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Abstract Thirty-one surface soil samples were collect-
ed from Liaohe estuarine wetland in October 2008 and
May and August 2009. The concentrations of 16
polycyclic aromatic hydrocarbons (PAHs), identified
as priority pollutants by the US EPA, were measured by
gas chromatography. PAHs were predominated by
three- and four-ring compounds. The total PAH con-
centrations ranged from 704.7 to 1,804.5 μg/kg with a
mean value of 1,001.9 μg/kg in October 2008, from
509.7 to 1,936.9 μg/kg with an average of 887.1 μg/kg
in May 2009, and from 293.4 to 1,735.9 μg/kg with a
mean value of 675.4 μg/kg in August 2009. The PAH
concentration detected at most sites shared the same
pattern, with maximum concentrations during the
autumn (October) and minimum concentrations during
the summer (August). The ecological risk assessment of
PAHs showed that adverse effects would occasionally
occur in the soils from Liaohe estuarine wetland based
on the effects range low (ERL)/effects range median and
the toxic equivalency factors. The results revealed that

some of the individual PAHs were in excess of ERL
which implied possible acute adverse biological effects.
The BaPeq values in some sites surpassed the Dutch
target value. Therewith, quite a part of soils in the
wetland were subjected to potential ecological risks.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a large
group of organic pollutants that consist of two or
more fused aromatic rings and may stimulate adverse
effects in human beings and other organisms. PAHs
generally possess high chemical stability and hydropho-
bic properties, which result in enhanced accumulation
and a high capacity for distribution in the environment
(Ahmed et al. 2007). Many individual PAHs are
genotoxic (White et al. 1998) and may cause mutations
and certain types of cancer (Dragan et al. 2007). PAHs
are usually introduced into the environment as a result
of anthropogenic activities which increased dramatical-
ly in the last two decades, mainly including pyrolytic
processes, such as the incomplete combustion process-
es involving carbon fuels and materials. PAHs are
generally highly lipophilic, and soil ecosystem is a
major reservoir. The contamination of soil with organic
compounds such as PAHs is an issue of great
environmental concern.
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Wetland is environment that mankind depends
on for existence, but wetland is suffering from
pollution and plants and animals species, and self-
purification capacity of wetland is continuously in
the reduction status. Therefore, studies on PAH
concentration characteristics and their ecological
risk assessment in the wetland would be very
informative. On the basis of large amount of
previous studies, Long et al. (1995) proposed
effects range low (ERL) and effects range median
(ERM) to evaluate the potential eco-risk of organic
pollutants. Halek et al. (2008) established a toxicity
equivalency factor (TEF) to assess the risk of
mixtures containing PAHs. In this paper, 16 PAHs,
including naphthalene (Nap), acenaphthene (Ace),
acenaphthylene (Acy), fluorene (Flu), phenanthrene
(Phe), anthracene (Ant), fluoranthene (Flt), pyrene
(Pyr), benzo(a)anthracene (BaA), chrysene (Chr),
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene
(BkF), benzo(a)pyrene (BaP), indeno(1,2,3,cd)pyr-
ene (Ind), dibenzo(a,h)anthracene (DBA), and benzo
(g,h,i)perylene (Bpe), were measured to assess
environmental risk by ERL/ERM and TEF method.

Study areas

Liaohe estuarine wetland, in northeastern China,
has a geographic area of approximately
3,150 km2. The wetland is situated at latitude of
40°41′ to 41°27′ N and the longitude of 121°34′ to
122°29′ E. Reed was the dominant plant in Liaohe
estuarine wetland. The climate of Liaohe estuarine
wetland is temperate monsoon, with four seasons
(cold winter, windy spring, and hot, humid sum-
mers with well-distributed rainfall). The average
annual temperature is 8.3°C. The mean annual
rainfall is 611.6 mm, of which 62.9% is received
during summer. The evaporation can be more than
ten times higher than precipitation in spring.

Soil moisture is at a peak value during the summer
rain season, while soil salinity and pH are reduced
during the same period. These factors return to average
annual levels in late August (Ren and Han 2003). Bare
beach, seepweed (Suaeda heteroptera), common reed,
meadow, rice paddy, maize, and woods form a
distinctive sequential arrangement of vegetation types.
In addition, environmental gradients of soil salinity and
pH are remarkable (Liu et al. 2004).

