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Deposition fluxes and fate of polycyclic aromatic hydrocarbons
in the Yangtze River estuarine-inner shelf in the East China Sea

Tian Lin,1 Limin Hu,2 Zhigang Guo,1,3 Gan Zhang,4 and Zuosheng Yang3
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[1] Surface sediments were obtained from a matrix of 76 sample sites in the inner
shelf mud belts of the East China Sea (ECS) for a comprehensive study of the distribution,
composition, deposition flux, and fate of polycyclic aromatic hydrocarbons (PAHs).
The sampling sites covered an area of ~80,000 km2 extending ~1000 km from the mouth of
the Yangtze River to the Min River in the inner shelf. The total deposition flux of the
16 USEPA priority PAHs (16 PAHs) of the Yangtze estuarine-inner shelf was estimated
to be 152 t/yr, accounting for ~38% of the total annual input of the 16 PAHs into
the ECS. This indicates that the Yangtze estuarine-inner shelf is one of the largest
sinks of land-based PAHs in the world. Principal component analysis indicated that the
16 PAHs in the northern Yangtze estuarine mud area were mostly phenanthrene
while shifting to high-molecular-weight PAHs in the southern Min-Zhe coastal mud
area. The positive matrix factorization model revealed that the deposition flux of
low-molecular-weight (LMW) PAHs decreased from north to south, most likely due to the
mass transfer between the resuspended sediments triggered by the East Asian monsoon
and the water columns, as the resuspended sediments are transported southward.
This release of LMW PAHs from the sediments to the water columns could become
an important secondary PAH source in ECS.

Citation: Lin,T., L.Hu,Z.Guo,G.Zhang, andZ.Yang (2013),Deposition fluxes and fate of polycyclic aromatic hydrocarbons
in theYangtzeRiver estuarine-inner shelf in theEastChina Sea,Global Biogeochem.Cycles, 27, 77–87, doi:10.1029/2012GB004317.

1. Introduction

[2] Polycyclic aromatic hydrocarbons (PAHs) are toxic and
carcinogenic and are ubiquitous in the environment. They are
mainly released from the incomplete combustion of fossil fuels,
municipal wastes, and biomass [Yunker et al., 2002], the spills
of petroleum-derived products, and the diagenesis of organic
matter in the anoxic environment [Lima et al., 2005;Berrojalbiz
et al., 2011]. In the estuarine-coastal environment, river
discharge, surface runoff, and the sedimentary process are more
influential on the distribution and behavior of persistent organic
pollutants, including PAHs, than atmospheric deposition
[Greenfield and Davis, 2005; Hu et al., 2011; Lin et al.,
2011]. There have been several studies focusing on the fate of
atmospherically deposited PAHs and the factors that influence
the distribution and composition of the PAHs in coastal areas

[Arzayus et al., 2001; Tsapakis et al., 2003, 2006]; however,
fluxes, transport, and fate of PAHs in large river-influenced
seas, such as the East China Sea (ECS), remain scarcely
documented. It is estimated that the annual flux of the 16
USEPA priority PAHs (16 PAHs) from the Yangtze River to
the sea was 232 t, significantly higher than the Yellow River
(70.5 t) in north China and the Pearl River (33.9 t) in south
China [Wang et al., 2007].
[3] The ECS is a marginal sea greatly influenced by the

Yangtze (Figure 1). As the fifth largest river in water
discharge and the fourth largest in sediment discharge in the
world (Table S1), the Yangtze is one of the largest
contributors of terrestrial sediments to the western Pacific shore
[Wang et al., 2011]. The drainage basin of the Yangtze is
~1.94� 106 km2, accounting for ~20% of the area of the
Chinese mainland with 400 million inhabitants [Yang et al.,
2006; Bianchi and Allison, 2009; Chu et al., 2009]. The total
annual average in sediment discharge by several other major
local rivers (including the Qiantang River, Ou River, and Min
River) amounts to only ~4% of the Yangtze’s annual sediment
load [Liu et al., 2007; Chu et al., 2009].
[4] The discharged sediments and associated pollutants

