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� PAHs are important indicators of anthropogenic activities on the environment.
� PAHs levels in the Yangtze River Estuary and adjacent coastal areas were studied.
� Kriging interpolation and PMF model used to study spatial distribution and sources.
� Anthropogenic activities were the main sources of PAHs in the study area.
� Distribution patterns influenced by factors like sediment size and hydrodynamics.
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a b s t r a c t

Polycyclic aromatic hydrocarbons (PAHs) are mainly produced by incomplete combustion and are used as
indicators of anthropogenic activities on the environment. This study analyses the PAHs level in the
Yangtze River Estuary (YRE), an important component of Yangtze River and a developed and populated
region in China. Surface sediments were collected from 77 sites at the YRE and its adjacent coastal zone
(IACZ) for a comprehensive study of PAHs. Kriging interpolation technology and Positive matrix factor-
ization (PMF) model were applied to explore the spatial distribution and sources of PAHs. Concentrations
of 16 PAHs (SPAHs) varied from 27.2 ng g�1 to 621.6 ng g�1 dry weight, with an average value of
158.2 ng g�1. Spatially, SPAHs exhibited wide fluctuation and exhibited an increasing tendency from
north to south. In addition, SPAHs exhibited a decreasing trend with increasing distance between the
estuary and IACZ. The deposition flux of PAHs indicated that more than 107.8 t a�1 PAHs was deposited in
the study area annually. The results of the PMF model revealed that anthropogenic activities were the
main sources of PAHs in the study area. Vehicle emissions and marine engines were the most important
sources and accounted for 40.9% of the pollution. Coal combustion, petrogenic sources, and wood
combustion were other sources that contributed 23.9%, 23.6%, and 11.5%, respectively. The distribution
patterns of PAHs in the YRE and IACZ were influenced by many complicated factors such as sediment
grain size, hydrodynamics and so on.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are typical persistent
nd Oceanographic Sciences,
23, China.
organic pollutants that have attracted scientific and regulatory in-
terests due to their toxic, carcinogenic, and mutagenic properties
(Sverdrup et al., 2002; Qiao et al., 2006; Zhang and Tao, 2009). They
mainly originate from anthropogenic activities such as incomplete
combustion of fossil fuels, biomass burning, coke ovens, and
exhaust emissions (Yunker et al., 2002; Simoneit, 2002). Natural
processes such as oil seeps, forest fires, and organic matter
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diagenesis can also act as significant sources (Simoneit, 2002; Lima
et al., 2005). PAHs are transported to marine ecosystems through
direct and indirect pathways including atmospheric deposition and
riverine inputs (Wang et al., 2007; Lin et al., 2013). Following
release into the marine environment, most PAHs are easily adsor-
bed onto the surface of fine particles and are eventually deposited
into the underlying sediments due to their high hydrophobicity and
lipid solubility (Kim et al., 1999; Li et al., 2006, 2012). Therefore,
marine environment, especially marginal sea is an important
reservoir of PAHs.

Estuarine areas are important component of the river and the
marginal sea, and serve as a transition zone between seawater and
freshwater. Therefore, the hydrodynamic conditions and biodiver-
sity are always complex in estuarine regions (Yu et al., 2015). River
discharge and sedimentary processes influence the distribution
and behavior of PAHs in estuarine-coastal environments (Lin et al.,
2013). In addition, transport and storage of terrestrial organic ma-
terials in these zones, especially large-river delta-front estuaries,
are significant due to interactions of several physical, chemical, and
biological processes (Bianchi and Allison, 2009; Hung et al., 2011;
Liu et al., 2012). Therefore, estuarine-coastal areas are important
sinks of PAHs from the atmosphere and land. The Yangtze River
Estuary (YRE), a typical estuary in the East China Sea (ECS), is one of
the most prosperous regions in China and receives significant
amounts of sediments and runoff from the river basin. Additionally,
the YRE also acts as a conduit discharging large amount of organic
pollutants including PAHs, which originate from intensive indus-
trialization and urbanization in the basin, into the ECS. Therefore,
more attention should be paid to the comprehensive study of the
sources, compositions, distribution patterns, and environmental
behavior of the PAHs in the YRE.

