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Abstract The present study characterized the distribu-

tion, sources as well as carcinogenic potency of PAHs in

surface soil from metropolitan region of northern China.

The total PAHs in topsoil ranged from 322.6 to

23244.7 lg kg-1. The mean and median concentrations of

16 PAHs were 1040.8 and 626.7 lg kg-1, respectively.

Source analysis revealed that pyrogenic sources played a

major role at the locations and pyrogenic PAHs were

mainly from incomplete combustion of coal, biomass and

petroleum. The calculated mean BaP-equivalent values for

individual carcinogenic PAHs were 148.4 lg kg-1.

Keywords Soil � PAH � Spatial distribution � Sources

Polycyclic aromatic hydrocarbons (PAHs) are widely

spread in all the compartments of the environment. Forest

fires, volcanoes and microbial metabolism are the pre-

dominant natural sources. However, most of the PAHs are

originated from anthropogenic activities, such as fuel

spills, combustion of fuels, coal and wood (Srogi 2007).

Especially in megacities, larger emissions of PAHs were

observed due to the accelerated urbanization and high-

density traffic condition (Tuntawiroon et al. 2007).

Due to their stable chemical structure and hydrophobic

nature, PAHs are generally found adsorbed to particulate

matter in air and water, and tend to accumulate in sedi-

ment, soil or biota. Thus, although most PAHs are emitted

to the atmosphere, the airborne PAHs can eventually reach

the top layer of the soil to become adsorbed by soil colloids

and absorbed by soil organisms (Srogi 2007). Soils could

be regarded as natural sinks for PAHs. Because of the

notable carcinogenic and mutagenic properties, PAHs

present in the soil environment can exhibit ecotoxic effects

on the development of soil organisms and create threats to

the soil habitat function even at low levels. It is also of

great concern because the contaminated soils can create a

risk to humans through direct contact or through its intro-

duction into the human food chain.

Megacities are considered more vulnerable with the

large population and limited land resources. Therefore, it is

important to evaluate the spatial distribution and apportion

the sources of PAHs in soils from megacities, then to assess

the potential risk of soil contamination with PAHs. The

present study was carried out on a regional scale to survey

the soil PAHs contamination in a mega-metropolitan

region in northern China including Beijing, Tianjin and

parts of the Hebei province. As we known, Beijing is the

capital of the People’s Republic of China. Tianjin, one of

the four municipalities of China, is the largest coastal city

open to the outside world in northern China. The mega-

metropolitan region of Beijing-Tianjin-Hebei presently

accounts for 11% of the country’s gross domestic product

(GDP), however, environmental pollution has become a

serious problem with the rapid development of industrial-

ization and urbanization. Although PAHs concentrations

have been reported in part of this area (Zuo et al. 2007), our
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knowledge of the general contamination pattern and envi-

ronmental risk in this mega-metropolitan region is still

inadequate. This study presents an overview of the distri-

bution pattern and source assignment of 16 EPA PAHs in

soil samples and gives insights into the potential risk of this

metropolitan region.

Materials and Methods

The study area includes Beijing, Tianjin and parts of the

Hebei province, covering an area about 64,400 km2

(Fig. 1). There were totally 180 soil samples were collected

in July 2007 and the sampling depth was 0–20 cm. At each

site, about 5 cores were bulked together to form one

sample. The samples were air-dried at room temperature

and were ground and sieved with a 60-mesh sieving screen.

All results were reported as dried weight basis.

About 5 g soil samples were mixed with anhydrous

sodium sulfate and activated copper powder. Samples were

extracted by accelerated solvent extraction (Dionex ASE

300) with acetone/dichloromethane solvent (1:1/v/v). The

extracts were cleaned up via silica gel/alumina column and

PAHs fraction was obtained by elution with 70 mL of a

mixture of hexane/dichloromethane (7:3, v/v). The samples

were analyzed by GC/MS (Agilent 7890 GC, 5975 MSD) in

selected ion monitoring (SIM) modes and quantified by

internal calibration method. Detailed description of clean

up and analysis were described elsewhere (Qiao et al. 2006).

PAHs studied were naphthalene (Nap), acenaphthylene

(Acy), acenaphthene (Ace), fluorine (Fl), phenanthrene

(Phe), anthracene (An), fluoranthene (Flu), pyrene (Pyr),

benzo[a]anthracene (BaA), chrysene (Chr), benzo[b]fluo-

ranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene

(BaP), indeno[1,2,3-cd]pyrene (InP), dibenzo[a,h]anthra-

cene (DBA), and benzo[ghi]perylene (BgP).

All data were subject to strict quality control procedures.