Materials and methods

Sample collection and preparation

Thirty-one samples were collected from Liaohe
estuarine wetland in October 2008 and May and
August 2009. Sites of LH2–LH3 and LH7–LH9 were
taken in Salina wetland area. Sites LH1, LH4–LH6,
and LH29–LH31 were located in S. heteroptera
degraded area. Samples of LH10–LH13 and LH17–
LH25 were collected from reed field area. Sites
LH14, LH15, and LH16 were selected in reed
degraded area. Sites LH26, LH27, and LH28 were
located in reed field oil well area. The locations of
sampling station were shown in Fig. 1.

Surface soils (0–20 cm depth) were taken with
a stainless steel soil auger after removal of the
uppermost plant cover and transported to the
laboratory. The samples were freeze-dried and then
sieved through a 100-mesh stainless sieve. The
representative samples were obtained after coning
quartering. The samples were stored in the pre-
combusted amber glass jar until extraction and
analysis for PAHs.

Chemicals

Chromatographic grade dichloromethane, n-hexane,
etc. were used as solvents for sample processing and
analysis. A PAH standard mixture containing 16 PAHs
which specified in US EPA method 610 and deuterated
PAH internal standard mixture (naphthalene-d8,
acenaphthene-d10, phenanthrene-d10, and chrysene-
d12) were purchased from Supelco, USA.

Sample extraction and cleanup

Soil samples were extracted by ultrasonication, a
method developed and recommended by various authors
(Trapido 1999; Agarwal et al. 2006; Ray et al. 2008).
About 2.0 g of soil sample was mixed with 2.0 g
anhydrous sodium sulfate and then extracted in an
ultrasonic bath for 20 min with 20 mL n-hexane/
dichloromethane (1:1v/v). The extracts were concen-
trated to a volume of 1 mL by rotary vacuum
evaporation and solvent-exchanged to hexane. The
concentrated extracts were purified with a glass
chromatographic column packed anhydrous sodium
sulfate, silica gel/alumina (1:1 M/M). The samples

5546 Environ Monit Assess (2012) 184:5545–5552



were charged onto the column in about 2 mL hexane
and eluted sequentially with 30 mL hexane/dichloro-
methane (3:7 v/v). The PAHs containing fraction were
preconcentrated to about 1mL by a rotary evaporator and
concentrated to exactly 1 mL by gentle nitrogen stream.

GC analysis

The concentrated extract was separated into fractions
using gas chromatography (GC), which have been
developed and optimized. A Shimadzu 2010 GC-FID
equipped with a SPB-5 column (30 m×0.32 mm×
0.25 μm) was used for all analyses. Nitrogen was
used as the carrier gas with a flow rate of 1.1 mL/min.
The GC conditions for analysis were as follows: A
1.0-μl aliquot of the extract was injected while the
injection port temperature was maintained at 250°C
and operated in splitless mode. The oven temperature
program started at 80°C with 1 min hold and covered
a range from 80°C to 255°C at 15°C/min with 1 min
hold. Then the temperature was increased to 265°C at
1°C/min with 1 min hold and finally increased to
295°C at 2.5°C/min and held for 5 min.

Quality control

The procedural blanks, spiked blanks, and sample
duplicates were routinely analyzed with field samples,
and no interferences were detected. Instrumental

detection limits were determined from linear extrap-
olation from the lowest standard in the calibration
curve using the area of a peak having a signal-to-
noise ratio of 3, which ranged from 5 to 12 μg/kg,
depending on the individual PAH. Analytical methods
were checked for the precision and accuracy. All the
samples were analyzed in quadruplicate. Results
expressed as percentage of relative standard deviation,
which varied from 1.547% to 18.096%. The recovery
efficiency was checked by analyzing soil samples
spiked with known amount of PAH standard. Recover-
ies of 16 PAHs ranged from 74.25% to 92.15% in soil
samples. Procedural blanks were performed periodically
to prevent contamination.