To date, several studies have investigated PAHs distribution in
the YRE (Li et al., 2012; Lin et al., 2013; Yu et al., 2015), focusing on
the sources, compositions, and distributions of PAHs. However, few
studies have discussed influencing mechanisms such as hydrody-
namic conditions and granularity effects (Lin et al., 2013). In addi-
tion, previous studies primarily focused on the Yangtze River
subaqueous delta, and limited attention was paid to its adjacent
coastal zones (IACZ). Fig.1c highlights the demarcation of IACZ from
the YRE, using a hypothetical line between the YRE and Hangzhou
Bay. We called the north of this line as the YRE and the south of this
line as IACZ. Numerous studies have demonstrated that transport of
sediments from the Yangtze River to the ECS is controlled by tidal
currents, shallow sea circulations, Changjiang estuarine circula-
tions, and storm events (Gao et al., 2011; Milliman et al., 1984; Su
and Wang, 1986). Under the influence of complex hydrodynamic
conditions, a large amount of fine particles discharged by the river
are transported southwards and formed two mud deposition cen-
ters: one outside the YRE and Hangzhou Bay named as the YREmud
area (YREMA) and the other along the Zhe-Min coast named as the
Zhe-Min Coastal mud area (ZMCMA) (Qin et al., 1987; DeMaster
et al., 1985; Liu et al., 2007) (Fig. 1b). Therefore, the distribution
patterns of PAHs in these regions under the effect of ocean currents
(e.g., the Yellow Sea Coast Current and the Taiwan Warm Current
(TWWC)) and the reduction of river runoff will be distinct. In
addition, other factors such as anthropogenic activities and gran-
ularity effect were also taken into account in this study to explore
the behavior of PAHs in the YRE and IACZ.

This paper focuses on the concentration, composition, and dis-
tribution patterns of the PAHs in the YRE and IACZ. Spatial inter-
polation technology and the Positive Matrix Factorization (PMF)
method were applied to quantify the distribution patterns and
sources of PAHs based on 77 samples. The objectives of this study
were: 1) to investigate the sources, composition, and spatial dis-
tribution of the PAHs in the YRE and IACZ; 2) to examine the role of
granularity effect, hydrodynamic conditions, and anthropogenic
activities on PAHs levels in the sediments.

2. Materials and methods

2.1. Study area and sample collection

The Yangtze River is the longest river (6300 km) in Asia, globally
ranking fifth inwater discharge levels and fourth in sediment loads,
measuring at 920 km3 a�1 and 480 million tons a�1, respectively
(Milliman and Syvitski, 1992; Yang et al., 2006). The Yangtze River
Basin is one of the most prosperous regions in China hosting
developed cities such as Chengdu, Chongqing, Wuhan, Hefei,
Nanjing, Suzhou,Wuxi, and Shanghai. It is populated by 400million
inhabitants and has a drainage area of 1.8 � 106 km2 accounting for
nearly 20% of the mainland (Yang et al., 2006). Intensive industri-
alization and urbanization in the basin have resulted in large
amounts of organic pollutants including PAHs being discharged
into the river (Qi et al., 2014). The YRE, one of the most urbanized
and industrialized regions, is a key shipping hub connecting inland
and the ECS (Zhou et al., 2014). The YRE acts as a conduit, dis-
charging large amount of sediments from the river basin into the
estuary, forming a large-scale subaqueous delta and mud area
(YREMA and ZMCMA) (Fig. 1b). Over half of these discharged sed-
iments and PAHs are trapped in the YRE due to coastal currents (Liu
et al., 2007; Li et al., 2012; Lin et al., 2013). Several studies have
focused on the flux of PAHs discharged into the ECS. Wang et al.
(2007) estimated that the annual flux of the 16 USEPA priority
PAHs from the Yangtze River to the ECS was 232 t. Qi et al. (2014)
estimated that more than 369 t PAHs were discharged into the
ECS annually through the Yangtze River making it one of the largest
contributors of PAHs to the western Pacific shore. Therefore,
pollutant load of PAHs will pose an increasing burden to water
security and health of themarine coastal ecosystem (He et al., 2011;
Qi et al., 2014).

In this study, we focus on the YRE and IACZ which located at the
north of ZMCMA as the study area. The study area was divided into
13 vertical sections and 77 compartments with sampling sites
located in the center of each compartment. The sampling sties were
uniformly distributed as highlighted in Fig. 1c. Surface sediment
samples (at 0e2 cm depth) were collected from each site using
stainless steel grab samplers, during December 2013. All samples
were placed in pre-cleaned aluminum foil and stored at �20 �C
prior to analysis.

