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• ΣPAH16 concentrations were higher in
northern regions than in southern regions.
• LMW PAHs were primarily in the air,
while MMW PAHs were dominant in
other compartments.
• Soil acted as the sink, and the net ﬂux of
ΣPAH16 was normally from air to soil.
• PAHs in vegetation mainly originated
from the air.
• The probability of signiﬁcant ELCR by air
inhalation and soil ingestion was low.
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a b s t r a c t
Emissions of polycyclic aromatic hydrocarbons (PAHs) in China remain at a high level compared to those in developed countries. The Yangtze River Delta (YRD) is an economic and industrial center in China with an extremely large population. The potentially high emissions and excess cancer risk from human exposure in this
region cannot be neglected. This study applied a multimedia model to estimate the concentrations of 16 US
EPA priority PAHs in the environment in the YRD with a well-developed PAH-emission inventory for 2014.
The model predicted that the average concentrations of ΣPAHs were 274 ng/m3 in the air, 255 ng/g in the soil,
15 ng/g in vegetation, 147 ng/L in freshwater and 144 ng/g in sediment, as well as 99 ng/L and 80 ng/g in seawater
and sediment, respectively. Soil is the PAH sink in this region, and the net ﬂux of the total PAHs is always from air
to soil for each isomer. A deterministic assessment observed that the ELCR (excess lifetime cancer risk) ranged
from 2.5 × 10−6 to 3.0 × 10−5 for exposure by air inhalation and from 3.5 × 10−7 to 7.9 × 10−6 for exposure
by soil ingestion. The probabilistic results did not ﬁnd any probability of ELCR N10−4 by exposure via soil ingestion in the YRD. The probabilistic ELCR induced by inhalation exposure varied from 8.1 × 10−7 to 3.1 × 10−4 in the
YRD. This study provided a comprehensive overview of PAHs occurrence in natural environments and of the relevant human health risks. The information presented in this study could help authorities to enact a strategy regarding emission reduction and pollution control relevant to PAHs.
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Capsule: Multimedia modeling predicted distributions and compositions of PAHs in different environmental
compartments, and deterministic and probabilistic ELCRs induced by air inhalation and soil ingestion were
also provided.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a type of carcinogens that come from the incomplete combustion of organic items
and exist ubiquitously in the general and occupational environments
(Kamal et al., 2015; Shen et al., 2013). Over 100 PAHs may be present
in the environment as a mixture, and 16 of them are prioritized by
the US EPA according to such factors as their toxicity, potential exposure, and carcinogenicity to human and animals (ATSDR, 2005;
Mumtaz et al., 1996). Animal studies and epidemiological evidence
have shown an association between exposure to PAHs and excesses
of lung, bladder and skin cancers, especially for heavier PAHs
(Armstrong et al., 2004; Boffetta et al., 1997; Mastrangelo et al.,
1996). Ambient particulate PAHs are found to be linked to heritable
mutations in mice (Somers et al., 2004; Somers et al., 2002). Several
researchers have found that somatic mutation in human newborns is
linked to transplacental exposure to PAHs (Perera et al., 2002). The
extensive presence of PAHs possibly leads to frequent contact and
a heavy exposure might increase the substantial risk of cancer
(Boffetta et al., 1997). Therefore, it is essential to investigate PAH
exposure levels and assess the relevant health risks by potential exposure via corresponding exposure routes.
The Yangtze River Delta (YRD) is an important economic and industrial center in China with an extremely high population density.
Currently, the emission of PAHs in this area still remains high due
to the demand of energy from fossil fuel combustion, such as motor
vehicle emissions and biomass burning in rural areas (Shen et al.,
2011; Shen et al., 2013; Zhang et al., 2009). Knowledge of the occurrence and environmental fate of PAHs in this region is vital for understanding the potential human health risks induced by exposure
to PAHs. The concentrations of PAHs in soil, surface water and sediment in the YRD have been determined individually by different research groups for distinct objectives (Cai et al., 2017; Sun et al.,
2017a; P. Wang et al., 2017; M.H. Wu et al., 2017; Zhang et al.,
2014; Zhuo et al., 2017). However, these monitoring campaigns
only focus on a single compartment or system, and the targeted
area is very limited; thus, the entire region cannot be covered. A
comprehensive and systematic understanding is required of PAH
concentrations in multiple environmental compartments and of the
partitioning and transport at the interface of those compartments.
In addition, a large number of monitoring campaigns have concentrated on several large cities, such as Shanghai and Nanjing (Kang
et al., 2017; Kong et al., 2015; Li et al., 2016; Liu et al., 2017; Zhuo
et al., 2017). Multimedia models have been applied to predicting
PAH concentrations in different areas in China, such as the Pearl
River Delta, Bohai Bay, Hangzhou, Tianjin and some river or lake systems (Lang et al., 2009; Liu et al., 2014; Tao et al., 2003; Wang et al.,
2012; Xu et al., 2013), while such models have not yet been applied
to the YRD as a whole. Besides, a data gap exists for large regions in
this area.
Many studies have estimated the excess cancer risk attributed to
PAH exposure via different exposure routes in China. Zhang et al. estimated the lung cancer risk by inhalation exposure in China with predicted PAH concentrations (Zhang et al., 2009). Shen et al. conducted
a more intensive estimation of the lung cancer risk globally accounting
for individual susceptibility (Shen et al., 2014). However, these analyses
are not reﬁned for the YRD. The excess lifetime cancer risk (ELCR) by
PAH exposure via soil ingestion has been assessed using measured