Results and discussion

The distribution characteristics of PAHs

All 16 PAHs in each soil sample were quantified on
the base of dry weight unless special mention. The
total concentrations of 16 PAHs ranged from 704.7 to
1,804.5 μg/kg with a mean value of 1001.9 μg/kg in
October 2008, from 509.7 to 1,936.9 μg/kg with a
mean value of 887.1 μg/kg in May 2009, and from
293.4 to 1,735.9 μg/kg with a mean value of
675.4 μg/kg in August 2009 (Fig. 2). The PAH
concentration detected at most stations shared the
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same pattern, with maximum concentrations during
the autumn (October) and minimum concentrations
during the summer (August). The reduction in soil
contaminant levels during the warm season is facili-
tated by volatilization, degradation, and uptake into
new biological growth. Moreover, vertical movements
within the soil occur during the summer and can lead
to the redistribution and dilution of the surface loads
into the soil profile (McLachlan et al. 2002). All of
these factors can lead to a seasonal cycle in the
concentration of contaminants in soils, as observed in
this study for the sum of PAHs. Single compound trends
(Fig. 3) are more complex: Most of the compounds

follow the general trend shown by the sum of all PAHs,
but other compounds have a maximum level in spring
(Nap, Acy, Fle, Phe, BaA, BkF). For these compounds,
a different seasonal trend of emission sources and
depositional phenomena can be hypothesized.

The low molecular weight (two- and three-ring)
PAHs have a significant acute toxicity, whereas some
of the higher molecular weight PAHs are carcinogenic
(Neff 1979; Witt 1995). Generally, three- and four-
ring PAHs appear dominant in the studied soils with
median concentration values generally higher than
the 55–60% of the PAH total concentrations.
Higher proportions of PAH species with three
rings (32.4–38.3%) were detected. Compositions
and relative abundance of individual PAH in soils
of Liaohe estuarine wetland were quite similar
(Fig. 4) in three seasons. Among all 16 PAHs, Nap
was predominant specie in samples from most of the
sites. Moreover, BaP, one of the most potent
carcinogenic PAHs, varied from 28.3 to 52.4 μg/kg
with an average of 37.7 μg/kg in October 2008, from
non-detectable levels to 44.2 μg/kg with an average
of 15.048 μg/kg in May 2009, and from non-
detectable levels to 77.2 μg/kg with an average of
14.471 μg/kg in August 2009. Concentration of Bap
observed in all the sites in October 2008 was found

Fig. 2 The total concentrations of PAHs in the sampling station

Fig. 3 The distribution of individual PAH concentration in
Liaohe estuarine wetland soils
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to be higher as compared to the Dutch target value
(25 μg/kg).

Sixteen PAHs were selected to compare total
PAH concentrations with available data from
other areas in the world (Table 1). The concen-
trations of PAHs in the study area are in the
moderate range of the global levels. Observed
concentrations were comparable to the 16 PAH
average concentrations of 3,731 and 1,172.7 μg/kg
in the soils and sediments of New Orleans
(Mielke et al. 2001) and surface soil of north suburban
Shanghai (Sun et al. 2008), respectively. However,
lower concentrations (71.1, 395, and 417.4 μg/kg, sum
of 16 species) have been reported in the northern
wetland of the Yellow River Delta (Yuan et al. 2008),
arable soil in Poland (Barbara et al. 2008), and soil of
Baiyangdian area (Zhao et al. 2009), respectively. In
this study, some recommendations or guidelines were
used to determine the environmental status of Liaohe
estuarine wetland. The PAH concentration of about
100 μg/kg is typical in the areas where no anthropo-

genic pollution sources occur (Trapido 1999). Also it
has been suggested the typical endogenous PAHs in
soil, resulting from plant synthesis and natural fires
between the ranges of 1–10 μg/kg (Edwards 1983).
Overall, soils from Liaohe estuarine wetland were
contaminated above the natural level. The values in
most stations were much higher than the guideline
values in soils of Dutch (20–50 μg/kg), mathematically
indicating that majority of the sites contained relatively
high PAH concentrations. The pollution degree of 16
PAHs from sites LH14, LH18, LH19, and LH22–
LH31 in October 2008, sites LH25–LH28 in May
2009, and sites LH23 and LH26–LH28 in August
2009 was pollution class III (1,000–5,000 μg/kg)
according to Polish soil standards (Skrbic et al. 2005).