2.2. PAHs analysis

A standard mixture solution consisting of 16 priority PAHs
namely naphthane (Nap), acenaphthylene (Acy), acenaphthene
(Ace), fluorene (Flu), anthracene (Ant), phenanthrene (Phe), benzo
[a]anthracene (BaA), chrysene (Chr), fluoranthene (Flo), pyrene
(Pyr), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene (DahA), benzo
[b]fluoracene (BbF), benzo[k]fluoracene (BkF), benzo[g,h,i]perylene
(BghiP), and indeno[1,2,3-cd]pyrene (IcdP) was obtained from
Supelco (Bellefonte, PA, USA) and used for external calibration. All
solvents (dichloromethane, acetone, and n-hexane) used during
the processing were HPLC grade (Tedia Co. Inc., USA). Analytical
grade anhydrous sodium sulfate was activated at 450 �C for 5 h to
remove impurities before use. Silica gel (100e200-mesh particle
size; Qingdao Haiyang Chemical Co. Inc., Shandong, China) was
extracted using acetone, dichloromethane, and n-hexane, and
activated for approximately 16 h at 130 �C.

PAHs extractionwas performed as described by Yim et al. (2014)
and Wang et al. (2015). Sediments were freeze-dried and then
sieved through an 80-mesh sieve. A 5 g surface sediment sample



Fig. 1. Map showing sediment-sampling sites in the Yangtze River Estuary and its adjacent coastal zone (YREMA: the Yangtze River Mud Area; ZMCMA: the Zhe-Min Coastal Mud
Area; SCC: Subei coastal current, YDW: Yangtze River diluted water, ZMCC: Zhe-Min coastal current, TWCC: Taiwan warm current).
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was Soxhlet-extracted using 100mL n-hexane/acetone (1:1 v/v) for
24 h, and 2 g activated copper was added for desulphurization. The
extracted solution was concentrated to 1e2 mL in a rotary evapo-
rator, and cleaned using a chromatography column (25 cm � 1 cm
internal diameter) with 5 g silica gel and 2 cm anhydrous sodium
sulfate. The concentrated solution was added to the column and
eluted with 50 mL n-hexane/dichloromethane (3:2 v/v). The eluate
containing the PAHs was vacuum-evaporated and solvent-
exchanged with n-hexane, and finally concentrated to 1 mL under
a gentle stream of nitrogen.

A Shimadzu QP2010 Ultra GC/MS equipped with a fused silica
capillary Rtx-5MS column (30 m � 0.25 mm internal diameter,
0.25 mm film thickness) was used to determine the concentration of
PAHs. Helium was used as carrier gas with a flow rate of
1.0 mL min�1. The GC temperature model was as follows: an initial
temperature of 80 �C was held for 2 min and increased at a rate of
20 �Cmin�1 to 180 �C and held for 5 min. Then, it was increased at a
rate of 10 �C min�1 to 290 �C and held for 15 min. The injection port
was set at 290 �C. Subsequently, 1 mL of the sample extract was
injected in the split-less mode. The interface and ion source tem-
peratures were maintained at 290 �C and 230 �C, respectively. The
ionizationwas carried out in the electron impact mode at 70 eV and
data was acquired using selective ion monitoring mode.

A procedural blank and amatrix-spiked samples consisting of all
the analytes were analyzed with every six-sample set. Duplicates
were run every 12 samples and samples were reanalyzed if the
difference exceeded by more than 15%. The AHs were quantified
using the external standard method effectively demonstrated by
Wang et al. (2015). Calibration curves based on sets of five standard
concentrations of 10 ng L�1, 50 ng L�1, 100 ng L�1, 250 ng L�1, and
500 ng L�1 were drawn. The standard curve was checked every day
using the reference standard to ensure satisfactory linear
regression coefficients (R2 > 0.999) for all PAHs tested. The average
recoveries of PAHs based on the matrix-spiked samples ranged
from 74.5% to 106.2%. Limit of detection was calculated as three
times the noise level of the blank sample (Wang et al., 2015) and
ranged between 0.16 ng g�1 to 0.77 ng g�1 for all the analytes.
2.3. Positive matrix factorization (PMF) for source apportionment

