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Abstract We investigated the sources, distribution,
and health risks of polycyclic aromatic hydrocar-
bons (PAHs) in soils of peri-urban Beijing. The
mean concentrations of total 16 PAHs in suburban
and rural soils of Beijing were 321.8 ± 408.2 and
219.2 ± 233.5 ng/g, respectively. The PAH concen-
trations decreased along the urban-suburban-rural
gradient and varied with land use categories. The
industrial areas had the highest soil PAH concentra-
tions followed by the living areas, roadsides, green
areas, and agricultural areas. The major sources of
PAHs in these soils were coal and biomass combus-
tion. Traffic emission was not the dominant source
of PAHs in peri-urban Beijing. At a few sites, high
soil PAH contents were caused by point sources
such as iron and steel plants and a wood preserva-
tive factory. The incremental lifetime cancer risks
(ILCRs) of adults and children exposed to PAHs in
the soils were acceptable. However, cautions should
be paid to the abandoned industrial sites, which
might be converted to residential area during the
urbanization process.
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Introduction

Most of the polycyclic aromatic hydrocarbons (PAHs) in
the environment originated from incomplete combustion
processes such as fossil fuel combustion, biomass burn-
ing, volcanoes, and wildfires (Aichner et al. 2007; Liu
et al. 2014). PAHs are also resulted from petroleum
products or oil spills as secondary sources. Once released
into the environment, PAHs can undergo long-range
transport along with airflows and water circulation (Sun
et al. 2009). The omnipresence of PAHs in the polar
regions and snowy mountains has been well documented
(Nam et al. 2008; Wang et al. 2007). The emission and
accumulation of PAHs have aroused broad concerns due
to their carcinogenic toxicity to human health (Ma et al.
2015; Vane et al. 2014; Wang et al. 2015).

Urban areas are the geographic center of PAH
sources (Wong et al. 2004). The dense traffic, industrial
activities, daily cooking, and winter heating of urban
residents emit considerable amounts of PAHs into the
urban environment (Heywood et al. 2006; Liu et al.
2006). PAHs are lipophilic chemicals that are prone to
adsorb onto soil particles. Consequently, soil serves as a
PAH source and sink in urban areas, accumulating PAHs
from processes such as atmospheric deposition and wa-
ter irrigation (Aichner et al. 2007; Bu et al. 2009). The
characteristics of PAHs in urban soils have been helpful
in understanding the long-term history of pollution and
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their connection with urbanization and industrialization
(He et al. 2009; Peng et al. 2015).

On the landscape scale, the spatial variation of PAH
concentrations in soils can be largely explained by pow-
er use and the location of pollution sources. The land use
classifications reflecting the features of PAH sources
and urbanization progression consequently affect PAH
distributions in soils (Zheng et al. 2011). Industrial
activities and heavy traffic can significantly elevate the
soil PAH contents in neighboring areas (Peng et al.
2012). Soil PAH concentrations have been positively
correlated with local census data including population
density, traffic density, and GDP (Wang et al. 2010).
Clear gradients of PAH concentrations from urban to
rural soils were found in both northern and southern
China (Wang et al. 2007; Xiao et al. 2014).

PAHs in suburban areas may diffuse from downtown
areas or be emitted from local sources (Feng et al. 2013).
The structures and functions of land uses in suburban
areas exhibit a mixture of the characteristics of urban
and rural areas. Mixed sources such as petroleum, traffic
emissions, and biomass and coal combustion have con-
tributed to PAH accumulation in suburban soils (Xiao
et al. 2014). The large differences in traffic, population
density, and lifestyle between the newly developed
towns and the old-fashioned farming villages led to
spatially unbalanced PAH emissions. Some supporting
function areas of cities located in suburban areas such as
industrial areas, sewage treatment areas, and landfill
sites are probably polluted with PAHs (Augusto et al.
2009; Tao et al. 2004). The concentrations of PAHs in
suburban soils are expected to vary with land use
categories.

The rural areas have relatively uniform landscape,
composed of agricultural lands, living areas, and un-
cultivated green areas. In the agricultural lands, the
PAHs derive from wastewater irrigation and open
burning of brushwood and straw (Ravindra et al.
2008; Tao et al. 2004). The living areas, such as
villages and small towns, are scattered in the land-
scape matrix of cultivated land. Wood and coal usage
for cooking or heating are the major PAH sources in
these farming villages (Liu et al. 2014). Biomass
burning and domestic coal combustion are the major
PAH sources in the rural areas of China (Liu et al.
2006). Air diffusion from urban areas may be an
important input of PAHs to downwind rural areas.
The low-density traffic in rural areas would release
some PAHs into the environment.