Ecological risk assessment

The ERL and the ERM values were used for
assessment of soil with a ranking of low to high
impact values (Long et al. 1995; Jon et al. 2005). The
ERL and ERM criteria were established using the
10th and 50th percentile in a database of increasing
concentrations associated with adverse biological
effects, in which ERL (4,022 μg/kg) stands for the
potential eco-risk probability is 10% and 50% for
ERM (44,792 μg/kg) is the another transition point.
Now, both of them are considered as the Eco-risk
Guidelines. The ERL and ERM delineate three
relative safety ranges. The concentrations of total
PAH concentrations and each of individual PAHs
were far below the ERM, indicating no frequent acute
adverse biological effect would happen in Liaohe
estuarine wetland. The concentrations of individual
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Fig. 4 Percentage compositions of PAHs in Liaohe estuarine
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Table 1 Concentrations of PAHs (micrograms per kilogram) in wetland soils/sediments of different areas

Study area Number of PAHs Total PAH concentration Average concentration Reference

Elizabeth River Wetlands 16 1,200∼22,200 – Kimbrough and Dickhut
(2006)

Arable soil in Poland 16 80∼7,264 395 Barbara et al. (2008)

New Orleans 16 647∼40,692 3,731 Mielke et al. (2001)

Baiyangdian Area 16 146∼645.9 417.4 Zhao et al. (2009)

The Yellow River Delta 16 27.45∼128.97 71.1 Yuan et al. (2008)

Surface soil of Shanghai 16 203.8∼6,753.9 1,172.7 Sun et al. (2008)

Liaohe estuarine wetland 16 704.7∼1,804.5 (Oct 2008) 1,001.9 Present study
16 509.7∼1,936.9 (May 2009) 887.1

16 293.4∼1,735.9 (Aug 2009) 675.4
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PAH recorded in the study ranged from ND levels to
458.7 μg/kg and were much lower than the ERM
values. The concentrations of total PAH concentra-
tions were lower than the ERL values. However,
some of the individual PAHs were in excess of ERL
which implied possible acute adverse biological
effects. As shown in Table 2, the maximum concen-
trations of the individual PAH were lower than the
ERL except for Nap, Acy, Ace, and Fle, and the latter
showed values above ERL but below ERM. These
findings indicated that there was at least one PAH in a
site that exceeded ERL, and occasional adverse
effects may occur in the study area (Long et al. 1995).

The TEFs have been developed and introduced to
facilitate risk assessment and regulatory control of
exposure to PAH mixtures (Zhang et al. 2009). The
development of TEFs can increase the reliability of
the evaluation of the toxicity of a sample containing a
mixture of PAHs (Sandro et al. 2010). Since BaP is
well characterized toxicologically, whereas compara-
tively less information is available for most of the
other PAHs (Lodovici et al. 2003), the risks of PAHs
have often been calculated on the basis of BaP
concentration. In the present study, the carcinogenic
potency of a PAH can be expressed as its BaP-

equivalent (BaPeq) concentration, which is calculated
from the TEF of the PAHs relative to the carcinogenic
potency of BaP. The list of TEFs of individual PAHs
compiled by Tsai et al. (2004) was adopted in this
study. The calculated TEFs for Nap, Acy, Ace, Flu,
Phe, Ant, Flt, Pyr, BaA, Chr, BbF, BkF, Bap, Ind,
DBA, and Bpe are 0.001, 0.001, 0.001, 0.001, 0.001,
0.01, 0.001, 0.001, 0.1, 0.01, 0.1, 0.1, 1, 0.1, 1, and
0.01, respectively. The toxicity of PAH is defined by
the concentration of individual PAH compounds (Ci)
in a mixture times their corresponding TEF and
determining the concentration of total PAHs
expressed as BaPeq. These concentrations are then