The PMF model is a powerful and widely useful factorization
method for source apportionment and does not need source profile
data (Zhang et al., 2012) in comparison to other receptor models
like chemical mass balancemodel. Themodel, developed in 1994, is
an advanced method of multivariate factor analysis based on
weighted least squares (Paatero and Tapper, 1994). The PMF is
particularly suitable for environmental data because it accounts for
variable uncertainties and constrains all values to be positive, as in
real environmental problems (Comero et al., 2014). Details of the
PMF model are described in EPA PMF 5.0 Fundamentals & User
Guide (US EPA, 2014). In principle, the PMF model can be described
by the following equation:

xij ¼
Xp
j¼1

gikfkj þ eij (1)

where, xij is the ith species concentration determined by the jth
sample; gik is the ith species concentration measured in the kth
source; fkj is the kth source contribution to the jth sample; and eij is
the error of the models for the species j measured in sample i
(Hopke, 2003). The model is obtained by minimizing the objective
function Q(E) through an iterative algorithm as shown in equation
(2).



C. Wang et al. / Chemosphere 162 (2016) 80e90 83
QðEÞ ¼
Xn
i¼1

Xm
j¼1

" 
xij �

Xp
k¼1

gikfkj

!,
sij

#2
(2)

where, Q(E) is the weighted sum of squares of differences between
the PMF output and the original data set (Lin et al., 2013); and sij is
the uncertainty in the jth PAH for ith sample (US EPA, 2014). Details
of sij can be found in literature (Lin et al., 2013; Yu et al., 2015).

Uncertainly file should be required in the model to estimate the
confidence level for each value, and all values of concentration and
uncertainly file should be positive. Therefore, the data below
detection limits was replaced with half part of detection limits. In
the present study, values of uncertainly matrix were calculated by
equation in the User Guide (US EPA, 2014).

2.4. Deposition flux

Deposition flux of PAHs in the surface sediments was estimated
to assess the extent of contamination and their potential toxicity as
a pollution source. The deposition flux was calculated using several
sediment properties and PAHs concentration, as shown in equation
(3).

Fdeposition ¼ A$CPAHs$r$u$ð1�∅Þ (3)

where, A is the area of a given region (km2), CPAHs is the measured
sedimentary PAHs concentration (ng g�1), r is the dry density of the
sediment samples (g cm�3), u is the sedimentation rate (cm a�1),
and ∅ is the sediment porosity (dimensionless). ∅ is a widely
measured value 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 r (Liu
et al., 2007). The Kriging interpolation method was used to obtain
the spatial distribution of u based on accurately dated values
collected in the study area (Su and Huh, 2002; Wang, 2003; Duan
et al., 2005; Zhang et al., 2009; Wang et al., 2013).

Grain-size analysis, as described by Liu et al. (2014), was con-
ducted. Briefly, the surface sediment samples were dispersed in
sodium metaphosphate for 24 h and vibrated in ultrasonic for 30 s
to ensure full dispersion. Samples were analyzed using a Malvern
2000 laser diffraction particle sizer with a measurement range of
0.02 mme2000 mm. Particle size parameters including mean, sort-
ing coefficient, and skewness were calculated using specific for-
mulas (Mcmanus, 1988).