Recovery ranged from 53.8 ± 4.9% to 117.2 ± 7.5% with

a mean value of 94.0 ± 8.3% for the 16 PAHs. The

detection limits were 1.7–4.9 lg kg-1. Procedure blanks

were run simultaneously with every set of samples and

were subtracted from the analytical results.

Statistical analyses including principal component

analysis among variables were conducted using the soft-

ware SPSS 11.5 for Windows. Kriging interpolation and

contour maps were constructed with Surfer 8.0 (Golden

Software, Co., USA).

Results and Discussion

The total PAHs in topsoil of the study area ranged from

322.6 to 23244.7 lg kg-1, and the mean concentration of

16 PAHs was 1040.8 lg kg-1. Concentrations of individ-

ual PAHs exhibited a rather high variability with a mean

coefficient of variation (CV) value of 1.8. The median

value of 626.7 lg kg-1 was considered more appropriate

for the assessment of the mean concentration of 16 PAHs

in this area because of their non-normal distribution. High

molecular weight PAHs with 4–6 rings were the major

fractions of the total PAHs in topsoil with an average

proportion of 71%. Maliszewska-Kordybach classified soil

PAHs contamination into 4 categories, namely not con-

taminated (\200 lg kg-1), weakly contaminated (200–600

lg kg-1), contaminated (600–1,000 lg kg-1), and heavily

contaminated ([1,000 lg kg-1) (Maliszewska-Kordybach

1996). According to this classification, the concentrations

obtained in this study present 46% of the samples as

‘weakly contaminated’, 37% as ‘contaminated’ and 17% as

‘heavily contaminated’. Observed median concentration of
P

16 PAHs (626.7 lg kg-1) were comparable to the mean

PAHs concentration of 611 lg kg-1 in Tokushima of

Japan (Yang et al. 2002) and the median concentration of

704 lg kg-1 in urban soil of Torino, Italy (Morillo et al.

2007). The concentration was higher than those in soil from

Hong Kong (median of 140 lg kg-1) (Chung et al. 2007)

and urban soil in Switzerland (median of 451 lg kg-1)

(Bucheli et al. 2004). In contrast, PAHs concentrations in

soil from Glasgow, UK (median of 8337 lg kg-1, mean of

11930 lg kg-1, Morillo et al. 2007) were higher than those

obtained in this study.

Ordinary kriging interpolation was applied to visualize

the spatial distribution of PAHs in topsoil in the study area

since it can provide theoretically optimal estimates without
Fig. 1 Sampling sites of surface soil in Beijing, Tianjin and the

surrounding regions in China
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bias and with minimal and known variance. The relatively

high concentration levels were found in Tianjin and Beijing

urban or peri-urban area (Fig. 2). Another hotspot located

on the north of Tianjin where was associated with mining

activity in the last several decades. It clearly indicates the

influence of human activities on PAHs levels of soils.

To assess and reduce the environmental risk of PAHs, it

is essential to identify the potential sources. Isomeric ratios

of PAHs are known to provide reliable estimation of the

emission sources of PAHs. An/(An ? Phe) and Flu/(Flu ?

Pyr) are frequently used PAH ratios to separate petrogenic

and pyrogenic sources (Yunker et al. 2002) PAHs origi-

nated from petrogenic sources are characterized by the

ratios of An/(An ? Phe) \ 0.1 and Flu/(Flu ? Pyr) \ 0.4.

Accordingly, the ratio of An/(An ? Phe) [ 0.1 implies the

dominance of combustion. The ratio of Flu/(Flu ?

Pyr) [ 0.5 indicates the source of biomass and coal com-

bustion, while the ratio between 0.4 and 0.5 are charac-

teristic of liquid fossil fuel (vehicle and crude oil)

combustion. Furthermore, BaA/(BaA ? Chr) and InP/

(InP ? BgP) are also used to distinguish between petro-

genic and pyrolytic sources. Yunker et al., suggested that

a BaA/(BaA ? Chr) or InP/(InP ? BgP) ratio less than

0.2 indicates petroleum source. A ratio of BaA/(BaA ?