Risk assessments of PAHs deposited in urban soils
and road dust have been widely conducted to evaluate
the environmental consequences of urbanization (Peng
et al. 2011, 2013; Wang et al. 2011, 2013). The rapid
urban sprawl in China has caused the transformation of
suburban villages and former industrial areas to highly
populated urban settlements. The soils contaminated
with PAHs in the peri-urban areas could become a threat
to urban residents when land use changes take place.
Compared with urban areas, fewer studies have focused
on the risks associated with PAHs in the suburban and
rural areas. Therefore, knowledge on the sources, distri-
bution, and risk assessment of PAH accumulation in
suburban and rural soils is important to urban planning.

Beijing was once a highly industrialized city and
currently is characterized by hyper-dense traffic and
habitation equipped with coal heating systems. The
sources, distribution, and potential risks of PAHs in the
urban soils of Beijing have been investigated (Peng et al.
2011, 2012). In this study, we focused on PAHs in the
suburban and rural soils of Beijing. The purposes were
(1) to investigate the concentrations and sources of
PAHs in suburban and rural soils of Beijing, (2) to study
the PAH distributions in suburban and rural soils of
Beijing with various land uses, and (3) to assess the
potential risks of local residents exposed to soil PAHs in
peri-urban Beijing.

Material and methods

Soil sampling

The sampling sites were spatially balanced in the sub-
urban and rural areas of Beijing, including Tongzhou
District and the area between the fifth and sixth ring
roads (Fig. 1). The urban sprawl of Beijing expanded
outward, leading to the formation of seven concentric
ring roads. The fifth ring road has been commonly
considered the boundary between the urban and subur-
ban areas of Beijing. The area between the fifth and
sixth ring roads was identified as suburban Beijing.
Tongzhou District is in the downwind area of Beijing
and can be divided into two parts by the sixth ring road
(Fig. 1). The part outside the sixth ring roadwas selected
to represent the rural area of Beijing.

Prior to the sampling process, the study area was
divided into 3×3-km grids. Sampling sites were chosen
based on the remote sensing image to represent the
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dominant land uses in each grid (Fig. 2). A total of 237
samples out of 243 grids were obtained in September
2010, including industrial area (n=7), roadside (n=13),
living area (residential area and villages, n=70), agri-
cultural area (n=111), and green area (parks, forests,
and uncultivated land, n=36). Each sample was the
mixture of five subsamples around the designated loca-
tion and was transported to the laboratory in plain paper
bags. Prior to extraction, soil samples were air-dried at
room temperature, ground to pass a 0.1-mm sieve, and
stored in amber color containers at −25 °C.

PAH analysis

The PAH concentrations in the soil samples were mea-
sured using a three-step process of extraction, purifica-
tion, and quantification. In the extraction procedure,
10 g of each soil sample was mixed with 3-g diatoma-
ceous earth and 1-ml surrogate standard solution in a
sealed vessel, then extracted by an Accelerated Solvent
Extractor 350 (Dionex, Sunnyvale, CA, USA) with 1:1
acetone-dichloromethane solvent (v/v). The extraction
program was set to 5 min of heating time, 100 °C of
oven temperature, 6 min of static extraction time, 60 %

flush volume, 1500 psi of cell pressure, and 2 cycles. To
purify the extract, a silica gel solid-phase extraction
column (Supelco silica-gel column) with 1 g of anhy-
drous sodium sulfate added on the top end was primed
with 5 ml n-hexane. The extract was concentrated to
2 ml with a rotary evaporator and then eluted with 8 ml
of 1:1 n-hexane-dichloromethane solvent (v/v) from the
top of the silica gel column. The eluate was further
concentrated to 1 ml under a gentle stream of nitrogen
gas for the quantification procedure.

