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ABSTRACT

The characteristics of petroleum hydrocarbons and the risks they pose to the ecosystem were studied
in the Xihe River, which is an urban river located in Shenyang, China. High levels of aliphatic hydrocar-
bons (AHc) and polycyclic aromatic hydrocarbons (PAHs) were observed in the river due to the discharge
of wastewater from industrial and municipal facilities for a long period of time. High-molecular-weight
hydrocarbons, including unresolved complex mixtures (UCM) of n-alkanes between n-C16 and n-C32 and
of PAHs with four to six rings, were the dominant hydrocarbons in the river, particularly in suspended
particulate matter (SPM) and sediments. The AHc was mainly from petrogenic sources, whereas PAHs was
from both pyrolytic and petrogenic source inputs. Our results suggest that there is a high risk of toxicity for
the soils and groundwater of the study area. The overall toxicity in the sediments can be described using
the toxic equivalent (TEQ) of dibenzo[a,h]anthracene (DBA) based on benzo(a)pyrene (TEQg,p) and diox-
ins (TEQrcpp) toxic equivalent concentrations. The TEQ values for benzo(a)pyrene (TEQg,p) and dioxins
(TEQrcpp) presented a consistent assessment of sediment PAHSs.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

With increasing urbanization and industrialization, the environ-
mental quality in cities has been deteriorating. A large quantity
of untreated or partially treated wastewater is discharged into
rivers and lakes near cities directly or via canals that generally con-
tain persistent toxic organic compounds. These substances have
severely damaged and jeopardized the ecosystems around cities
[1-4]. Thus, the determination and monitoring of persistent toxic
substances in urban water bodies is necessary and important for
protecting urban ecological and human health. Among organic
compounds, aliphatic hydrocarbons (AHc) and polycyclic aromatic
hydrocarbons (PAHs) are widespread environmental contaminants
[5]. Of these, PAHs represent a greater concern due to their docu-
mented carcinogenic, mutagenic, and toxic properties [6]. Though
a considerable fraction of the hydrocarbons entering the water
environment are removed by evaporation, most of them were dis-
tributed in the water, accumulated in the sediment and transferred
to biota ultimately [7].

Shenyang is an important industrial city and an economic and
cultural center of northeastern China. As a result of economic
development and population growth during the past 40 years, the
ecological environment and the health of residents have both been
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placed under significant stress [4,8]. In the past, most of Shenyang’s
industrial and urban wastewater was biologically treated and sub-
sequently discharged into the Xihe River and used for agricultural
irrigation due to local water shortages and the desire to recycle
nutrients in the water to protect freshwater resources. Therefore,
the Xihe River became the largest recipient of industrial effluents
and domestic wastewater from Shenyang [9]. Although the U.S.
Environmental Protection Agency has reported that the reuse of
treated sewage water for irrigation is potentially safe for non-edible
species [10], the wastewater nonetheless still contained some per-
sistent organic pollutants capable of endangering food safety and
human health [6]. A historical study of pollution of the Xihe River
confirmed that the river has been subjected to severe inputs of inor-
ganic and organic pollutants, such as heavy metals [11] and volatile
hydroxybenzene compounds [12]. The purpose of the present study
was to assess the characteristics of the organic contaminants in a
typical urban river. Thus, the levels of AHc and PAHs were moni-
tored in the water, suspended particulate matter (SPM) and surface
sediments. In addition, a core sediment from a downstream section
of the Xihe River was collected to determine trends in AHc and PAH
pollution in this urban river during the past 40 years.

2. Materials and methods
2.1. Study area

Our research was carried out in western Shenyang (42°26'N,
122°38'E) in August 2005. The study area has a continental tem-
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Fig. 1. Location of the study area and sampling stations.

perate monsoon climate with a dry, cold winter and a warm, wet
summer. The Xihe River is 78.2 km long, with a mean river width
of 10.5 m and a mean water depth of 1.60 m in the low flow period,
and it runs through the Tiexi industrial area of Shenyang, entering
the Hun River in Chiyutuo village of Shenyang’s Liaozhong town.
Locations of the sampling stations are shown in Fig. 1.

2.2. Sampling and pretreatment

Water samples were collected from seven sites (X1-X7) at a
depth of at 0.50 m using pre-cleaned dark glass bottles. All samples
were stored in an icebox, immediately transported to the labo-
ratory, and stored in a refrigerator at 4°C before analysis. Water
samples were filtered through partial four-fluorine ethylene filters
(0.45 pm, d =50 mm, Millipore, Billerica, MA, USA) to separate SPM
from the water. The SPM samples were freeze-dried and wrapped in
aluminum foil and then stored in a freezer at —20 °C until analysis.

Surface sediments (0-20 cm) were collected using a grab sam-
pler (Van Veen bodemhappe, 2 L) from six sites (X1, X3-X7). A core
sediment to a depth of 48 cm was also collected in the downstream
reaches of the Xihe River near station X7 using a stainless-steel core
sampler. The core was sectioned at 2 cm intervals for the top 10 cm
and 3 cm intervals at greater depths. The surface and core sedi-
ments were keptin a freezer at —20 °C until they were analyzed. The
frozen sediments were freeze-dried (FD-1A, China), ground with a
mortar, and then stored in pre-cleaned dark glass bottles before
extraction.