3. Results and discussion

3.1. Spatial distribution and composition of PAHs in surface
sediments

The total concentration of the 16 PAHs (SPAHs) in the sediments
from the 77 sites varied from 26.6 ng g�1 to 621.6 ng g�1, with an
average value of 158.2 ng g�1. Weights of PAHs were expressed as
dry weight. A comparisonwith results from other studies is listed in
Table S1 (Supplement Material). In this study, PAHs concentration
was relatively high compared to the study by Lin et al. (2013) and
was relatively close to the results from Li et al. (2012) and Yu et al.
(2015). However, PAHs concentration in this study was low to
moderate compared to other large estuarine-coastal zones such as
Pearl River Estuary (Chen et al., 2006), Nile Estuary (Barakat et al.,
2011), Guan River Estuary (He et al., 2014), and Yellow River Estu-
ary (Qin et al., 2011) (Table S1). Themiddle and lower reaches of the
Yangtze River is near highly developed regions accounting for large
amounts of PAHs discharge into the estuary that could have been
diluted by large volumes of runoff and sediment loads (Lin et al.,
2013). Spatially, PAHs concentration presented a wide fluctuation,
and exhibited an increasing tendency from north to south (Fig. 2a
and Fig. 3a). The lowest and highest concentrations were located at
sites A58 and A20, respectively. To understand the trend in varia-
tion of PAHs from north to south in detail, we utilized ProfileGraph
technology in ArcGIS 10.0 to acquire the value of PAHs in profile 1
(Fig. 1c). Fig. 3a highlights the concentration gradient of PAHs from
north to south, which shows the concentration of PAHs in profile 1.
In addition, SPAHs tended to decrease with increasing distance
between the estuary and the sea, as demonstrated by Li et al.
(2012). This progressive decreasing trend has also been confirmed
in previous studies on terrigenous pollutants in the ECS, such as
heavy metals (Lin et al., 2002), short chain chlorinated paraffins
(Zeng et al., 2012), nonylphenol, and bisphenol A (Bian et al., 2010).
We also set a profile (profile 2) from the estuary to coastal ocean
(Fig. 1c) to explore the variation of PAHs. Obviously variation trend
of PAHs in Fig. 3b indicates that the PAHs were high in the estuary
and were lower away from estuary, and eventually become high
further in the coastal ocean. Detailed interpolations on the con-
centration fluctuations have added in the revised manuscript
(shown in Fig. 3a and b). Therefore, terrestrial pollutants dis-
charged through the Yangtze River are probably the primary
pollution sources in the YRE. Fig. 2a highlights that the distribution
pattern of sedimentary PAHs in our study area can be divided into
two partitions: the YRE and IACZ. The SPAHs in the YRE ranged
from 27.2 ng g�1 to 400.9 ng g�1, with an average value of
137.7 ng g�1, which is relative lower than the level of PAHs in the
IACZ (ranged from 27.3 ng g�1 to 621.6 ng g�1, with an average value
of 175.8 ng g�1). In addition, a similar trend was also found at the
aspect of grain-size which tended to be finer as we moved from
north to south (Fig. 3c). The YRE is an important shipping hub and
shipping activity frequently results in large oil spills that contribute
to relatively high levels of PAHs in this estuary. Fig. 2a shows that
PAHs accumulation was dominant in the south of IACZ and not in
the YRE. The distribution pattern of PAHs in this study was very
similar to previous results (Lin et al., 2013) that indicated that most
sediment-associated PAHs trapped in the YRE were re-suspended
by the East Asian winter monsoon storms and transported by the
southbound Zhe-Min Coastal Current (ZMCC) to the ZMCMA.

PAHs can be divided into two groups: low-molecular-weight
PAHs (LMW PAHs with 2e3 rings) and high-molecular-weight
PAHs (HMW PAHs with 4e6 rings), based on the number of ben-
zene rings. In this study, the concentration of LMW PAHs ranged
from 2.5 ng g�1 to 185 ng g�1, which accounting for 9.2%e69.6% of
SPAHs, with an average value of 37.7%. The concentration of HMW
PAHs was relatively high and ranged from 12.9 ng g�1 to
436.3 ng g�1, and accounted for 30.3%e89% of SPAHs, with an
average value of 62%. The concentration of HMW PAHs was rela-
tively higher than LMW PAHs in the study area, probably due to
their physicochemical properties. Previous studies have demon-
strated that HMW PAHs can exist for long periods in ambient
environmental conditions and are easily absorbed onto the surface
of fine particles (Lin et al., 2013; Li et al., 2015). Fig. 4 illustrates the
distribution patterns of LMW PAHs and HMW PAHs in the study
area. In general, LMW PAHs and HMW PAHs were mainly concen-
trated in the YRE and the south part of IACZ, and tended to decrease
with increasing distance between the estuary and IACZ. The
composition of PAHs in the YRE and IACZ exhibited significant
difference. In the YRE, the concentration of LMW PAHs ranged from
2.5 ng g�1 to 136.87 ng g�1 with an average value of 53.56 ng g�1,
and HMW PAHs ranged from 23.86 ng g�1 to 264.07 ng g�1 with an
average value of 83.83 ng g�1. In IACZ, the concentration of LMW
PAHs ranged from 8.3 ng g�1 to 185.3 ng g�1 with an average value



Fig. 2. Distribution patterns of SPAHs and grain-size in surface sediments of the YRE and IACZ.