The PAH concentrations were measured by an
Agilent 6890 gas chromatography system equipped
with a 5975C mass selective detector (GC-MSD;
Agilent Inc., CA). The initial oven temperature was
50 °C, held for 1 min, then raised to 150 °C at
25 °C/min and held for 1 min, and finally raised to
300 °C at 4 °C/min, held for 10 min. The selective ion
monitoring (SIM) mode was set to detect only the
internal standards (2-fluorobiphenyl and 4-terphenyl-d
14; AccuStandard, USA) and the 16 US Environmental
Protection Agency (USEPA) priority PAHs, namely,
naphthalene (NAP), acenaphthylene (ACPY),
acenaphthene (ACP), fluorene (FL), phenanthrene
(PHE), anthracene (ANT), fluoranthene (FLT), pyrene

Fig. 1 The distribution and land use classification of sampling sites in peri-urban Beijing
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(PYR), chrysene (CHR), benzo(a)anthracene (BaA),
benzo(k)fluoranthene (BkF), benzo(b)fluoranthene
(BbF), benzo(a)pyrene (BaP), dibenzo(a,h)anthracene
(DBA), indeno(1,2 ,3-cd)pyrene (IND), and
benzo(g,h,i)perylene (BghiP).

Duplicate samples were analyzed for every five sam-
ples to ensure data quality. Five randomly selected soil
samples were spiked with 1ml of PAH standard solution
(2000 ng/g) in the sealed vessel prior to the extraction
procedure. The matrix-spiked recoveries were carried
out by comparing analysis results of the five spiked
samples with their initial results. The detailed recoveries
for the 16 PAH congeners (between 51 and 95 %) and
the method detection limits were shown in Table S1.

Risk assessment

Soils contaminated with PAHs can threaten the
health of urban inhabitants though three pathways,
including direct ingestion, dermal contact, and inha-
lation. We used USEPA standard models to evaluate
the incremental lifetime cancer risks (ILCRs) that
soil PAHs posed to local residents (Chen and Liao
2006; USEPA 1991; Wang 2007). ILCRs (unitless)
calculate exposure frequencies of the three pathways
and then multiply by the corresponding carcinogenic
slope factors and the toxic equivalent quantity
(TEQ) of PAHs in the soils. The equations of ILCRs
for the three pathways are

ILCRingestion ¼
CS� CSFingestion �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

BW=70ð Þ3
p

� �� IRsoil � EF� ED

BW� AT� 106
ð1Þ

ILCRdermal ¼
CS� CSFdermal �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

BW=70ð Þ3
p

� �� SA� AF� ABS� EF� ED

BW� AT� 106
ð2Þ

ILCRinhalation ¼
CS� CSFinhalation �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

BW=70ð Þ3
p

� �� IRair � EF� ED

BW� AT� PEF
ð3Þ

where CS is the PAH TEQ in soils (mg kg−1); CSF are
carcinogenic slope factors for the three pathways
(mg kg−1 day−1)−1; EF is the exposure frequency
(day year−1); ED is the exposure duration (year); IRair is
the inhalation rate (m3 day−1); IRsoil is the soil intake rate
(mg day−1); SA, AF, andABS are the three factors related
to dermal exposures such as dermal area (cm2 day−1),
adherence factor (mg cm−2), and adsorption fraction; BW
is the average body weight (kg); AT is the average life
span (day); and PEF is the soil dust production factor
(m3 kg−1). The CSFingestion, CSFdermal, and CSFinhalation
o f B a P w e r e 7 . 3 ( m g k g − 1 d a y − 1 ) − 1 ,
25 (mg kg−1 day−1)−1, and 3.85 (μg m−3)−1μg, respec-
tively (Peng et al. 2011). To calculate the total toxicity of
soil PAHs, we need to convert the mass concentrations of
PAHs to PAH TEQ of BaP based on the toxic equivalen-
cy factors (TEFs) in Table 1. Other exposure parameters

were provided in Table S2. The total ILCRs were the
sums of the ILCRingestion, ILCRdermal, and ILCRinhalation.

Data preparation and statistical analysis

The performance of statistical analysis can be affected
dramatically by data outliers (Reimann and Filzmoser
2000). We excluded two outliers from the raw dataset
prior to statistical analysis processes, which had PAH
concentrations 19 times higher than the standard devia-
tions of the rest of samples apparently caused by local
point sources rather than regional factors. The two out-
liers were discussed separately. Then, the PAH data
were normalized through the Box-Cox transformation
(passed the Kolmogorov-Smirnov test for normal
distribution).
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The statistical analysis was carried out with the soft-
ware SPSS (version 18.0) including Kolmogorov-
Smirnov test, Pearson’s correlation analysis, factor anal-
ysis with components rotated by the varimax method,
and one-way variance analysis with the least significant
difference test. The calculations of TEQ and ILCRs
were implemented in Excel 2010. ArcGIS 10.0 and
Simplot 12.0 were used for the graphic illustrations.