concentrations in soil for the YRD (Cai et al., 2017). A more reﬁned estimation of ELCR, induced through multiple exposure pathways focusing
on the YRD, is essential to provide an extensive risk assessment for this
area.
This study has applied a multimedia model to comprehensively
estimate the concentration, spatial distribution, and environmental
fate of the 16 PAHs in the YRD. Previous studies have applied the
model nationally in China to a broad range of chemicals, including
benzo[a]pyrene, and performed well (Zhu et al., 2018; Zhu et al.,
2014; Zhu et al., 2015). The model has also been validated in this
study on the YRD. The composition and partitioning of PAHs at
steady state have been discussed to reveal the potential reservoir
of PAHs in the environment. With predicted concentrations in air
and soil, the ELCRs induced by PAH exposure through both air inhalation and soil ingestion have been estimated, respectively. A deterministic assessment has been conducted to show the distribution
of the ELCRs. To account for the uncertainty of vital parameters,
probabilistic assessment has been performed to investigate the
probability of ELCR in the YRD. The results could reﬂect the complete
information on PAH occurrence and storage in this area. The estimated ELCRs could offer a reference for authorities to formulate a
strategy on emission reduction and pollution control.
2. Methods and materials
2.1. Study area and chemicals
The YRD covers Shanghai, Zhejiang and Jiangsu provinces in
China and contributes N21% of China's GDP (NBSC, 2015). Agriculture
and industry are highly developed in this region. The YRD is also one
of the regions with the densest population (approx. 156 million) in
China (CNSTATS, 2016). Approximately 4.6 million vehicles make
emissions from transportation exhaust one of the major sources of
PAHs in this region (NBSC, 2015). Burning fuel for heating and
cooking is also an important source of PAHs, especially in rural
areas. The target region of this study is located in the area between
29.0° and 32.61° N and between 118.33° and 122.83° E (Fig. 1),
which is the core area of the YRD. The 16 US EPA priority PAHs
were modeled in this study. The PAHs include naphthalene (NAP),
acenaphthylene (ACY), acenaphthene (ACE), ﬂuorene (FLO), phenanthrene (PHE), anthracene (ANT), ﬂuoranthene (FLA), pyrene
(PYR), benzo[a]anthracene (BaA), chrysene (CHR), benzo[b]ﬂuoranthene (BbF), benzo[k]ﬂuoranthene (BkF), benzo[a]pyrene (BaP),
indeno[123cd]pyrene (IcdP), dibenzo[ah]anthracene (DahA), and
benzo[ghi]perylene (BghiP).
2.2. Model conﬁguration and validation
SESAMe v3.3 (Sino Evaluative Simplebox-MAMI Model), a steadystate multimedia concentration model, was applied to the selected region of the YRD regionally (Zhu et al., 2016; Zhu et al., 2015). The
model was developed to predict the concentration of chemicals in the
air, freshwater and sediment, seawater and sediment, vegetation and
soils across China with a spatial resolution of 50 km (see Fig. 1). The spatial resolution of the adopted model had to compromise on the coarsest
resolution of available environmental parameters compiled for the
model, which was the surface water ﬂow rate across China. The model
may not capture the hotspots due to the resolution compared with
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Fig. 1. Target region of this study in the Yangtze River Delta and the grid (50 km) of SESAMe v3.3 model covering the target region.

models, such as the atmospheric or hydrological models. However, multimedia models usually have a grid size between 104 and 106 km2 with a
cell length N 10 km, considering residence time (Lee et al., 2007;
Mackay, 2001). Therefore, the grid size in this study is reasonable.
The structure of this model has already been introduced in detail in a
previous study (Zhu et al., 2015). In short, the grid cells are independent
and similar in structure to models, such as CHEMFRANCE (Devillers
et al., 1995) and ChemCan (Mackay and Paterson, 1990). In contrast to
those two models, for SESAMe v3.3, each 50-km grid cell (R scale in
Fig. S1 in Supplementary Data) was surrounded by eight adjacent 50km grid cells (C scale in Fig. S1). The mass exchange of PAHs between
the individual 50-km grid cell (R scale) and the surrounding C scale region was taken into account in the model such that the effect of the
input from and the output to the surrounding region for each 50-km
grid cell was considered with such a structure. Compared with other
multimedia models, such as the two models mentioned above,
Berkeley-Trent (BETR) and SO-MUM (Csiszar et al., 2013; MacLeod
et al., 2011), agricultural irrigation by surface water was additionally
considered in this model. This makes the environmental process more
complete in the model. The surface water used for irrigation within an
individual grid cell was assumed to be withdrawn from the same cell locally. In addition, the SESAMe v3.3 model was developed especially for
China with corresponding environmental parameters imbedded. It has
a higher resolution than the BETR global model and can cover a larger
scale than SO-MUM, which is more proper for the target region. The environmental parameters were collected or estimated across China for
the model and later projected to ﬁt the national 50-km grid in the previous study (Zhu et al., 2015). In this study, the environmental parameters for the YRD were extracted from the national datasets. The values
(range, mean, and median) of the 16 environmental parameters for