are mostly trapped in the Yangtze River Estuary (YRE)
and the inner shelf of ECS, owing to the net effects of the
shear forces of the coastal currents [Milliman et al., 1985;
Liu et al., 2006, 2007; Bianchi and Allison, 2009] (Figure 1).
In the June–October flood season, the Yangtze discharges
~87% of its mean annual sediments [Guo et al., 2007], while
the northward Zhejiang-Fujian coastal current (ZFCC) is weak
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and the Taiwan Warm Current (TWWC) is strong due to the
prevailing southeast monsoon. This leads to the accumulation
of the Yangtze-derived sediments in the subaqueous delta and
estuarine system, forming the YRE mud area (YREMA) [Guo
et al., 2007; Liu et al., 2006, 2007]. In winter, strong wind-
induced waves readily resuspend the newly deposited sedi-
ments in YREMA. The resuspended fine particles are trans-
ported southward along the inner shelf by the southward
ZFCC driven by the East Asian monsoon and are constrained
to the inner shelf of ECS owing to the obstruction of the
northward-flowing strong TWWC, thus forming the Min-Zhe
coastal mud area (MZCMA), an elongated mud wedge 40–60 m
under the water extending ~1000 km from the Yangtze mouth

to the Taiwan Strait [Liu et al., 2006, 2007]. Approximately
40% of the Yangtze-derived sediments is deposited in the
YRE north of 30oN, while 32% is believed to be accumulated
in the MZCMA [DeMaster et al., 1985; Liu et al., 2007].
[5] When the sediments initially deposited in YREMA are

resuspended by the winter East Asian monsoon, and the
PAHs associated with the sediments may be mass trans-
ferred to the water columns according to their respective
solubility, while the particles are transported and eventually
redeposited, resulting in a redistribution of the PAHs along
the inner shelf of ECS in both phases. Therefore, the
Yangtze estuarine-inner shelf is a scientifically unique and
ideal site to study and estimate the land-sea PAH deposition
flux, and to examine the role of hydrodynamic sedimentary
processes on the partitioning and fate of PAHs in the
sediments.

2. Materials and Methods

2.1. Sampling

[6] The sampling sites are shown in Figure 1. Most sam-
ples were collected from the mud areas. Surface sediment
samples (0–3 cm) were collected using a stainless steel box
corer during two cruises in 2006 and 2007. Sediment
samples wrapped in aluminum foil were stored at –20�C
until analysis.

2.2. Analysis of PAHs, Total Organic Carbon (TOC),
and Sediment Grain Size

[7] The PAH analysis procedure and QA/QC followed
that described by Lin et al. [2011]. The 16 PAHs measured
were naphthalene (NAP), acenaphthylene (AC), acenaphthene
(ACE), fluorine (FL), phenanthrene (PHE), anthracene
(ANT), fluoranthene (FLU), pyrene (PYR), benz[a]anthracene
(BaA), chrysene (CHR), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP),
indeno[1,2,3-cd]pyrene (IP), dibenz[a,h]anthracene
(DBA), and benzo[ghi]perylene (BghiP). The average
surrogate recoveries were 71.5� 11.2% for NAP-d8,
70.0� 9.8% for ACE-d10, 86.2� 12.3% for PHE-d10,
and 90.1� 10.5% for perylene-d12, respectively. Nomi-
nal detection limits for the individual PAH ranged from
0.2 to 2.0 ng/g (dry weight) for 10 g of sediments. In
this study, all compounds were detected with the detec-
tion frequencies of close or equal to 100% for the
measured samples, except AC (65%) and DBA (81%)
(see Table S2). The relative precision of paired dupli-
cated samples was below 15% (n = 8), and the targeted
compounds were not detected in procedural blank
(n = 8).
[8] The analytical methods of TOC and sediment grain

size were according to Hu et al. [2009]. Replicate analysis
of one sample (n = 8) gave a precision of �0.02wt% for
TOC. For the sediment grain size, the relative error of the
duplicate samples was less than 3% (n = 6). The particle
sizes were >63 mm for sand, 4–63 mm for silt, and <4 mm
for clay.