Results and discussions

PAH concentrations in suburban and rural soil

Table 1 summarizes the statistical results of the 16 PAH
concentrations measured in suburban and rural soils of
Beijing (the two outliers were not included). The con-
centrations of the total 16 PAHs in suburban soils ranged
from 28.6 to 2571.9 ng/g with a mean of 321.8 ng/g and
in rural soils ranged from 37.5 to 1245.9 ng/g with a
mean of 219.2 ng/g. We have reported that the mean
concentration of the total 16 PAHs in urban soils of
Beijing was 1228.1 ng/g with a standard deviation of
1806.7 ng/g (Peng et al. 2011). The PAH concentrations
decreased sharply along the urban-suburban-rural gra-
dient in the soils of Beijing. The denser traffic, industry,
domestic cooking, and heating activities in the urban

areas lead to more PAH emissions. Generally, the urban
activities increased the PAH contents in urban soils of
Beijing ∼3.8 times over those of the suburban soils and
∼5.6 times over the rural soils.

Ma et al. (2005) reported a mean PAH concentration
of 464 ng/g measured from 14 surface soils in southern
Beijing between the fifth and sixth ring roads in 2001.
To meet the increasing demands of environmental pro-
tection, the Beijing government gradually shut down
and moved out the heavy industries in the suburban
areas of Beijing, banned the use of wastewater irriga-
tion, and encouraged the use of cleaner energy (Wu et al.
2010). Therefore, the PAH concentrations in suburban
soils of Beijing may decrease with time.

Table 1 shows that themedian values of individual PAH
congeners were significantly lower than the mean values,
which suggested that the data from a few heavily contam-
inated sites had elevated the mean concentrations from the
median. Peng et al. (2011) classified soil PAH concentra-
tions into four levels (152, 1489, 10,304, and 144,059 ng/g)
to represent different levels of potential risk that soil PAHs
may pose to local residents. To address the heavy PAH
contaminations, we summarized the samples that contained
total PAH concentrations more than 1489 ng/g (Table 2),
including two outliers and five samples.

The highest soil PAH concentration was 78,476 ng/g
found in a wood preservation plant in southwest Beijing

Fig. 2 The distribution of PAH
concentrations in suburban and
rural soils of Beijing
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(Fig. 2). Soils originating fromwood preservation plants
were often found to be contaminated by PAHs because
PAHs are the major active ingredient in wood preserva-
tive (Elgh-Dalgren et al. 2009). The second highest PAH
concentration of 6 981 ng/g was from a private backyard
used as vegetable plot in a small village. Sludge appli-
cation was speculated to be the reason of the high PAHs

in the garden according to on-site inspection. The ab-
normal PAH concentrations in the two contaminated
sites were most likely caused by direct pollution from
point sources.

The five sampling sites with high PAH concentra-
tions were ranked 1 to 5 in Table 2. It was noteworthy
that the five sampling sites were all related to Shougang

Table 1 PAH concentrations and TEF in suburban and rural soils of Beijing (ng/g)

Aromatic rings TEF Suburban soils (n= 162) Rural soils (n= 73)