the YRD as input to the model are listed in Table 1. The default values
of other environmental parameters are summarized in Table S1. The
physicochemical parameters of the 16 PAHs are tabulated in Table S2,
which include molecular weight (MW), vapor pressure and water solubility at 25 °C, lgKow (octanol-water partitioning coefﬁcient), degradation rates in air, soil, surface water and sediment, respectively.
The emission of the 16 PAHs used as input to the model was from a
well-developed emission dataset for 2014 in a previous study (Shen
et al., 2013). In the study by Shen et al. (2013), 69 major sources of
the 16 PAHs were taken into account, and the spatial resolution was
projected to 0.1°. The total emission of the 16 PAHs was estimated to
be nearly 47 tons in the target region based on their study. The estimated predominant source was industrial emission with a contribution
of approximately 67.5%, and the residential and trafﬁc emissions were
estimated to be approximately 18.4% and 11.6%, respectively. The rest
was derived from power plants and from agricultural and natural
sources (Shen et al., 2013). The inventories were complete, and the resolution was sufﬁciently ﬁne for this study. The SESAMe model has been
validated in previous studies on BaP and on several personal care product ingredients at the national scale and performed well (Zhu et al.,
2016; Zhu et al., 2015). The model was validated regionally for the
YRD on all 16 PAHs in this study. The measurements of the 16 PAHs
from a previous monitoring campaign on surface soil in the YRD in
2014 were used to validate the model for soil compartment. The measurements cover 243 sampling sites in 11 cities in the YRD (Cai et al.,
2017), as plotted in Fig. S2. As there was limited monitoring data for
2014 for other environmental compartments, the measurements sampled between 2012 and 2016 were collected from the literature for air,
vegetation, freshwater sediment and seawater sediment for model validation; for freshwater compartment, the measurements were collated,
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Table 1
Sixteen environmental variables for 50 × 50 km2 grid representing the target area in the
YRD.
No. Variables
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Unit

Range

Mean

Median

Area of nature soila
Area of agriculture soila
Area of urban soila
Area of fresh watera
Area of sea water
Temperatureb
Wind speedc
Precipitationb
(continuous)
Surface water depthd,e
Fraction of runofff
Soil water erosion rateg

km2
km2
km2
km2
km2
°C
m/s
m/year

1.1–2329
156–2215
5.8–1029
0–1906
0–2144
13.9–17.2
2.2–5.0
0.94–1.8

840
1118
196
124
222
15.8
3.1
1.3

474
1079
128
35
0
15.7
3.0
1.2

m
–i
m/s

0–23
0.2–0.34
0–3.9 × 10−11

Fraction of soil organic
carbonf
Surface water inﬂowd
Surface water outﬂowd
Soil densityf
Volume fraction of
aerosol in airh

–

7.7 × 10−3–0.049

4.5
0.29
5.8 ×
10−12
0.031

3
0.29
3.9 ×
10−12
0.033

m3/s
m3/s
kg/L
–

0–2.90 × 104
0–2.91 × 104
1.2–1.4
1.8 × 10−11–2.5 ×
10−9

3996
4081
1.34
2.6 ×
10−10

49
58
1.33
1.9 ×
10−10

a

http://www.geodata.cn.
http://www.worldclim.org (Hijmans et al., 2005).
c
http://www7.ncdc.noaa.gov, the interpolation method was used to generate the map
using the long-term average gauging values from the website.
d
Surface water inﬂow, outﬂow and depth were from or calculated based on the surface
water discharge map from Mick J. Whelan (Gandolﬁ et al., 1999; Whelan et al., 1999).
e
Surface water depth was calculated from the surface water discharge (Allen et al.,
1994; Schulze et al., 2005).
f
http://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-database/.
g
From research by Doetterl et al. (2012).
h
This was calculated by interpolating the PM10 contents in Beijing (Zhou et al., 2005) to
the country scale based on China's population in 2010 (http://www.ornl.gov/sci/
landscan/).
i
Dimensionless.
b