2.3. Principal Component Analysis (PCA) and Positive
Matrix Factorization (PMF)

[9] Before the analysis, undetectable values (null values)
were replaced by one half of the method detection limit.

Figure 1. Map of sampling sites in YREMA and
MZCMA. KC, Kuroshio current; TWC, Tsushima warm
current; YSCC, Yellow Sea coastal current; YSWC, Yellow
Sea warm current. Circulation system and mud areas (in
light gray) are after Liu et al. [2007].
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Un-normalized concentrations of the 16 PAHs of the 76
sediment samples were used in the PCA analysis. SPSS
(SPSS Inc., Chicago, Ill.) was applied to extract the principal
components (PCs) based on the correlation matrix. The PCs
were that eigenvalues >1 were considered to be factors for
further discussion.
[10] PMF is a PCA-based receptor model with non-negative

constrains that involves the solution of quantitative source
apportionment equations by oblique solutions in a reduced
dimensional space. Detailed concept and application of PMF
source apportionment are described in the EPA PMF 3.0
Fundamentals & User Guide (www.epa.gov/heasd/products/
pmf). In principle, the PMF model is based on the following
equation:

Xij ¼
Xp
k¼1

Aik Fkjþ Rij (1)

where Xij is the concentration of the jth congener in the ith
sample of the original data set, Aik is the contribution of
the kth factor to the ith sample, Fkj is the fraction of the
kth factor arising from congener j, and Rij is the residual
between the measured Xij and the estimated Xij using p
principal components.

Q ¼
Xn
i¼1

Xm
j¼1

Xij�Xp
k¼1

Aik Fkj

Sij

� �2

(2)

where Q is the weighted sum of squares of differences
between the PMF output and the original data set. One
of the objectives of PMF analysis is to minimize the
Q value. Sij is the uncertainty of the jth congener in the
ith sample of the original data set containing m congeners
and n samples.
[11] Uncertainty file should be provided in the model as an

estimate of the confidence level for each value. In this study,
an uncertainty of 20% was adopted based on the results from
regularly analyzing the standard reference material [Mai
et al., 2001]. PMF modeling was performed with 3 to 6
factors each individually initialized with different starting
points. The 3-factor solution produced a Q value of 4348,
very close to the theoretical value of 4556. Using three
factors, the fit between the modeled and the measured concen-
trations yielded R2 = 0.69–0.92. Although lower Q values
could be obtained with 4 to 6 factors, adding more factors
resulted in no substantial improvement in the ability to inter-
pret the factor profiles. The 3-factor model was thus deter-
mined to be adequate in this study.

3. Results and Discussion

3.1. Sediment Grain Size and TOC

[12] The sediments in the inner shelf of ECS consisted
largely of silt and clay with a median grain size of 6.87 Ф
(Table S3). The silt and clay contents were 16–83 and
8–36%, respectively, and the average mud (sum of the two)

Figure 2. Correlations of TOC contents and median diameters (Ф) (a), silt + clay proportions (b) and silt
proportions (c) and latitudinal distribution of TOC (d) in the sediments of the Yangtze estuarine-inner
shelf of ECS.
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content was 89� 18%. There was a slight increasing trend of
the mud constituent along the coast southward from the YRE
(Figure 2). TOC in YREMA ranged from 0.17 to 0.70% (dry
weight) of the sediments and the mean was 0.42� 0.15%,
lower than the 0.66� 0.08% in MZCMA. The TOC distribu-
tion also showed an increasing trend from the north to the
south (Figure 2). There was a good positive correlation be-
tween TOC and the median grain size (r2 = 0.60; n = 76) or
mud constituents (r2 = 0.61; n = 76) (Figure 2), indicating that
the TOC content could be mainly dependent on the sediment
grain size [Zhu et al., 2011].