Min 25 50 75 Max Mean SD Min 25 50 75 Max Mean SD

NAP 2 0.001 4.4 9.6 13.2 19.8 149.5 19.0 18.0 3.9 9.6 12.6 17.5 68.9 14.7 9.0

ACPY 3 0.001 0.3 1.1 1.8 3.2 35.4 3.7 5.6 0.3 0.9 1.5 3.4 31.6 3.2 5.0

ACP 3 0.001 0.2 0.4 0.6 1.0 18.6 1.2 2.1 0.1 0.3 0.5 0.8 6.0 0.7 0.9

FL 3 0.001 0.9 1.7 2.4 3.6 32.0 3.4 3.7 0.7 1.4 1.7 2.4 7.1 2.3 1.5

PHE 3 0.001 5.4 14.1 20.3 35.1 297.2 32.3 39.4 6.4 9.9 14.8 19.4 84.6 19.5 15.8

ANT 3 0.01 0.5 1.8 2.8 5.3 55.3 5.7 8.8 0.7 1.2 2.1 3.8 21.8 3.8 4.6

FLT 4 0.001 2.1 11.1 19.2 37.4 404.1 36.8 56.7 2.7 7.8 11.9 17.3 103.3 18.6 20.4

PYR 4 0.001 1.9 9.0 14.8 27.9 312.3 29.1 44.7 3.1 5.9 9.4 14.2 81.9 15.5 17.8

BaA 4 0.1 0.8 4.9 8.5 17.4 210.7 19.1 32.3 1.0 3.1 5.6 8.3 89.1 11.2 16.8

CHR 4 0.01 1.8 9.3 17.2 27.9 273.5 28.7 39.3 1.8 7.2 10.5 15.7 90.6 16.3 18.7

BbF 5 0.1 2.5 17.3 26.6 49.8 365.8 42.6 50.7 2.1 14.4 21.1 34.0 200.2 33.2 37.1

BkF 5 0.1 0.7 9.5 19.9 36.9 123.1 27.2 25.1 0.7 12.0 16.6 29.4 119.9 24.0 21.1

BaP 5 1 0.8 5.3 9.3 19.4 201.9 21.1 34.1 0.8 3.7 6.0 12.5 135.1 14.1 23.1

IND 6 0.1 1.2 7.7 12.2 23.5 236.6 24.6 36.2 1.2 6.2 8.8 19.3 191.1 19.3 30.0

DBA 5 1 DL 1.4 2.3 4.8 56.4 5.0 8.0 DL 1.1 1.5 3.5 46.7 4.0 7.3

BghiP 6 0.01 1.4 8.0 11.7 22.9 206.6 22.5 30.3 1.3 6.4 9.3 18.6 180.0 19.0 28.3

LMW PAHs 13.4 29.7 42.7 77.0 564.8 65.2 69.3 18.1 24.3 34.4 42.9 130.3 44.1 30.0

HMW PAHs 15.2 90.8 139.3 289.9 2085.7 256.6 344.0 17.2 68.2 105.3 158.2 1159.1 175.1 209.1

∑PAHs 28.6 124.9 189.3 353.4 2571.9 321.8 408.2 37.5 94.2 145.2 215.9 1245.9 219.2 233.5

SD denotes standard deviation, LMW PAHs denotes low molecular weight PAHs (two to three rings), HMW PAHs denotes high molecular
weight PAHs (four to six rings), ∑PAHs denotes sum of the 16 PAH concentrations, DL denotes detection limit of the analysis method
(Table S1), and TEF denotes toxic equivalency factor on the basis of BaP (Liao and Chiang 2006)

Table 2 The sampling sites with high PAH concentrations and ILCRs in peri-urban Beijing (ng/g)

Rank Land use LMW PAHs HMW PAHs ∑PAHs ∑PAHs ILCRs (adult) ILCRs (child)
TEQ

Outlier A Industrial area 9907.8 68568.4 78476.1a 10754 5.53× 10−5 2.77 × 10−5

Outlier B Living area 718.6 6262.9 6981.4a 933 4.80× 10−6 2.41 × 10−6

1 Industrial area 564.8 2007.1 2571.9 286 1.47× 10−6 7.36 × 10−7

2 Industrial area 407.5 2085.7 2493.2 349 1.80× 10−6 9.01 × 10−7

3 Industrial area 227 1872.3 2099.3 342 1.76× 10−6 8.81 × 10−7

4 Living area 389.4 1656.7 2046 252 1.30× 10−6 6.50 × 10−7

5 Industrial area 252.3 1602.1 1854.4 266 1.37× 10−6 6.86 × 10−7

a The two outliers were excluded from statistical analysis processes
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Corporation, which is one of China’s largest steel com-
panies, located in suburban Beijing. The no. 1 site
measured was from northwest Beijing in the vicinity
of the Shougang wire plant, and the nos. 2 to 5 sites
were inside or close to the Shougang steel plant in the
western area of Beijing (Fig. 2). The combustion pro-
cesses in iron and steel making industries released plen-
ty of PAHs into the environment and consequently

elevated the PAH concentrations in the surrounding
soils. Due to concerns over pollution, Beijing munici-
pality moved out Shougang operations prior to the 2008
Olympics. Once deposited into soils, PAHs tend to be
adsorbed to soil particles and are slow to undergo deg-
radation, volatilization, or transfer. Therefore, soils con-
taminated by historical industrial activities can continue
to threaten the health of residents even after the polluting
factories have been shut down for years.