Compound ERL ERM This study

Oct 2008 May 2009 Aug 2009

Average Max Average Max Average Max

Nap 160 2,100 167.59 340 219.03 458.7 137.90 403.4

Acy 44 640 55.88 169.9 90.76 272.2 74.46 193.5

Ace 16 500 66.10 189.1 65.70 187.9 39.02 101

Fle 19 540 56.09 134.1 57.64 216.7 48.36 154.5

Phe 240 1,500 74.80 143.2 98.11 142.2 69.11 144.1

Ant 853 1,100 72.03 135 23.56 82.7 15.95 34.1

Flu 600 5,100 85.99 160.9 59.34 352.5 34.03 75.3

Pyr 665 2,600 79.41 143.5 62.65 152.4 53.37 154.3

BaA 261 1,600 42.47 73.2 17.64 40.2 37.35 81.9

Chr 384 2,800 56.70 71 32.95 59.2 29.52 99.5

BbF 320 1,880 65.33 93.4 41.67 53.4 36.56 97.5

BkF 280 1,620 45.72 58.4 28.11 59.4 32.73 158.4

BaP 430 1,600 37.69 53.4 15.05 44.2 14.47 77.2

Ind NA NA 38.36 48.8 26.51 77.5 20.76 54.3

DBA 63.4 260 4.76 9.1 1.62 25.7 NA NA

Bpe 430 1,600 52.92 62.5 36.78 59.7 31.85 88.2

Total 4,022 44,792 1,001.85 1,804.5 877.13 1,936.9 675.43 1,735.9

Table 2 Standard pollution
criteria of PAH components
for soil (micrograms
per kilogram)

NA not available
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arithmetically summed as a surrogate indicator to
provide an indication of the toxic potential of the
samples expressed as toxic equivalents.

In this study, the total PAH BaPeq in different
sampling station are showed in Fig. 5. BaPeq values
calculated for soil samples in this study varied from
52.1 to 84.3 μg/kg, a mean value of 64.0 μg/kg in
October 2008, from 8.6 to 59.2 μg/kg with a mean
value of 29.7 μg/kg in May 2009, and from 7.8 to
80.9 μg/kg with a mean value of 28.4 μg/kg in
August 2009. In comparison with other studies, the mean
value (28.4 μg/kg) in soils of Liaohe estuarine wetland
was lower than those in surface soils of Agra, India
(650 μg/kg-BaPeq) (Amit and Ajay 2006), soil around
airport in India (1,021 μg/kg-BaPeq) (Ray et al. 2008),
soil from Tarragona County of Spain (124 μg/kg-BaPeq)
(Nadal et al. 2004), and roadside soil of Shanghai,
China (892 μg/kg-BaPeq) (Jiang et al. 2009). BaP is one
of the most important PAHs in the carcinogenic group.
In the soil samples in August 2009, BaP accounted for
50.88% of the total BaPeq with only 2.1% of the total
concentration. Among different PAHs, contribution to
the total BaPeq decreased in the order: BaP (50.88%)>
BaA (13.13%)>BbF (12.85%)>BkF (11.51%). The
reference total carcinogenic potency was calculated as
a sum of multiplied Dutch target concentrations for
unpolluted soil with appropriate Bapeq. The toxicity and
carcinogenetic of the investigated sites in 3 months was
estimated by comparing the total carcinogenic potency
with reference once. In October 2008, the value were
1.6∼2.6 times higher than the Dutch target value
(32.96 μg/kg), indicating the increased carcinogenic
burden of soils from these sites. The result suggests that
the carcinogenic potency of PAHs should be given more
attention due to potential environmental risk in the study
area, and appropriate remedial measures should be
carried out to minimize the adverse effects of long-
term exposure on local inhabitants. In May and August
2009, the average total BaPeq value is generally
comparable to the Dutch target value. The total BaPeq
detected in 38.7% and 22.6% of the sites exceed the
Dutch target value.

Conclusions

Due to continuously increasing anthropogenic activities,
management of the pollution from soils in wetland areas
is attracting more attention. The distributions of PAHs in

the environment and potential human health risks have
become the focus of much attention. In this study, PAH
concentrations, possible adverse ecological effects, and
their seasonal variation were identified in the soils from
Liaohe estuarine wetland. Analyses of 31 surface soil
samples showed that the levels for 16 PAHs ranged from
704.7 to 1,804.5 μg/kg dry weight, with the mean value
of 1,001.9 μg/kg dry weight in October 2008, from
509.7 to 1,936.9 μg/kg with a mean value of 887.1 μg/
kg inMay 2009, and from 293.4 to 1,735.9 μg/kg with a
mean value of 675.4 μg/kg in August 2009. The PAH
levels for all sites were higher than the target value set
by Dutch government for unpolluted soil. Three- and
four-ring PAHs were predominant in Liaohe estuarine
wetland soils. The PAH concentration detected at most
stations shared the same pattern, with maximum
concentrations during the autumn and minimum con-
centrations during the summer. The results indicate that
no frequent acute adverse biological effect would
happen in Liaohe estuarine wetland. High carcinogenic
potency of PAHs in soils is an indication of high degree
of risk. Appropriate remedial measures were required to
minimize the adverse effects.
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