3.2. Distribution and Compositions of PAHs

[13] The total concentration of the 16 PAHs in the sedi-
ments varied from 38 to 308 ng/g (dry weight), with a mean
of 118 ng/g (Figure 3 and Table S2). Comparing to other
large estuarine-coastal systems, the PAH concentration levels
in YREMA (38–308 ng/g) and MZCMA (42–244 ng/g) were
slightly lower than the Pearl River Delta (138–1100ng/g) [Chen
et al., 2006], the Bay of Bengal (25–1081 ng/g) [Guzzella et al.,
2005], and the Nile Estuary (3.49–2010ng/g) [Barakat et al.,
2011], but they were comparable to the Mississippi River
Delta [Mitra and Bianchi, 2003] and higher than the Yellow
River Estuary [Qin et al., 2011]. This is not surprising,

because the middle and lower reaches of the Yangtze are
one of the most developed and populated regions of
China. Spatially, in the stretch between the YRE and the
south of Hangzhou Bay, PAHs were high at 190–308 ng/g.
The lowest concentrations were north of the YRE at
<70 ng/g (Figure 3). Modern YRE is the main accumulation
area of the Yangtze-derived sediments, therefore high PAHs
is to be expected; however, this was not the case, possibly
due to the large accumulation of fluvial terrigenous sedi-
ments, which dilutes the pollutants in YREMA. PAH con-
centrations in north MZCMA were significantly higher than
those in the south. This is in contrast to the spatial variation
of the sediment grain sizes or TOC contents, suggesting that
sediment sorting during deposition and TOC could not have
played an important role in controlling the distribution of
PAHs in this area.
[14] The 16 PAHs are generally grouped according to their

source characteristics into 2 + 3 ring, 4 ring, and 5 + 6 ring
for discussion. In Figure 3, high 2 + 3 ring PAH concentra-
tions (31–171 ng/g, mean 89 ng/g) were observed in
YREMA and northern MZCMA (29 ~ 30oN), constituting
42–83% (mean 60� 13%; n = 33) of the total 16 PAHs,
while in the middle and southern MZCMA (south to
29oN), it was below 100 ng/g (45 ng/g mean) and 20–65%

Figure 3. Distribution of concentrations of (a) 16 PAHs, (b) 2 + 3 ring PAHs, (c) 4-ring PAHs, and
(d) 5 + 6 ring PAHs in the sediments of the Yangtze estuarine-inner shelf of ECS.
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of the total 16 PAHs (mean 40� 12%; n = 43). In contrast,
high levels of the 5 + 6 ring PAHs were observed in the mid-
dle and southern MZCMA, and they also had higher propor-
tions (17–64%; mean 37� 11%; n = 43) than those of
YREMA and northern MZCMA (3–31%; mean 19� 9%;
n=33) (Figure 3). These results revealed a marked composi-
tion variation in 16 PAHs along the ECS inner shelf from
YREMA to MZCMA (Figure 3). In general, 2 + 3 ring PAHs
(low-molecular-weight (LMW) PAHs) are mainly from petro-
genic sources, while the high-temperature pyrogenic process
generates mainly 4–6-ring PAHs (high-molecular-weight
(HMW) PAHs) [Soclo et al., 2000; Mai et al., 2003]. In this
study, high ratios of LMW to HMW PAHs (>2) were found
in most samples from YREMA, suggesting a significant con-
tribution from petrogenic sources.