with the sampling year being backtracked until 2009. The distributions
of the measurements are depicted in Fig. S3.
2.3. Human health risk assessment
The PAH exposure pathways comprise inhalation, ingestion (soil and
diet ingestion) and dermal contact (ATSDR, 2009). This study estimated
the ELCR induced by inhalation and soil ingestion exposure using the direct output of the concentrations by the SESAMe v3.3 model. Inhalation
exposure to environment ambient PAHs is of public concern (Zmirou
et al., 2000). Dietary exposure is probably the major PAH exposure
route for non-smokers' non-occupational settings (Skupinska et al.,
2004). However, the composition of the Chinese food basket is complicated and regionally diverse. The typical cooking methods in China, such
as frying, may generate PAHs to varying degrees. Further surveys and
investigations on such information would be required to complete the
dietary exposure for this region, but this is not undertaken in this
study. Dermal contact is considered to be minimal in nonoccupational settings (Li, 2007); thus, it was not investigated in this
study.
The predicted PAH concentrations in air and soil were used to estimate the ELCR attributed to exposure to the 16 PAHs through inhalation
and soil ingestion, respectively. Generally, for soil ingestion, an ELCR
b 10−6 is considered negligible, and an ELCR N 10−4 requires remediation (USEPA, 2016). An ELCR between 10−6 and 10−4 is acceptable, although case-based investigation is necessary (Williams et al., 2013).
The toxicity equivalency factor (TEF) approach was applied to the risk
assessment by exposure to the mixture of the 16 PAHs (Delistraty,
1997). The estimated concentrations of individual PAHs were converted
to BaPeq concentration (BaP equivalent concentration) by the product of
PAH concentration and TEF. A relatively complete review of the TEFs of
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the 16 PAHs was conducted in a previous study (Sun et al., 2017b). A
compilation of the TEFs is tabulated in Table S3. The ELCRs by the exposure through inhalation (ELCRinhal) and soil ingestion (ELCRinge) attributed to the 16 PAHs were both estimated by using the equation
below, with two sets of parameters for inhalation and soil ingestion, respectively.

ELCR ¼

X C eq;i  IRa  EF a  EDa
BW a  AT

 SF  ADAF a

ð1Þ

where i represents the ith isomer of PAHs and a represents age interval.
Ceq, i is the BaPeq concentration of the ith isomer in air (mg/m3) or in soil
(mg/kg). IRa indicates inhalation rates (m3/day) or ingestion rates (kg/
day). EFa (days/year) indicates the exposure frequency during individual age intervals. EDa (years) is the exposure duration during individual
age intervals. Additionally, SF and ADAFa refer to the cancer slope factor
kg (body weight)·day/mg and age-dependent adjustment factors (−).
BWa (kg) and AT (days) indicate body weight at different age intervals
and average lifetime, respectively.
Two types of risk assessments were conducted in this study: deterministic and probabilistic risk assessments (MHHC, 2010). For the deterministic risk assessment, the values of single ‘point estimate’ were
applied to obtain a speciﬁc point estimate of risk. In this study, the average life expectancy was assumed to be 70 years for the Chinese population; therefore, AT was 25,550 days. EF was assumed to be 350 days/
year, and EDa was equal to the year duration of each age interval.
USEPA recommended an ADAF of 10 for 0–2-year-old, 3 for 2–16year-old, and 1 for 16–70-year-old populations to take account of susceptibility of exposure during the early life stage (USEPA, 2005). In addition, 400 mg/day was adopted as the soil ingestion rate for ages
0–13 as the reasonable maximum estimate for a conservative assessment, and 100 mg/day was used for ages 13–70 (Williams et al.,
2013). The US EPA suggested lower outdoor soil and dust ingestion
rates, and 200 mg/day is already the upper percentile for the general
population (USEPA, 2011b). However, it is possible that Chinese residents in rural areas have higher soil ingestion rates for both children
and adults as a result of an incomplete infrastructure, i.e., the potentially
poorer hygienic conditions and social services in rural areas in China.
More detailed inhalation rates were recommended by the US EPA for
different age intervals, as listed in Table S4 (the mean values in the
table) (USEPA, 2011a). In this study, 2.9 kg·day/mg and 3.9 kg·day/
mg were applied as the oral slope factor and the inhalation slope factor
for BaP (OEHHA, 2010). The TEF values recommended in the ‘Technical
Guidance of National Soil Pollution Assessment’ were used in the deterministic assessment to calculate the Ceq of individual PAHs, which were
called ‘moderate TEFs’ (see Table S3).
To account for the uncertainty of the major parameters of the ELCR
estimates, probabilistic assessment was conducted by Monte Carlo simulation with 10,000 runs, which was applied on the loosely coupled calculation of SESAMe v3.3 and Eq. (1). Monte Carlo simulation was ﬁrst
applied on the prediction of PAH concentrations by SESAMe v3.3. The
values of the environmental parameters and the emission vectors of
the 16 PAHs were randomly taken from the current datasets of environmental parameters and emissions for the YRD introduced above. The
predicted probabilistic concentrations of the 16 PAHs were input to
Eq. (1) for the estimate of probabilistic ELCR. The body weights and inhalation rates were assumed to be normal distribution, and the soil ingestion rates were assumed to be lognormal distribution for the
simulation. The mean and STD (standard deviation) of the three parameters for generating the random values for each age interval are shown
in Table S4. The STD of the inhalation rates was assumed to be 30% of the
mean values (Escher et al., 2011). The mean and STD of body weights
and soil ingestion rates referred to the compilation by Williams et al.
(2013). Monte Carlo simulation was conducted with Eq. (1) three
times with the maximum, minimum and moderate TEFs in Table S3 to
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obtain the upper and lower limits of the probabilistic ELCR and a moderate scenario.
3. Results and discussion
3.1. Predicted total concentrations of PAHs and model evaluation
The total atmospheric emission of the 16 PAHs is approximately
5195 tons in the target region in 2014. The spatial distribution of the
total PAH emission is shown in Fig. S4 (Shen et al., 2013). Based on
the emission, the predicted ΣPAH16 concentrations range is
24–1099 ng/g (mean, 255 ng/g, and the same as below) in soil,
56–629 ng/m3 (274 ng/m3) in air, 1.2–67 ng/g (15 ng/g) in vegetation,
2.9–1204 ng/L (147 ng/L) in surface water, 5.1–763 ng/g (144 ng/g) in
surface water sediment, 9.9–505 ng/L (100 ng/L) in seawater, and
12–303 ng/g (80 ng/g) in seawater sediment. Generally, the ΣPAH16
concentration is estimated to be higher in the cities in Jiangsu province,
especially in Shanghai, than that in Zhejiang province in the target region (see Fig. 2). Such a spatial pattern is more signiﬁcant for air and
soil than for surface water and sediment. The spatial distribution pattern
of the estimated ΣPAH16 concentrations in air, soil and vegetation
matches that of the emission (Figs. S4–S5) because the concentration
in air is directly affected by the atmospheric emission and the chemical
deposition from the air is a vital source of PAHs in soil. In addition, the
PAHs in vegetation are mainly from air deposition and the intake from
soil. The higher emission in Jiangsu Province and Shanghai is related