Fig. 3. ProfileGraph value of PAHs and sediment grain-size in Sections 1 and 2.
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of 63.18 ng g�1, and HMW PAHs ranged from 12.9 ng g�1 to
436.28 ng g�1 with an average value of 112.4 ng g�1. Overall, the
concentration of HMW PAHs in IACZ was relatively higher than the
YRE, but the concentration of LMW PAHs in the YRE was similar to
IACZ.
Previous studies have demonstrated that petroleum mixtures
containing high level of LMW PAHs and HMW PAHs are generated
from high temperature combustion sources such as biomass
burning, fossil fuel combustion, and vehicles emissions (Yunker
et al., 2002). High level of LMW PAHs in the estuary may have



Fig. 4. Distribution patterns of HMW PAHs and LMW PAHs in the YRE and IACZ.
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also been caused by oil leaks due to shipping activity. The ratio of
LMW/HMW was used as an index to qualitatively interpret the
sources of PAHs, where a ratio higher than 1 indicated a petrogenic
source and the ratio lesser than 1 indicated a pyrogenic source (Li
et al., 2015). In the present study, the ratio of LMW/HMW at most
sites was lower than 1 (Fig. 5) indicating that pyrogenic sources
were dominant in the YRE. Therefore, anthropogenic activities may
be the main sources of sedimentary PAHs in the YRE and IACZ. The
middle and lower reaches of the Yangtze River are the most
Fig. 5. Variation of HMW/LMW
developed and populated regions hosting two of the five major
metropolitan areas: the Yangtze River Delta metropolitan area and
the metropolitan area in the middle reaches of the Yangtze River. In
2014, the region had over 320 million inhabitants and the Gross
Domestic Product (GDP) of these two metropolitan areas was 20
trillion CNY accounting for 31.4% of the national GDP (National
Bureau of Statistics of China, 2014). According to preliminary esti-
mations, about 9.3 � 103 t PAHs was emitted into the environment
by the provinces along the Yangtze River, which accounted to 36.6%
ratios from north to south.



Fig. 6. Source compositions of PAHs in four factors obtained using PMF model in the YRE and IACZ.
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of the national emissions (Huang and Zhang, 2015). There were
nearly 279 million motor vehicles, with nearly 172 million cars
(Traffic Management Bureau of The Public Security Ministry, 2015).
In addition, over 200 million cars were operational in 11 cities (i.e.
Beijing, Chengdu, Shenzheng, Shanghai, Chongqing, Tianjin, Suz-
hou, Zhengzhou, Hangzhou, Guangzhou, and Xi'an), and nearly half
of them were located in the Yangtze River Basin (Traffic
Management Bureau of The Public Security Ministry, 2015). Thus,
fossil fuel consumption and exhaust gas emissions were high.
3.2. Apportionment of PAHs' sources in surface sediments

As composition of PAHs from anthropogenic and natural sources
overlap, source apportionment of PAHs was executed with atten-
tion. PMF model was used in this study to identify the possible
sources of PAHs in the sediment samples from the YRE and IACZ.

A 77 � 16 dataset (77 samples and 16 PAH species) was intro-
duced into the EPA PMF 5.0 model to estimate the contributions of
various sources. A robust model was adopted to eliminate the effect
of individual extreme values, and DahA was excluded from the
matrix due to its low signal-to-noise (S/N) ratio. The PMF model
was executed with 3e6 factors, each individually initialized with
different starting points (Lin et al., 2013). The 4-factor solution had
a calculated value of Q at 782, and was closest to the theoretical
value of 860 (calculated by equationQ¼ i� j�p� (iþ j)) (Tian et al.,
2015; Shi et al., 2009, 2016). Therefore, four factors, each explaining
percentage contributions of various PAHs, were finally extracted
using the PMF model (Fig.6). Factor 1 accounted for 23.9% of the
total factor contribution was highly loaded by Phe, BkF, and BaA.
Phe and BkF are identified as good indicators of coal combustion
(Simcik et al., 1999; Sofowote et al., 2008). Factor 2 accounted for
23.6% of the total factor contribution and was loaded
predominantly by Nap and moderately by Flu and Phe. Nap has
previously been demonstrated as a possible proxy of petroleum
spill (Liu et al., 2009), stipulating that factor 2 may represent a
petrogenic source. Factor 3 contributed 11.5% of the total factor
contribution and was highly loaded by Acy and Ace. Acy, a LMW
PAHs, is considered as an important indicator of wood combustion
(Khalili et al., 1995). Factor 4 explained 40.9% of the total factor
contribution and was consistent with vehicle emissions indicating
a significant contribution from HMW PAHs such as BbF BaP, Chr,
IcdP, and BghiP. Previous studies have demonstrated that IcdP
mainly originates from diesel emissions (Simcik et al., 1999; Li et al.,
2003) and BghiP can be used as a tracer of gasoline emissions
(Simcik et al., 1999; Wang et al., 2009). Therefore, factor 4 was
selected to represent gasoline and diesel emissions that originated
from vehicle emissions and marine engines. PMF model was suc-
cessfully used in a previous study for quantitative source appor-
tionment of sedimentary PAHs in the YRE (Yu et al., 2015). Three
sources were successfully identified: gasoline and fossil fuel com-
bustion (source 1), coke plant emissions and biomass combustion
(source 2) and petrogenic sources (source 3), which were quite
similar to our study (Yu et al., 2015). Additionally, we successfully
identified coal combustion source and wood combustion source
increasing reliability of our results.
3.3. Assessment of fate and transport mechanisms of PAHs