3.3. Deposition Flux of PAHs

[15] The mass inventories of the PAHs were estimated
according to Tolosa et al. [1996], Chen et al. [2006], and Lin
et al. [2009]. The study area was divided into 76 homogeneous
sectors, with the sampling sites located in the center of their
respective sectors. The mass inventory (I) was calculated
according to the following equation:

I ¼
X76
i¼1

CiAidpi (3)

where Ci is the PAH concentration in the sediment sample,
Ai is the water surface area (see supporting information), d is
the recommended sediment dry density of 1.2 g/cm3 for this
area according to Liu et al. [2007], and pi is sedimentary rate
for each sample site after DeMaster et al. [1985], Huh and
Su [1999], and Liu et al. [2006, 2007] (Figure S1). The total
deposition flux estimated for the approximately 80,000km2

of the mud areas in the Yangtze estuarine-inner shelf was
152 t/yr. Qin et al. [2011] estimated the deposition flux of
the 16 PAHs in the southern Bohai Sea to be 36 t/yr
(43,000km2). Chen et al. [2006] estimated that 40 t/yr of
PAHs were deposited in 23,000km2 around the Pearl River
Estuary and northern South China Sea. The deposition flux of
land-based PAHs in the Yangtze estuarine-inner shelf of ECS
(152 t/yr) is much higher than other continental shelves around
the world, such as the Gulf of Mexico and Mediterranean Sea
(Table 1). This is likely caused by the huge drainage basin of
the Yangtze, which supports the livelihood of 400 million peo-
ple. It is unmatched by any other rivers in China, and perhaps in
the world.

[16] Wang et al. [2007] reported that the flux of 16 PAHs
from the Yangtze into ECS is 232 t/yr, and it is only 11 t/yr
from the Qiantang (Figure 4). Besides riverine runoff, atmo-
spheric deposition is another of the important PAH inputs of
the oceans. The atmospheric deposition flux of PAHs can be
roughly estimated. Deng et al. [2006] estimated the deposi-
tion flux of dusts of the Yangtze Delta coast in 2000–2003
to be 11.1 g/m2 yr, and the background 16 PAH concentra-
tion of these dusts was reported by Ren et al. [2006] to be
~20 mg/g. Thus, the annual atmospheric deposition of the
16 PAHs is ~150 t/yr for the entire ECS, an area of
700,000 km2 (Figure 4), suggesting that ~38% of the total
annual input to ECS ended up in the sediments of the
Yangtze estuarine-inner shelf mud areas. More importantly,
the deposition flux of 16 PAHs was observed to decrease
from YREMA southward to MZCMA, suggesting that the
Yangtze was the predominant PAH input.

3.4. Fate of PAHs

3.4.1. Correlation Between PAHs and TOC
[17] Because of their relative low solubility and hydrophobic

nature, PAHs usually correlate well with TOC in sediments and
this relationship has been used to determine the fate of PAHs in
the environment [Wang et al., 2001; Boonyatumanond et al.,
2006]. In this study, however, the correlation between PAHs
and TOC varied, even though the latter correlated well with
sediment grain size, as shown in Figure 2. For example, in
YREMA and MZCMA, the correlation between the LMW
PAHs and TOC was poor, while for the HMW PAHs and
TOC, it was good only in YREMA, but very poor in MZCMA
(Figure 5). This was also observed in other estuarine-coastal
environments. Mai et al. [2003] reported that this is frequently
observed in the estuarine-coastal sediments where the PAH
and TOC sources are heterogeneous, andCai et al. [2008] noted
this is to be expected in an environment where there is a contin-
uous and extensive PAH input.
[18] One of the factors influencing the relationship

between PAHs and TOC is the source characteristics. In
our case, PAHs are multiple-sourced with the main origins
from the exhausts of combustion processes in the drainage
area, as well as the huge and continuous output from the
Yangtze, while planktonic organic matter in the inner shelf
is also an important TOC contributor besides terrestrial input
from the Yangtze [Zhu et al., 2011]. On top of this, the
resuspension of the surface sediments triggered by the East
Asian monsoon is strong. During this process, both concen-
trations and composition of TOC and PAHs will signifi-
cantly change in the individual nature [McGroddy et al.,
1995; Chiou et al., 1998; Rockne et al., 2002; Cornelissen
et al., 2005]. The LMW PAHs (relatively less hydrophobic)
is still readily depleted from those fine particles during
extensive physical disturbance [Mitra et al., 1999]. This
suggests that the dynamics of the waters in our study area
is complicated and the various controlling factors could
and would impact the equilibrium between the PAHs and
TOC in the water and the sediments along the transport path.
3.4.2. Compositional Variations of PAHs Revealed by
PCA and PMF
[19] The composition of the PAHs in marine sediments is

dependent on many factors, such as physiochemical proper-
ties, source characteristics, and environmental conditions. In