to their higher economic development (Shen et al., 2013). A signiﬁcant
spatial correlation of ΣPAH16 concentrations is observed for freshwater
and freshwater sediment. However, this contrasts to the spatial patterns
of the ΣPAH16 concentration in air and soil, as illustrated in Fig. 2, due to
the inﬂuence of environmental conditions, such as the discharge ﬂow
rate (Zhu et al., 2014). For example, the grid cells in Suzhou and Nantong (the city north to Suzhou) have higher estimated ΣPAH16 concentrations in air and soil than those in other regions but lower
concentrations in freshwater and sediment than those in other regions.
This ﬁnding is probably a result of signiﬁcant dilution by the high discharge ﬂow rate of the Yangtze River, which runs through this region.
Fig. 3 presents the point-to-point comparison of the model predictions and the measurements. Generally, the model performs well. It is
observed that the prediction matches the measurement of ΣPAH16 concentrations the best in soil out of all environmental compartments
(Fig. 3A). The model slightly underestimated the soil concentration of
several low-molecular-weight (LMW, 2–3 rings) PAHs but performs
well on heavier PAHs (Fig. S6). For the other compartments, to the
best of the authors' knowledge, there have been no reported monitoring
data with systematic sampling sites extensively distributed in the target
region around 2014. The measured air concentrations are limited in the
literature and the monitoring campaigns were usually concentrated in
only a small number of places and were conducted by different research
groups. These limits lead to a disadvantage for the model evaluation for
these compartments. Therefore, the measured concentrations of ΣPAHs
and individual isomers were compiled together for comparison with the

Fig. 2. Spatial distribution of ΣPAH16 concentrations in air, soil, freshwater and sediment in the YRD.
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Fig. 3. Point-to-point comparisons of predicted and measured concentrations in different environmental compartments. A and B, only ΣPAH16 concentrations were compared; C and D,
ΣPAH16 or individual PAH concentrations were compared.

predictions for freshwater and air in Fig. 3C–D. The air concentration
might be slightly overestimated by this model for individual PAHs,
and ΣPAH16 concentrations in the freshwater sediment might be
slightly underestimated. For PAH concentrations in freshwater, the
model performed better on sites with higher concentrations than on
those with lower concentrations. The model might underestimate the
concentration for the sites in the circle in Fig. 3C. For vegetation, one
study on an industrial area was found for this region with a sampling
year of approximately 2014 (J. Wang et al., 2017). The measured

ΣPAH16 concentrations in vegetables are 1–2 orders of magnitude
higher than the prediction in the present study.
The good performance of the model on the soil compartment is
probably attributed to the complete monitoring data for soil available
for 2014 and the evenly distributed sampling sites compared with the
other compartments. Therefore, the limited ﬁeld data for the other compartments might inﬂuence the model evaluation. The absence of gas
scavenging by precipitation in the model is possibly a reason of the
overestimation of PAHs in air and the underestimation of the LMW