3.3.1. Role of sediment grain-size on the distribution of PAHs
The granulometric composition of the sediments from the YRE

and IACZ are summarized in Fig. 2b. Distribution pattern of the
granulometric composition was coarse in the north of the YRE and
fine southward. Coarsest particles with grain size of 1.95 F were
located at site A48 and the finest particles with grain size of 7.6 F.



Fig. 7. Deposition patterns of sedimentary PAHs in YRE and IACZ.
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were located at site S7-4. The sediments in the north of the YRE
consisted largely of sand with a median grain size of 4.76 F, and the
sand content ranged from 8.6% to 100% with an average value of
46%. On the contrary, the sediments in the southern part mainly
comprised of mud components (silt and clay) and ranged from
77.2% to 100% with a mean value of 94.3%. In general, grain-size in
the study area displayed a decreasing trend from north to south,
which corresponded with the increasing trend of PAHs concen-
tration. Fig. 3 displays the PAHs concentration and grain-size of the
two sections, and helps us understand the variation in PAHs con-
centration and grain-size in the study area. The variation trend of
PAHs concentration and grain-size from north to south (Fig. 3a,c) is
more consistent, but the variation of granularity is more conspic-
uous. Fig. 3b,d depict the variation trend of PAHs concentration and
grain-size from estuary to the remote sea. Viewed as a whole, the
variation trend of these indexes was not consistent. However, we
find that the variation trend of PAHs concentration and grain-size
near the estuary are more consistent (shown in Fig. 3b,d; on the
left side of the red line). In the remote sea, the sediment grain-size
tended to be uniform and PAHs concentration was mainly
controlled by the regional marine dynamics. Linear regression was
carried out between sediment concentrations of SPAHs, individual
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PAHs, and mean grain size to further demonstrate our viewpoint.
However, the results of linear regression showed that the rela-
tionship between SPAHs and individual PAHs did not exhibit sig-
nificant correction with mean grain size (not shown here). This
result seems to indicate that there was no relationship between
PAHs content and sediment grain size, and was in contradiction to
the above conclusion. Nevertheless, we think that factors that in-
fluence PAHs concentration in the YRE and IACZ are complicated,
and were not controlled only by the sediment grain-size. In addi-
tion, hydrodynamics, organic contents, partition coefficients and so
on, may also influence the fate of PAHs and contribute to low cor-
relation between PAHs content and the sediment grain size.

3.3.2. Role of hydrodynamic forcing on the PAHs dispersal and
preservation

Fig. 1c depicts the complex hydrodynamic conditions that con-
trol distribution patterns of the sediments and associated PAHs in
our study area, including the Yangtze Diluted Water (YDW) or the
Yangtze River runoff, Subei Coastal Current, ZMCC, and TWWC (Liu
et al., 2007; Gao and Wang, 2008). Previous studies have demon-
strated that the sediments and associated PAHs are highly
concentrated in the YRE and the inner shelf of the ECS, owing to the
hydrodynamic conditions in this area (Lin et al., 2013; Yu et al.,
2015). During flood season (May to October), more than 80% of
the mean annual sediments of the Yangtze River was discharged
into the YRE (Guo et al., 2007) with YDW, which lead to the dif-
ference between short and long-term deposition rates (~4 cmmo�1