PAH distribution in soils of various land use

The soil PAH concentrations varied with land use cate-
gories in the suburban and rural areas of Beijing (Fig. 3).
The industrial area had significantly higher soil PAH
concentrations than the other land use categories
(p<0.01). The profiles of the 16 PAH congeners in
different land uses were shown in Table 3. Industrial
soils contained a slightly higher proportion of high
molecular weight PAHs (HMW PAHs; four to six ring
PAHs) compared with the soils of the other four land
uses. The industrial areas were under the direct influence
of the heavy industries in suburban Beijing. The coal
combustion, incineration, and chemical processes in

Fig. 3 The PAH concentrations in soils of peri-urban Beijing
under various land uses (ng/g)

Table 3 The profiles of PAH congeners in soils of peri-urban Beijing under various land uses

Industrial area
(mean ± SD)

Roadside
(mean ± SD)

Living area
(mean ± SD)

Agricultural area
(mean ± SD)

Green area
(mean ± SD)

Total
(mean ± SD)

NAP (%) 3.4 ± 2.6 8.2 ± 5.2 9.3 ± 7.4 9.1 ± 4.5 8.9 ± 7.0 8.9 ± 5.9

ACPY (%) 1.9 ± 1.5 1.2 ± 0.5 1.2 ± 0.7 1.2 ± 1.8 1.3 ± 1.2 1.3 ± 1.4

ACP (%) 0.4 ± 0.3 0.4 ± 0.2 0.3 ± 0.2 0.4 ± 0.2 0.4 ± 0.3 0.4 ± 0.2

FL (%) 0.8 ± 0.3 1.3 ± 0.7 1.3 ± 0.7 1.4 ± 0.7 1.5 ± 0.9 1.4 ± 0.7

PHE (%) 8.3 ± 3.3 10.7 ± 3.1 10.9 ± 3.3 11.0 ± 3.3 11.6 ± 3.4 11.0 ± 3.3

ANT (%) 2.3 ± 1.1 1.7 ± 0.4 1.8 ± 0.6 1.5 ± 0.4 1.5 ± 0.7 1.6 ± 0.6

FLT (%) 12.1 ± 2.8 10.0 ± 1.3 9.7 ± 2.9 9.4 ± 1.6 10.5 ± 2.0 9.8 ± 2.2

PYR (%) 10.1 ± 2.9 8.0 ± 1.3 7.9 ± 2.4 7.3 ± 1.3 8.0 ± 2.0 7.7 ± 1.9

BaA (%) 6.9 ± 1.5 5.1 ± 1.1 5.0 ± 1.5 4.1 ± 1.1 4.6 ± 1.4 4.6 ± 1.4

CHR (%) 8.9 ± 1.9 8.1 ± 1.4 7.8 ± 1.7 8.2 ± 2.0 8.9 ± 2.7 8.2 ± 2.0

BbF (%) 13.0 ± 2.9 13.8 ± 2.0 13.3 ± 2.7 14.7 ± 2.0 13.5 ± 2.5 14.0 ± 2.4

BkF (%) 8.6 ± 4.4 10.7 ± 4.6 10.2 ± 4.5 11.2 ± 4.7 9.8 ± 4.9 10.6 ± 4.7

BaP (%) 7.2 ± 1.7 5.7 ± 2.3 5.5 ± 1.8 5.1 ± 1.6 5.1 ± 1.5 5.3 ± 1.7

IND (%) 7.7 ± 1.7 6.7 ± 2.5 7.3 ± 2.2 7.0 ± 2.0 6.6 ± 1.7 7.0 ± 2.0

DBA (%) 1.9 ± 0.7 1.4 ± 0.7 1.4 ± 0.5 1.3 ± 0.4 1.2 ± 0.4 1.3 ± 0.5

BghiP (%) 6.5 ± 2.8 6.8 ± 1.9 7.1 ± 2.1 7.1 ± 1.8 6.5 ± 1.3 7.0 ± 1.9

LMW PAHs (%) 17.1 ± 5.0 23.6 ± 8.4 24.8 ± 9.8 24.6 ± 7.0 25.2 ± 10.1 24.5 ± 8.5

HMW PAHs (%) 82.9 ± 5.0 76.4 ± 8.4 75.2 ± 9.8 75.4 ± 7.0 74.8 ± 10.1 75.5 ± 8.5
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those areas emit abundant PAHs composed relatively
higher proportion of HMW PAHs into the surrounding
environment (Xu et al. 2005). Therefore, the soils
around the industrial plants were heavily contaminated
with anthropogenic PAHs, especially the HMW PAHs.