Fig. 4. Exchange ﬂux at the air-soil interface. A. The annual deposition rate of particulate ΣPAH16 from air to soil; and B. The annual net ﬂux of gaseous ACY from soil to air. The negative
values indicate that the net ﬂux is from air to soil for regions in pink.
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PAHs in soil, as the LMW PAHs are more likely to distribute in the gaseous phase. The historical accumulation of PAHs in sediments should
contribute to the measured concentration; however, the initial concentration was set to be 0 in this model. This possibly leads to the slight underestimation in freshwater sediments. However, the discrepancy
between the prediction and the measurement is within 1–2 orders of
magnitude for all of the compartments. This is acceptable for this type
of model, and the model performance is better than similar models,
such as IMPACT2002, EVn-BETR, and Simplebox 3.0 (Armitage et al.,
2007).
3.2. Partitioning of PAHs between different compartments and the mass exchange at the interface
3.2.1. Air-soil mass exchange
To understand the transportation of PAHs between environmental
compartments and the contribution of different processes, the mass
ﬂux of PAHs in environmental processes was estimated by the model.
The estimated annual ﬂux of the deposition (inclusive of wet and dry
deposition) ranges from 0.25 to 16 mg/m2/year, with an average of
3.5 mg/m2/year accounting for all the 16 PAHs in this region in 2014.
The dominant composition is the heavier PAHs, as explained above.
The geographic distribution is shown in Fig. 4A. The north of the target
area has a higher deposition ﬂux, which matches the spatial distribution
pattern of the emissions. The estimated ﬂux of agricultural irrigation is
only approximately 41 μg/m2/year on average with a range of 0.91 to
362 μg/m2/year. The estimated gaseous ΣPAHs adsorption to soil is
only at a level of ng/m2/year, and the dominant composition is LMW
PAHs. Therefore, deposition is the main source of PAHs for soil if
there is no industrial leakage into the soil and a vital process for removing PAHs from the air (Lang et al., 2007; Hu et al., 2013). Furthermore, soil can also act as the source of gaseous PAHs. In this study,
the dominant direction of gaseous PAHs is estimated to be from soil
to air for all of the individual isomers, except for NAP, ACY, ACE and
FLO. This ﬁnding is observed because the four LMW isomers partition
more in the gas phase in air than the other isomers, as mentioned
above, which leads to a higher ﬂux from the gas phase in air to soil.
Fig. 4B illustrates that the net ﬂux of ACY is from air to soil in the
pink regions, for example. However, when taking the deposition
into account, the net ﬂux of total PAHs (sum of the particulate and
gas phases) is always from air to soil for individual isomers in this region. This ﬁnding differs from those of several other studies, which
indicate that soil could act as the source of lighter-weight PAHs
(Cousins and Jones, 1998; Wang et al., 2011). This is possibly because
the modeling approach in those studies did not consider the continuous emission of PAHs in the system.
3.2.2. Mass exchange at the interfaces of other compartments
The average estimated annual ﬂux of the particulate-PAH deposition
from air to water is approximately 3.6 mg/m2/year. This is slightly
higher than the annual ﬂux from air to soil because the PAH deposition
to soil is not intercepted by vegetation. The estimated ﬂuxes of gaseous
ΣPAHs adsorbed by freshwater from air range from 0.74 to 7.6 μg/m2/
year (mean, 3.4 μg/m2/year), and those volatilized from freshwater to
air range from 1.5 to 2591 μg/m2/year (177 μg/m2/year). The net ﬂux
of gaseous PAHs is mainly from water to air, except for several regions
at the estuary of the Yangtze River (Fig. S7). The estimated net ﬂuxes
of ΣPAHs range from 0.068 to 10 mg/m 2/year with an average of
1.9 mg/m2/year and are from water to sediment across the area.
The mass exchange of the particulate PAHs between water and sediment is predominant compared to that of the dissolved PAHs. The
ﬂuxes of particulate-PAH sedimentation range from 0.24 to
36 mg/m2/year (mean, 6.8 mg/m2/year) and the resuspension
from 0.17 to 25 mg/m2/year (4.7 mg/m 2 /year). The ﬂuxes of
adsorption of dissolved PAHs from water to sediment range from
1.2 to 978 μg/m2 /year (115 μg/m2 /year) and desorption from

