranean, and SW Black Sea. The highest value was observed in Changjiang
Estuary, followed by the inner shelf region of ECS, and the entire region of the ECMSs. With the exception
of the East Asian Continent marginal seas, the highest value of PAHs deposition flux occurred in the
northern Gulf of Mexico. This study also suggests that the burial efficiency of PAHs in the ECMSs was rela-
tively higher than in the other regions considered. We also used the annual buried flux of PAHs on the
regional scale to evaluate the burial capacity of different regions; results are shown in Figure 6 (red col-
umn), and indicate that the buried capacity for PAHs in the ECMSs is about 494 t yr ', which is the high-
est in the world. Therefore, the ECMSs are an important global sink of PAHs and play a significant role in
the global PAHSs cycle.
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Figure 6. Distribution of reported PAHs flux study in the worldwide (North Gulf of Mexico [Adhikari et al., 2015], NW Mediterranean [Tolosa et al., 1996], Gulf of Lions [Bouloubassi et al.,
2012], Mediterranean [Lipiatou et al., 19971, SW Black Sea [Parinos et al., 2013], Gulf of Thailand [Hu et al., 2016b], Beibu Gulf, China [Li et al., 2015], Pearl Estuary [S. J. Chen et al., 2006],
East China Sea [Lin et al., 2013], Chiangjiang Estuary [C. Wang et al., 2016a,2016b; J. Wang et al., 2016], and Bohai Sea [Qin et al., 2011]).

3.3.2. PAHs Budget in the ECMSs

Conservation of mass is an important law of nature and is important in scientific research, especially in
oceanography. It has been studied in the subregions of the ECMSs. For example, Deng et al. [2006] tried to
build a mass budget for sediments and TOC in the ECS. Fang et al. [2015] successfully constructed the mass
budget of black carbon in the BS, and Gao et al. [2017] developed a preliminary estimate of the 2'°Pb bud-
get for the ECS. However, relevant studies in large-scale marginal sea systems are scarce. In this study, we
attempted to calculate the PAHs budget in the ECMSs to understand the migration mechanism of PAHs in
the ECMSs, using a box model. PAHs inputs into the ECMSs included atmospheric dry and wet deposition
(Fatmospheric depositions t yr~ ") and riverine input (Friverine inputs t yr~1). The outputs consisted of burial to bottom
sediment (Fouried, t yr~ ') and export to outer shelves (Foutput: t yr ). The PAHs budget can be described by
equation (2).

F atmospheric deposition +F, riverine input:F buried +F output (2)

The specific calculation method for the four factors used in equation (2) was derived from Fang et al. [2015],
and is described in detail in supporting information Text S1. Data on PAHs concentrations in the atmo-
sphere and rivers were collected from published materials [Wang et al., 2013; Chen et al., 2016; Qi et al.,
2014; C. Wang et al., 2016a] and detailed information is provided in supporting information Tables S1
and S2.

The PAHs budget calculated for the ECMSs is shown in Figure 7. The total PAHs input to the ECMSs was
5589 t yr ', with riverine discharge and atmospheric deposition accounting for 159 and 399.9 t yr ',
respectively. The riverine input contributed nearly 28.4% of the total PAHs input into the BS; atmospheric
deposition, including wet and dry deposition, was comparable to riverine input and accounted for nearly
71.6% of the total PAHs input. The ECMSs were influenced by the winter and summer East Asian monsoon,
which blows through areas of high PAHs emissions in China. Lin et al. [2011] demonstrated that origins of
PAHs in the surface sediment of the BS and YS were similar to those of the PAHs in PM, s aerosols from the
upwind area, highlighting the significant influence of atmospheric deposition of PAHs in the ECMSs. As for
outputs, nearly 88.4% (494 t) of the input PAHs were buried in the bottom sediments, indicating that
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tent findings for black carbon in
the BS, as they are derived from
coemitting sources [Fang et al.,
2015, 2016]. Therefore, the con-
tinental shelf sediments of the
ECMSs act as sinks, and play an
important role in preserving
PAHs originating in China. In
addition to the burial effect,
transportation of PAHs is also
an important factor in the
ECMSs. Fang et al. [2015] esti-
mated that approximately 9.5%
of the annual input of black car-
bon to the BS was transported
to the YS through the Bohai
Strait. In this study, we calcu-
lated the exchange flux
between BS and YS, which
accounted for approximately
8.5% of the total influx. Another
transmission  channel exists
between the YS and ECS, and

sequestration is the dominant
PAHs output pathway, consis-
depositio
0.5 © \,"

40° N

35°N

30°N

Atmospheric
deposition

River input

Buricd Q% [ A oA Tao et al. [2016] have suggested
Transport i & - that the annual export flux of
120°F sediment from the YS to ECS

was approximately 7.3 X 10° t.
This suggests a preliminary esti-
mate of the export flux of PAHs
from the YS to ECS of approximately 16.9 t yr ', which is consistent with our result (18.4 t yr ). Cross-shelf
transportation also plays an important role in PAHs migration, accounting for nearly 11.6% (64.9 t) of the
total PAHs input. Previous studies have proved that cross-shelf plumes in the inner shelf region of the ECS
provided a major conduit for the transport of sediment across the ECS [Ren et al., 2015; Gao et al., 2017],
and facilitated export of large amounts of sedimentary PAHs from the inner shelf to the outer shelf. An
export ratio of sediments was defined and calculated as export flux divided by input flux. We calculated an
export ratio of 21%, which is very close to the value of 20% proposed by Gao et al. [2017]. Thus, the mass
budget of PAHs for the ECMSs highlights the fate of PAHs on an extended regional scale and further clarifies
the importance of PAHs transportation among subregions of the ECMSs.

Figure 7. Mass budget of sedimentary PAHs in the ECMSs.

4. Conclusions

This study provides an extensive and comprehensive investigation of the PAHs distribution patterns, flux,
and budget in the ECMSs, which is situated near areas of high PAHs emissions in China. The major conclu-
sions are:

1. Relatively high PAHs concentrations were mainly observed in areas of fine-grained sediment (i.e., BB,
central YS, SCD, and ZFCMA), which also showed high TOC concentrations. This suggests that the spatial
distribution patterns of PAHs are largely influenced by regional hydrodynamics and sediment properties.
In addition, distribution patterns of PAHs were also influenced by the differing socioeconomic conditions
in northern and southern China.

2. The accumulation rate of sedimentary PAHs was estimated to be in the range of 11.2 and 1308 ng cm™
yr ', with an average value of 101 =104 ng cm 2 yr . The area-integrated PAHs burial flux in the

2
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ECMSs was 494 t yr~', accounting for 88.4% of the input PAHSs, with the WBS, OBS, YS, SCD, and ZFCMA
subregions accounting for approximately 80.8, 28.6, 140.6, 137, and 107 t yr ', respectively.

3. The PAHs budget in the ECMSs was calculated. The total PAHs flux input into the ECMSs is nearly 558.9 t
yr ', with riverine discharge and atmospheric deposition accounting for 159 and 399.9 t yr ', respec-
tively. In addition, the cross-shelf plume provides a major conduit for the transport of PAHs from the
inner to the outer shelf of the ECS, which constituted about 8.3% of the PAHs flux input into the ECMSs.
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