The average total PAH concentration in soils from the
living areas was 375.3±366.8 ng/g, which was signifi-
cantly higher than that of the agricultural areas and the
green areas (p<0.01). Peng et al. (2012) reported that
the average total PAH concentration in the residential
soils of urban Beijing was 811±748 ng/g. Cooking and
winter heating in the living area would release extra
PAHs to the local atmosphere. Therefore, it was predict-
able that the denser population would lead to higher
PAH deposition in living areas. The average PAH con-
centrations of living areas were higher than that of all the
sampling sites (Fig. S1), suggesting that human daily
routines were one of major sources of PAHs in the
suburban and rural areas.

The soil PAH concentrations in the agricultural areas
and the green areas were 181.5 ± 169.3 and 228.3
±141.3 ng/g, respectively. The results were comparable
to the PAH concentrations of 311.3 and 310.7 ng/g
measured, respectively, in the cultivated land and green
areas surrounding Guanting Reservoir outside the north-
ern sixth ring road of Beijing (Jiao et al. 2013). The low
PAH concentrations in agricultural soils suggested that
the farming activities were not the main cause of PAH
accumulation in soils. The agricultural area and the
green area could receive the deposition of airborne
PAHs transported from the industrial areas or the

downtown of Beijing. The green areas’ vegetative cover
had a relatively higher vertical structure than the agri-
cultural area. The forests with their larger canopy were
more efficient than agricultural crops in intercepting
airborne PAHs, thus explaining the slightly higher
PAH concentrations in the green areas.

The average total PAH concentrations were 320.3
±205.9 ng/g in the roadside soils of peri-urban Beijing
(Fig. 3). In urban Beijing, the total PAH concentrations
in soils of roadsides with heavy traffic and light traffic
were 1026 ± 726 and 538 ± 340 ng/ng, respectively
(Peng et al. 2012). The traffic emissions were identified
as one of the major PAH sources in urban areas. In
contrast, the traffic density in the peri-urban Beijing
was much lower. No significant difference in PAH

Fig. 4 Molecular composition
ratio of PAHs in soils of peri-
urban Beijing under various land
uses

Fig. 5 Factor analysis of PAHs in soils of peri-urban Beijing
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concentrations was found between the roadside soils
and the agricultural soils, indicating that transportation
was not the major PAH source in the suburban and rural
areas of Beijing.

PAH source apportionment

The compositions of PAH congeners in the soils can be
used as fingerprints to identify the types of PAH sources.
The HMW PAHs contributed 79.7 and 79.9 % of the
total PAH mass in suburban and rural soils of Beijing,
respectively. The contributions of HMW PAHs in the
current study were slightly lower than the ratio of 83 %
measured in urban Beijing (Peng et al. 2011). The
HMW PAHs are the highly toxic group of PAHs related
to combustion releases, while the low molecular weight
PAHs (LMWPAHs, two to three ring PAHs) may derive
from both incomplete combustion processes and vola-
tilization of petroleum products (Chen et al. 2005). The
high proportions of HMW PAHs suggested that the
PAHs in suburban and rural areas of Beijing were main-
ly generated by combustion-related activities.

Analyzing the molecular composition ratio of PAHs
was helpful in understanding the sources of PAHs in
soils. For example, the ratio of IND vs. IND + BghiP
and FLYvs. FLT + PYR could be used to distinguish the
PAHs emitted from liquid fuel combustion or coal com-
bustion based on empirical threshold values (Bucheli
et al. 2004; Li et al. 2006). Figure 4 shows scattergrams
of the two molecular ratios. Most of the sampling sites
were clustered into two quadrants on the right. The
PAHs in soils of the upper right quadrant indicated
origins from coal and biomass combustion, such as coal

usage in industrial activities and heating systems. The
PAHs in soils of the lower right quadrant were derived
from a mixture of coal combustion and liquid fuel
combustion sources. This suggests that coal and bio-
mass combustion were the dominant sources of PAHs in
the suburban and rural areas of Beijing. Unlike the urban
areas (Peng et al. 2011), traffic emissions were no longer
the primary PAH sources in these areas. There was no
significant difference in the sources of PAHs between
the five land uses (Fig. 4). PAHs originating from urban
areas, scattered coal stoves and other emission sources
might be transported by airflow and diffused evenly
across the boundaries of contiguous land uses.