sediment to water from 0.37 to 2293 μg/m2/year (228 μg/m2/year).
The predominant species that are transported at the interface of
freshwater and sediment are MMW and HMW PAHs for both particulate and dissolved PAHs.
The model predicted that the PAHs in vegetation are mainly from air
and mostly derive from the deposition, which will remain outside,
rather than inside, the vegetation. This matches the conclusion by previous studies (Kipopoulou et al., 1999; Krauss et al., 2005; Lehndorff and
Schwark, 2004; Simonich and Hites, 1994). The ΣPAHs ﬂuxes of deposition to vegetation range from 2.8 to 183 μg/m2/year with an average of
41 μg/m2/year. The predominant composition is MMW and HMW
PAHs. The ﬂuxes of adsorption range from 0.21 to 2.0 μg/m2/year
(mean, 0.95 μg/m2/year). The ﬂuxes of uptake from soil range from
0.01 to 5.5 ng/m2/year (0.5 ng/m2/year). The ﬂuxes of ΣPAHs volatilizing
from vegetation to air range from 9.5 to 166 ng/m2/year (57 ng/m2/year).
The littering process leads to the transport of PAHs from vegetation to
soil, which are estimated to be from 0.7 to 41 μg/m2/year with an average
of 9.3 μg/m2/year.
The removal rate of PAHs in the system was estimated. In addition to
degradation in all compartments, burial in sediments, leaching process
in soils and harvest of agricultural vegetation were considered. The average removal rate of ∑PAHs was estimated to be 1.1 × 104 g/h in air,
20.9 g/h in freshwater, 30.2 g/h in freshwater sediment, 262 g/h in
soil, 8.0 g/h in vegetation, 191 g/h in seawater and 99 g/h in seawater
sediment across all 50 km grid cells.
3.2.3. Partitioning of PAHs in environmental compartments
The model estimates that approximately 94% of the ΣPAH16 mass
distributes in soil at steady state in the YRD, which is mainly composed of MMW and HMW PAHs. Therefore, soil may act as the sink
for heavier-weight PAHs, which is consistent with the ﬁndings of
other studies (Cousins and Jones, 1998; Li et al., 2006; Yuan et al.,
2015). Over 96% of NAP, ACY, and ACE remain in air at steady state
after being emitted atmospherically. The mass proportion in air is
ca. 88% for FLO and over 50% for PHE and ANT individually at steady
state. Tang et al. (2006) also estimated that over 50% of 2-ring PAHs
remained in air at steady state. For the other ten PAHs, over 92% of
the individual isomers are estimated to distribute in soil at steady
state because the ten PAHs prefer to adhere to particles, rather
than remaining in the gaseous phase in air due to the higher lgKoa
(octanol-air partitioning coefﬁcient) compared to the lower-MW
PAHs. In addition, deposition is the major transport pathway of
PAHs from air to soil and the main source of PAHs in the soil compartment, especially for the PAHs with higher MW, as estimated
above. The model estimated that on average over 50% of CHR, BkF,
BaP, IcdP, DahA, and BghiP adhere to atmospheric particles individually at steady states in this area. The proportion reaches almost 100%
for DahA and IcdP. The proportion of BaA adhering to atmospheric
particles is estimated to be ca. 21% in this area on average. For BbF,
PYR, and FLA, the proportions are over 2%. In addition, for the other
LMW PAHs, the proportions are below 0.2%. The estimated proportion of PAHs that adhere to particles increases with the growing
MW, which is consistent with the conclusion obtained based on
measurements in several other studies (Lohmann et al., 2000;
Wang et al., 2013; Z. Wu et al., 2017).
3.3. Compositional proﬁles of PAHs
On average, the LMW PAHs are estimated to be dominant in air with
a percentage of approximately 75.3% (206 ng/m3) of the ΣPAH16
(Fig. 5A) in this region. The middle-molecular-weight (MMW, 4 rings)
PAHs account for approximately 23% (63 ng/m3) in air. NAP accounts
for 28% of ΣPAHs followed by FLA, PHE (both 15%), and PYR (14%) in
air. In the other compartments, MMW PAHs are estimated to be dominant among all of the PAHs with the percentage of approximately
66.4% (98 ng/L) of ΣPAHs in freshwater, 61.0% in soil (156 ng/g),
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Fig. 5. Composition of LMW, MMW and HMW PAHs in different environmental compartments (A), and the composition of PAHs in freshwater across the grid in the YRD (B). NAP,
naphthalene; ACY, acenaphthylene; ACE, acenaphthene; FLO, ﬂuorene; PHE, phenanthrene; ANT, anthracene; FLA, ﬂuoranthene; PYR, pyrene; BaA, benzo[a]anthracene; CHR,
chrysene; BbF, benzo[b]ﬂuoranthene; BkF, benzo[k]ﬂuoranthene; BaP, benzo[a]pyrene; IcdP, indeno[123cd]pyrene; DahA, dibenzo[ah]anthracene; BghiP, benzo[ghi]perylene.

56.4% (81 ng/g) in freshwater sediment, and 72.5% (72 ng/L) and
61.9% (49 ng/g) in seawater and sediment in the coastal region. The
percentage of high-molecular-weight (HMW, more than four rings)
PAHs ranges from 12.5% to 38.9% in different compartments, except
air. The HMW PAHs only account for 1.7% of ∑PAHs in air. Such a
composition pattern is similar with that obtained by Tang et al.

(2006). This is mainly caused by the emission and distinct physicochemical properties of LMW, MMW and HMW PAHs. The average
emission is composed of approximately 91.7% LMW PAHs, 6.5%
MMW PAHs and 1.8% HMW in this region (Shen et al., 2013). As explained above, heavier PAHs are more likely to adhere to particles
and, therefore, transported from air to the other compartments by
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D