Chr) [ 0.35 accounts for combustion of coal, grass and

wood, while the ratio between 0.2 and 0.35 accounts for

petroleum combustion. The ratio of InP/(InP ? BgP) [
0.5 is characteristic of grass, wood or coal combustion,

from 0.2 to 0.5 indicates liquid fossil fuel combustion

(Yunker et al. 2002). In this study, these molecular markers

were interpreted in concert and checked for consistency to

identify the possible PAHs sources of soil samples. In cross

plots (Fig. 3), An/(An ? Phe) ratios in all soil samples are

more than 0.1, and Flu/(Flu ? Pyr) ratios in most of soil

samples are in the combustion section irrespective of

petroleum combustion or biomass & coal combustion. The

ratio of BaA/(BaA ? CHR) ranged from 0.18 to 0.64, with

59% of the values larger than 0.35 and 41% of the values

falling between 0.2 and 0.35, which suggests that the

majority of PAHs in the topsoil originated from combus-

tion. As shown in the cross plot (Fig. 3), the values of InP/

(InP ? BgP) varied between 0.25 and 0.67, confirmed the

soils were mainly suffered from mixed source of both

biomass/coal combustion and petroleum combustion.

PCA was also performed to examine the sources of

PAHs pollution in soils. Two factors with eigenvalues over

1 were extracted after applying the Varimax rotation and

Fig. 2 Spatial distribution of PAH concentrations for 16 PAHs

(lg kg-1)

Fig. 3 PAH cross plots a An/(An ? Phe) versus Flu/(Flu ? Pyr),

b BaA/(BaA ? Chr) versus Flu/(Flu ? Pyr), c InP/(InP ? BgP)

versus Flu/(Flu ? Pyr)
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were able to explain 89% of the total variance. PC1 was

strongly correlated with the higher molecular mass com-

pounds, including Flu, Pyr, BaA, Chr, BbF, BkF, BaP, InP,

DBA and BgP. PC 2 was dominated by low ring com-

pounds including Nap, Ace, Fl, Phe and An. The different

structures of the high and low ring PAH compounds could

be attributed to the different sources and physico-chemical

and biological characteristics of these compounds (Agarwal

2009). The loading plot of PCA was exhibited in Fig. 4.

Some researches have reported Flu, Pyr, BaA, Chr, BbF,

BkF and BaP as predominant in coal combustion profiles

(Larsen and Baker 2003). Both BgP and InP have been

identified as typical tracers of vehicle emissions (Fraser

et al. 1997). DBA predominates in gasoline engine exhaust

tar (Fraser et al. 1997). Therefore, PC1 was regarded as the

combined coal combustion and vehicular emission source.

Fl, Phe and An are indicators for coke production. Nap

accounted for the majority of the mass in coke oven,

highway tunnel and gasoline engine samples (Khalili et al.

1995). Thus, PC2 was considered as coke oven sources. As

shown in the cross plot of Fig. 4, Acy was separated from

other compounds, suggesting other contribution sources

exist. Acy has been reported to be a tracer for domestic

wood combustion or vehicular emission (Jiang et al. 2009).

Biomass combustion could be a possible explanation for

the unidentified source since it is very common in north

China to burn crop straw in the pen air after crop harvesting

(Cao et al. 2008). The PCA results were consistent with the

isomeric ratio analysis that coal/biomass combustion and

petroleum combustion were the main contributors of PAHs

accumulation in topsoil of Beijing, Tianjin and the sur-

rounding regions.

The United States Environmental Protection Agency

(USEPA) has classified seven PAHs including BaA, Chr,

BbF, BkF, BaP, InP and DBA as Group B2, probable

human carcinogens. The concentrations of these seven

carcinogenic PAHs were from 139.3 to 17768.8 lg kg-1

and the percentage was from 24 to 76%. At present, no

PAHs guideline values in soil are available in China. To

assess the hazard of PAHs contaminated soil, toxic

equivalency factors (TEFs) were used to quantify the

benzo[a]pyrene-equivalent concentration (BaPeq). The

carcinogenic potencies of individual carcinogenic PAHs

were calculated by multiplying their concentration with the

corresponding TEF. The total carcinogenic potency was

estimated by the sum of each BaPeq. TEFs compiled by

Tsai et al. (2004) were adopted to calculate BaPeq. Cal-

culated total BaPeq concentrations varied from 35.9 to

5415.5 lg kg-1. The mean and median BaPeq concentra-

tions were 148.4 and 81.8 lg kg-1, respectively. Although

the highest BaPeq was even higher than that in traffic soil

of India (1,009 lg kg-1) (Agarwal 2009), the average or

median BaPeq was lower than those in Shanghai urban soil

(428 lg kg-1) (Jiang et al. 2009) from China. The BaPeq

was comparable to that in industrial soil (124 lg kg-1) and

residential soil (96 lg kg-1) from Tarragona County of

Spain (Nadal et al. 2004). The major contributors to BaPeq

are BaP, DbA, BbF, InP and BkF, accounting for 47, 29, 8,

6 and 5% on average, respectively. The soil PAHs con-

tamination of this study was found to be low to moderate

on the global scale. The city centers or sites close to any

other contamination source present higher amounts of

PAHs.
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