Factor analysis was conducted to further explain the
sources and pathways of PAH deposition in the soils.
The 16 PAH congeners were classified into two princi-
pal components (PCs) accounting for 87.4 % of the total
data variances (Fig. 5). The first group, PC1, contained
15 PAH congeners that originated mainly from combus-
tion sources and prone to adsorb on soil particles, thus
accumulating in soils for longer time. On the contrary,
PC2 contained only NAP, the volatile PAH that has the
highest mobility among the 16 PAH congeners. NAP
could re-enter the atmosphere through soil-air exchange
processes. Furthermore, NAP could be released from
biologically sources and petroleum products such as
deodorizer, mothball, and asphalt (Jia and Batterman
2010; Wilcke 2007; Zhu and Wang 2003). The major
differences between PC1 and PC2 were the transport-
ability and half-lives of the chemicals in soil media.
Therefore, PC1 accounting for 58.5 % of the PAH
variance in the soils was indicative of the deposition of
PAHs from combustion sources, meanwhile PC2 might

Fig. 6 The total ILCRs for adult and child exposed to PAHs in soils of peri-urban Beijing
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indicate the re-distribution of PAH through soil-air ex-
change processes, which was responsible for 28.9 % of
the PAH variance in these soils.

Potential risks

The PAH congeners have different levels of toxicity
toward human health. The concentrations of PAH con-
geners were highly correlated with the total PAHTEQ in
the suburban and rural soils of Beijing (p < 0.01;
Table S3). Therefore, the concentration of each PAH
congener such as PHE, ANT, and BaP could be used as
the risk indicator for total PAHs.

Figure 6 shows the ILCR for adults and children
according to the total PAH TEQ in the suburban and
rural soils of Beijing. ILCRs lower than 10−6 are gener-
ally considered the virtually safe level, between 10−6 and
10−4 indicates a low risk level, and ILCRs exceeding
10−4 indicate marginal safety (USEPA 1996). The aver-
age ILCRs of adults and children in suburban and rural
areas were lower than those in urban areas (Peng et al.
2011). For both adults and children, the 90th percentiles
of ILCRs in the soils of the roadside, living areas, agri-
cultural areas, and green areas were under the safety
threshold of 10−6. In the industrial area, however, the soil
PAHs would pose a low-level carcinogenic risk to the
adults living in the surrounding areas. The ILCRingestion,
ILCRdermal, and ILCRinhalation for adults and children are
shown in Table S4. Generally, the ILCRdermal is the most
important exposure pathway for adults while the
ILCRingestion is more important for children. The
ILCRinhalation is negligible for both adults and children.

The ILCRs of the two outliers and five sampling sites
with high PAH concentrations are shown in Table 2. The
two outliers had considerably higher ILCRs than other
sampling sites and posed low-level risks to the health of
adults and children. Low health risks were also found in
the other five locations. Therefore, although most of the
area of suburban Beijing could be considered as virtu-
ally safe for inhabitation in terms of the soil PAH con-
centrations, a few areas affected by point sources or
previously industrial activities should be of concern.

Conclusions

We investigated the sources and distributions of PAHs in
suburban and rural soils of Beijing. The impacts of land
use categories and industrial plants on PAH

accumulation were discussed in detail. Clear decreases
of soil PAH concentrations were found along the urban-
suburban-rural gradient. Several sampling sites with
high PAH concentrations were attributed to industrial
activities such as iron and steel making as well as wood
preservative production. The industrial areas and the
living areas had higher soil PAH concentrations than
the agricultural areas and the green areas in peri-urban
Beijing. The PAHs in suburban and rural soils were
mainly released from coal and biomass combustion.
Health risk assessment showed that the soil PAH con-
centrations were at a safe level in most of the sampling
areas, but a few sites affected by previously industrial
activities showed low-level health risks. Cautions
should be paid to those abandoned industrial sites,
which are being converted to urban residential areas
during the urbanization process.
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