Fig. 6. Distribution of ELCR attributed to PAH exposure via air inhalation (A) and soil ingestion (B) by deterministic assessment, and the probabilistic ELCR attributed to exposure via air
inhalation (C) and soil ingestion (D).
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deposition; meanwhile, lighter PAHs prefer to remain in the gaseous
phase, so LMW PAHs are dominant in air.
A higher proportion of HMW PAHs exists in soil and especially in
sediment than in water as a result of the higher lgKow of HMW PAHs
and lower degradation rates of PAHs in soil and especially sediment.
Among all of the PAHs, CHR was estimated to be the dominant isomer
with a percentage range of 25% to 29% of ΣPAHs in soil, water and sediment compartments. The proportion of BghiP was estimated to reach
14% in sediments and 8% in soil out of all PAHs. The detailed statistical
information on the estimated concentrations of individual PAHs is
shown in Table S5. The composition of PAHs has no signiﬁcant spatial
variation in air and soil (Fig. S8). However, a slight spatial variation in
composition was found for freshwater and sediment compartments
(Figs. 5B and S8), possibly because the PAHs that ultimately reach the
water and sediment compartments could derive from more complex
environmental processes than those in air and soil. For example, runoff
will transport PAHs from soil to water systems. Due to the varied chemical properties, such as lgKow and spatially different soil features, runoff
transports individual PAH species to water systems to varying extents.
3.4. Human health risk assessment
From the deterministic assessment, the estimated ELCRinhal (potential excess lung cancer risk) induced by the inhalation exposure to the
16 ambient PAHs ranges from 2.5 × 10−6 to 3.0 × 10−5, with an average
of 1.2 × 10−5. BaP contributes approximately 49% of the ELCRinhal, which
contributes the greatest of all 16 PAHs. BbF and BaA follow BaP and contribute 21% and 15%, respectively. Shen et al. (2014) estimated that the
ELCRinhal could reach over 6 × 10−5 as the highest in this area in 2007,
which is higher than the upper limit estimated in this study. The possible reasons may be that (1) the emission of the 16 PAHs might have declined from 2007 to 2014 in this area (Shen et al., 2013), and (2) the
coarser resolution of the SESAMe v3.3 model may cause it not to capture
the hotspots where there might be extremes. However, the SESAMe
model could reﬂect the general baseline exposure level for the population living in this area (Zhu et al., 2015). The estimated ELCRinge ranges
from 3.5 × 10−7 to 7.9 × 10−6 with an average of 2.9 × 10−6. The contribution of BaP is the highest to the ELCRinge, which accounts for 73%.
DahA and BaA follow BaP and contribute 10% and 7%, respectively. Approximately 51% of regions in this area have the ELCRinge N 10−6,
which may require further reﬁned investigation. The regions with
higher ELCRinhal and ELCRinge are in the north of this area in Shanghai
and in cities in Jiangsu province (Fig. 6A and B). This matches the geographic distribution of the estimated PAH concentrations in air and soil.
Fig. 6C and D illustrates the upper and lower bounds of the probabilistic ELCRinhal and ELCRinge, taking account of the potential maximum
and minimum TEFs. The estimated probabilistic ELCRinhal could range
from 8.1 × 10−7 to 1.2 × 10−4 (mean, 7.8 × 10−6), 1.3 × 10−6 to 2.8
× 10−4 (1.2 × 10−5) and 1.1 × 10−5 to 3.1 × 10−4 (7.8 × 10−5), when
using the minimum, moderate, and maximum TEFs (Fig. 6C). When applying the moderate TEFs, the probability of the ELCRinhal N 10−4 is extremely low: only 0.02%. The probability of the ELCRinhal N 10−5 is ca.
49%. The estimated probabilistic ELCRinge could range from 8.2 × 10−9
to 4.4 × 10−6 (3.6 × 10−7), 9 × 10−9 to 8.8 × 10−6 (4.8 × 10−7), and
8 × 10−8 to 2.7 × 10−5 (1.7 × 10−6) when applying the minimum, moderate and maximum TEFs. The probability of the ELCRinge N 10−4 has not
been found in this study. When using the moderate TEFs, the probability
of the ELCRinge N 10−6 is approximately 11%. The probability of excess
lung cancer risk by the inhalation exposure to the ambient PAHs is considerably higher than that of the excess risk of contracting cancer by soil
ingestion exposure to soil PAHs.
4. Conclusions
This study has applied a multimedia model, SESAMe v3.3, to comprehensively estimate the concentration, spatial distribution, and

partitioning of the 16 priority PAHs in multiple environmental compartments in the YRD. The model generally performs well in comparison
with model predictions and measurements collected from the literature. Due to the current, continuous emission, the net ﬂux of PAHs remains from air to soil. However, with continued reductions in
emissions, the soil may become the source of PAHs in the future with
its current large storage. Regions in the north of this area,
i.e., Shanghai and cities in Jiangsu province, have higher predicted PAH
concentrations in air and soil. The ELCR attributed to inhalation exposure or soil ingestion exposure is also higher for the population in
these more contaminated regions. Although the ELCRinhal according to
the deterministic assessment in this study is relatively lower compared
to a previous study (Shen et al., 2014), the results from the probabilistic
study indicate the probability of higher ELCRinhal in the YRD. Neither the
deterministic nor the probabilistic assessment found any regions with
ELCRinge N 10−4 that would require remediation due to PAHs. Such
modeling research provides comprehensive information on the chemical behaviors in the YRD in different compartments and at the interface
of two compartments. This modeling can also estimate the sink and
storage of PAHs in the environment, which is barely achieved by monitoring work. This information is helpful for decision-makers in environmental quality management and pollution control of PAHs. The model
and methodology can be applied to other organic pollutants or regions
in China.
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