in the flood season and ~1e5 cm a�1 in the long-term) (Liu et al.,
2006). Therefore, a large amount of the river-derived sediment is
eroded seasonally and is transported southward along the coastal
area of Zhejiang and Fujian Provinces (Liu et al., 2006) and forms
alongshore deposits which are named as ZMCMA (Fig. 1b). Mean-
while, large amounts of PAHs bound to the sediment were also
discharged into the YRE and eventually deposited in the underlying
sediment. Therefore, the YRE is a deposition center of PAHs. How-
ever, YDW was very strong and could reach 200 km from the river
mouth (Gao et al., 2000) in the flood season, which may have
diluted the water mass in this area and lead to the decreasing trend
of PAHs from the river mouth to the IACZ (Gao andWang, 2008; Lin
et al., 2013) (Figs. 2a and 3b). Meanwhile, the southeast monsoon
prevalent in the summer in this area, which intensifies the north-
ward TWWC and weakens the southward ZMCC (Liu et al., 2007;
Lee and Chao, 2003). The variation of the TWWC and ZMCC leads
to trapping of the river-derived sediments in the YRE and formation
of a mud area in this region, which is another reason why a
deposition center forms near the YRE. But the deposition near the
YRE is a short-term process which changes in the winter, as the
ZMCC intensifies in the winter and carries the sediments deposited
near the YRE southward along the inner shelf. Therefore, a large
amount of fine sediments are re-suspended and transported
southward and forms the ZMCMA, which will also transports a
major portion of the associated PAHs into the ZMCMA. The results
of our study showed that the PAHs concentration was relative high
in the mud area of the YRE and IACZ, which is consistent with the
distribution pattern of fine sediments controlled by the hydrody-
namic conditions.

3.4. Deposition flux of PAHs

Deposition flux of PAHs was calcuated in this study using the
Map Algebra technology with ArcGIS 10.2 (Fig. 7). The total depo-
sition flux of PAHs calculated for approximately 50 000 km2 in the
YRE and IACZ was about 107.8 t a�1. The annual flux of PAHs dis-
charged into the YRE through Yangtze River was more than 369 t
(Qi et al., 2014). Therefore, the deposition flux of PAHs in our study
area accounted for about 29.2% of the total annual flux of the PAHs
discharged into ECS. Deposition flux of the mud areas in the
Yangtze estuarine-inner shelf (include the YREMA and ZMCMA;
about 80,000 km2) was estimated to be 152 t a�1 (Lin et al., 2013).
Therefore, the deposition flux of PAHs in our study area accounted
for about 70.9% of Lin et al. (2013) as our study area was smaller.
Our study area is located at the YRE and the north part of ZMCMA
(Fig. 1b,c) but Lin's study area occupied most of the mud area (Lin
et al., 2013). Previous studies have demonstrated that about 32%
of the sediment was transported from the Yangtze River and
accumulated in the ZMCMA (DeMaster et al., 1985; Liu et al., 2007),
implying that about 32% of the sedimentary PAHs are transported
and accumulated in the ZMCMA. Thus, about 32% of the PAHs
calculated by Lin et al. (2013), nearly 48.6 t of PAHs were deposited
in the south part of the ZMCMA. So, the deposition flux in the YRE
and the north part of ZMCMAwas about 103.4 t, which is consistent
with our result. A comparisonwith other continental shelves in the
world is presented in Table S2. The deposition flux of PAHs in the
study area is much higher than the Southern Bohai Sea, the Yellow
Sea, and the Mediterranean Sea.

4. Conclusions

In the present study, sources and distribution patterns of 16
priority PAHs in surface sediments from the YRE and IACZ were
investigated, and the influenced factors (i.e. granularity effect and
hydrodynamics) were also discussed. The total concentration of
PAHs ranged from 27.2 ng g�1 to 621.6 ng g�1 with an average value
of 160.1 ng g�1. Spatially, the distribution pattern of PAHs exhibited
an increasing trend from north to south, and tended to decrease
with increasing distance between the estuary and the IACZ. The
result of PMF model showed that coal combustion, petrogenic
source, wood combustion and traffic source are the four sources of
PAHs in surface sediments from the YRE and IACZ. The distribution
patterns of PAHs were consistent with sediment grain-size. In
addition, marine dynamics in the study area are very complicated,
which controlled the distribution patterns of sediments and asso-
ciated PAHs. Overall, the distribution patterns of PAHs in the study
area were influenced by several factors such as sediment grain-size
and marine dynamics. The results of this study advance the un-
derstanding of the intensive economic activities to the coastal en-
vironments, and provide useful information to the PAHs
management in the YRE and IACZ.
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