Table 1. Annual Deposition Flux of the 16 PAHs in the Yangtze
Estuarine-Inner Shelf of ECS and Other Estuarine/Coastal Areas
in the World

Area Deposition
Locations (km2) Flux (t/yr) References

Southern Bohai Sea 43,000 36.6 Qin et al. [2011]
Yellow Sea 70,000 15 Our unpublished data
Pearl River Estuary and the
northern South China Sea

23,000 40 Chen et al. [2006]

Northwestern Mediterranean 280,000 60 Tolosa et al. [1996]
Mediterranean Sea 850,000 182 Lipiatou et al. [1997]
The Gulf of Mexico 1600,000 3.4� 1.1* Mitra and Bianchi, 2003
The inner shelf of ECS 80,000 152 This study

*BghiP
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the majority of the studies, evaluation of the spatial variation
of PAH composition was based mainly on the aromatic ring
numbers (e.g., 2 + 3 ring, 4 ring, and 5 + 6 ring). In this work,
we introduced PMF as a novel method to give more objective
classification to study the factors that influence the spatial
variation, composition, and fate of PAHs.
[20] PCA identified the first three PCs based on factor

loadings, which accounted for 91% of the total variance.
PC1, explaining 50% of the total variance, is heavily
weighted by PHE, which is attributable to petrogenic
origins. PC2, contributing 25% of the total variance, has
significant positive loadings of HMW PAHs. PC3, which
explains 11% of the total variance, is mainly NAP, FL,
and PHE. The PCA score plot reflected a gradient of
decreasing PHE compositions from YREMA to the enrich-
ment of HMW PAHs in MZCMA (Figure 6).
[21] PCA can only provide qualitative information about

the contribution of the various factors to the PAHs data;
however, to obtain the contribution of every sample, the
PMF modeling is required. A 3-factor solution was also
adopted for the PMF analysis similar to the PCA model.
The factor profiles of the 3-factor solution of PMF and
PCA are in Figure 7. PMF and PCA gave similar loadings
for the same factors with similar compound profiles
(Figure 7). Factor 1 is dominated by PHE, which is believed
to be related to crude oil or refined petroleum releases and
their degradation products, suggesting petrogenic sources
in river runoff [Zakaria et al., 2002;Mai et al., 2003]. Factor
2 is predominately HMW PAHs because of their low solu-
bility [Lipiatou et al., 1993; Dachs et al., 1996; Tsapakis
et al., 2003]. Factor 3 is heavily weighted on LMW PAHs
and moderately on the 4-ring PAHs, and it overlaps consid-
erably factor 1, which contains mostly LMW, semivolatile
PAHs. Figure 8 shows the PMF-based concentrations and
contribution variations of the three factors of the data set.
Factor 1, explaining 49% of the measured PAHs, is a major
contributor of the PAHs in YREMA. There is a clear
decreasing contribution of factor 1 from the YRE to the

southern MZCMA (Figure 8). In contrast, factor 2, explain-
ing 29% of the measured PAHs, is opposite to factor 1 in
trend. Factor 3, accounting for 21% of the measured PAHs,
is similar to factor 1’s trend.
3.4.3. Partitioning and Fate of PAHs
[22] The 16 PAH deposition fluxes calculated based on

PMF factor 1 concentrations were 48 t/yr for YREMA and
22 t/yr for MZCMA (Figure 8b and Tables S4 and S5).
The sedimentation rate at YREMA is much higher and thus
is more rapid than MZCMA [DeMaster et al., 1985; Huh
and Su, 1999; Liu et al., 2006] (Figure S1), suggesting that
this process would retain more of LMW PAHs in the bottom
sediments in YREMA. Most sediment-associated PAHs in
the summer are trapped in YREMA due to the blocking
effect of the northbound TWWC and ZFCC, and they are
resuspended by the winter East Asian monsoon storms,
and are transported by the southbound ZFCC to MZCMA
[Guo et al., 2007; Liu et al., 2006, 2007]. LMW PAHs have
aqueous solubility over 1.0 and their octanol-water partition
coefficients (log Kow) range from 3.37 to 4.57, which are
orders of magnitude different from HMW PAHs [Mackay
et al., 1992]. In comparison, the LMW PAHs in the parti-
cles, owing to their relatively high water solubility and low
Kow values, are more readily released into the water column
than HMW PAHs [Chiou et al., 1998; Latimer et al., 1999;
Mitra et al., 1999; Berrojalbiz et al., 2011]. Feng et al.
[2007] found that the LMW PAHs from resuspended fine
particles are rapidly released into the overlying water.
Therefore, the source characteristics (with relatively high
proportion of LMW PAHs, 42–83% with an average of
66%) in YREMA, and the properties of LMW PAHs them-
selves (low Kow and high water solubility) could induce a
depletion of LMW PAHs during resuspension and transport
from the north to the south triggered by the East Asian
monsoon.
[23] In contrast, the 16 PAH deposition fluxes identified

by factor 2 were similar for YREMA (17 t/yr) and
MZCMA (21 t/yr) (Figure 8c and Tables S4 and S5).

Figure 4. General fluxes of 16 PAHs in the Yangtze estuarine-inner shelf of ECS (the down-welling,
upwelling and coastal clinoform mud were redrawn from Liu et al. [2006]; data of F1 and F2 is from
Wang et al. [2007]).
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Figure 5. Correlations of TOC with 16 PAHs, 2 + 3 ring PAHs, 4-ring PAHs, and 5 + 6 ring PAHs in
sediments of YREMA and MZCMA.
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Factor 2 is characterized by HMW PAHs, mostly in the
particulate phase. They are less degradable in the water
column, and are thus more effectively transported and
eventually incorporated into the sediments [Dachs et al.,
1996; Berrojalbiz et al., 2011; Lin et al., 2011]. This sug-
gests that the HMW PAHs were enriched during transport
and redeposition. Although the HMW PAH composition
along the transport path varied much less than that of
the LMW PAHs, variations still existed in the HMW PAH
molecular diagnostic ratio pairs. Generally, the ratio of
BaA/(BaA+Chr) is reported to be <0.2 for petrogenic
source and >0.35 for pyrogenic source, while between 0.2
and 0.35 for a mixed source of petroleum and combustion
origins; Flu/(Flu +Pyr) <0.4, 0.4� 0.5, and >0.5 and IP/
(IP+BghiP) <0.2, 0.2� 0.5, and >0.5 indicate PAHs from
petrogenic origin, liquid fossil fuel combustion, and coal/
wood combustion, respectively [Yunker et al., 2002]. As

shown in Figure 9, the ratios of FLU/(FLU+PYR), BaA/
(BaA+CHR), and IP/(IP +BghiP) decreased from YREMA
to MZCMA, and the decrease was more pronounced in
BaA/(BaA+CHR) and FLU/(FLU+PYR). Two explanations
can be offered for this change: 1) a source shift from pyro-
genic to petrogenic along the transport path and 2) the more
degradation of selected congeners during the transport. PYR
has been reported to be more persistent than FLU in the en-
vironment [Yu et al., 2005], and Zhang et al. [2005] found
that BaA/(BaA+CHR) and IP/(IP+BghiP) gradually de-
creased from soil to sediments, suggesting faster degradation
of BaA and IP than CHR and BghiP. With no obvious ad-
ditional sources along the transport path, the second explana-
tion is the more acceptable one. Furthermore, the more
significant decreases of FLU/(FLU+PYR) and BaA/(BaA+
CHR) suggest that the compositions of the 4-ring PAHs
are more susceptible to changes during transport than the

Figure 6. Factor scores (a) and factor loadings (b) of the PCA model of the 16 PAHs from 76 sediment
samples in the Yangtze estuarine-inner shelf of ECS.

Figure 7. Factor profiles (PC loadings) obtained from the PMF and PCA analysis of PAH concentrations
in sediments of the Yangtze estuarine-inner shelf of ECS.
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6-ring ones, most likely due to the molecular weights, thus
not related to the sources.
[24] For factor 3, the PMF estimated flux was higher in

YREMA (23 t/yr) than MZCMA (17 t/yr) similar to factor 1
(Figure 8d and Tables S4 and S5), but factor 3 had higher load-
ings of NAP and FL. Factor 3 also suggested that there was a
loss of NAP and FL during the resuspension and transport of
the sediments.
[25] Another angle to substantiate the loss of LMW PAHs,

such as NAP, FL, and PHE, is to estimate the relative fluxes
of these compounds. Assuming that factors 1 and 3 (mainly
consisted of LMW PAHs) PAHs behaved similarly during
resuspension and transport and were as stable as those of factor
2 (HMW PAHs), the total deposition flux of the factor 1 and 3
PAH compounds in MZCMA would be ~88 t/yr by assuming
the deposition flux ratio of (factor 1 + factor 3)/factor 2 is
“constant” as in YREMA. However, this factor 1 and 3 PAH

deposition flux was actually only ~39 t/yr. Therefore, the loss
of LMW PAHs (mainly NAP, FL, and PHE) during transport
would be 49 t/yr. Considering that the deposited PAHs in the
coastal ECS mud areas are mainly from the Yangtze, and the
sediments and the associated PAHs in MZCMA are
dominantly from the resuspended YREMA sediments, this
estimation looks reasonable based on the uncertainties in the
assumptions. This supports that the LMW PAHs released by
the resuspension and transport of the bottom sediments driven
by the winter East Asian monsoon could be an important sec-
ondary PAH source of the water in ECS. Furthermore, because
of the relatively high solubility of these LMW compounds, the
PAHs selectively depleted are more readily retained in the
water columns and can therefore be efficiently uptaken by
aquatic organisms, or even released to atmosphere [Arzayus
et al., 2001; Tsapakis et al., 2006; Berrojalbiz et al., 2011],
suggesting that these depleted PAHs may also have

Figure 8. Stacked histograms showing the variations of contribution concentration of factors 1, 2,
and 3 (a) and flux of 16 PAHs contributed by factors 1 (b), 2 (c), and 3 (d) in sediments estimated
by the PMF model.
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implications to the organic contaminant cycle and biogeo-
chemical effect on the ecosystems in ECS.

4. Conclusions

[26] The 16 PAH data of the 76 surface sediment samples
in two mud areas of the ECS inner shelf allowed the estima-
tion of the total deposition flux of these PAHs to be 152 t/yr,
representing ~38% of the total annual input of the PAHs into
the ECS. The ECS inner shelf is the largest reservoir of
land-based PAHs in the East Asian marginal seas.
[27] Correlation between HMW PAHs and TOC shifted

from good in YREMA to poor in MZCMA, suggesting that
the equilibrium between PAHs and TOC in MCZMA has
not been reached, probably due to the different sorption/

desorption ability during the resuspension and transport
of the sediments.
[28] ECS is much influenced by ocean currents and

waves induced by the East Asian monsoon, which, in turn,
play important roles in the resuspension and transport of
the sediments at the YRE. These conditions, together with
the difference in the physical and chemical properties of
the PAHs and the sediments, caused the partitioning of these
compounds (i.e., the selective depletion of LMW PAHs
and the enrichment of HMW PAHs from the north of
the inner shelf to the south), as observed in the PCA and
PMF analyses.
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