2.3. Extraction and analyses of hydrocarbons

The extraction and analyses of hydrocarbons followed pre-
viously reported methods [13-16]. Filtered water samples (2L)
were extracted using a solid-phase extraction system from Supelco
(USA). Fifteen grams of freeze-dried sediment were Soxhlet
extracted using 250 mL of dichloromethane/hexane (1:1, v/v) for
24h in a water bath maintained at 60°C. SPM was subjected to
the same extraction procedure as sediments. The extracts from the
water, SPM, and sediment samples were passed through a 1:2 alu-
mina:silica gel glass column containing 1¢g of anhydrous sodium
sulfate overlaying the silica gel for clean-up and fractionation. First,
the aliphatic hydrocarbons were eluted with 15 mL of hexane. We
then collected eluents containing PAHs by eluting the samples with
70 mL of hexane:dichloromethane (7:3, v:v) and concentrated the
eluate to 0.50 mL under a gentle stream of purified N,. Known quan-

tities of an internal standard were added to the fractions prior to
analysis.

Samples were analyzed for AHc (from n-C8 to n-C38) including
n-alkanes, unresolved complex mixtures (UCM) and isoprene (phy-
tane and pristine) and for the following 16 non-alkylated polycyclic
aromatic hydrocarbons (PAHs): naphthalene (Naph), acenaphthy-
lene (Aceph), acenaphthene (Ace), fluorene (Fl), phenanthrene
(Phen), anthracene (Ant), fluoranthene (Flu), pyrene (Pyr),
benz[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene
(BbF), benzo[k]fluoranthene (BKF), benzo[a]pyrene (BaP),
indeno[1,2,3-cd]pyrene (InP), dibenz[ah]anthracene (DBA),
and benzo[ghi]perylene (BgP). AHc were analyzed using a Varian
3800 GC/[FID with a 30m x 0.25mm i.d. x 0.25 wm film thickness
DB-5 column (J& W Co., USA). The temperature was programmed
from 50°C (hold for 2 min) to 290°C at 6°Cmin~! and was then
maintained at 290°C for 15 min. Hydrogen was used as the car-
rier gas at a flow of 1.20 mL/mim. PAHs were analyzed using a
ThermoQuest GC/MS with a 30m x 0.25mm i.d. x 0.25 um film
thickness DB-5 MS column (ThermoQuest, San Jose, CA, USA) in
selected ion mode. The temperature was programmed from 80°C
(hold for 2 min) to 120°C increasing at 3°Cmin~!, then increasing
at 5°Cmin~! to 200°C, 200°C to 290°C at rate of 7°Cmin~! and
hold for 15 min at 290 °C. Helium was used as the carrier gas at a
flow of 1.00 mL/mim.

All data were subject to strict quality control procedures. The
method detection limit (MDL) for n-alkanes and PAHs ranged from
1.30 to 3.10ngL-! and 18.6 to 79.6 ngL~! for water samples and
from 0.79 to 4.82ngg~! and 0.56 to 3.07 ngg~! for sediment sam-
ples, respectively. The mean recovery of n-alkanes and PAHs were
79.1-111% and 60.8-120% for water samples and 69.4-114% and
63.8-97.7% for sediment samples, respectively. Each sample was
analyzed in duplicate, and relative standard deviations were less
than 15%. Additionally, the dissolved organic carbon (DOC) in water
samples and the total organic carbon (TOC) for the sediments were
determined using previously described methods [17].

3. Results and discussion
3.1. Aliphatic hydrocarbons in the water, SPM, and sediment

The values of AHc in the water and SPM samples are shown in
Table 1. The total AHc concentrations from n-C8 to n-C38 ranged
from 3.59 to 21.5 pgL~! in water and from 20.02 to 688.8 wgL~!
in SPM. Unresolved complex mixtures (UCM) were not detected
in water but made an important contribution to the total AHc
(between 18.47 and 584.1 wgL-1) in SPM. The AHc content was
higher in the granular phase (SPM) than in the dissolved phase due
to the hydrophobic characteristic of these organic compounds. We
observed high levels of AHc in the upper and middle reaches of the
river in the water and SPM (stations X1-X5) due to the discharge of
municipal wastewater directly from Shenyang city, but observed
lower levels of AHc in downstream reaches (stations X6 and X7)
due to attenuation of the contaminants.

To describe the AHc composition in these samples, the ratio
of low- to high-molecular-weight compounds was calculated
(Table 1); the LMW/HMMW ratios ranged from 0.04 to 0.93 in water
and from 0.17 to 0.70 in SPM, and the values were higher in the
upper and middle reaches of the river than they were farther down-
stream. The ratios were all lower than 1, indicating that there were
petroleum and terrigenous inputs at these stations [18]. Aquatic
organic matter (<n-C21) is preferentially remineralized during the
sinking of particles and at the water-sediment interface [19]. Fig. 2a
shows the composition and distribution patterns for the individual
n-alkanes and PAHs in water and SPM. There was no discernible
pattern of odd- to even-numbered carbon compounds. However,
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Table 1

Concentrations of AHc and PAHs, and the calculated distribution indices in water and SPM of the Xihe River, Shenyang, China.
Station AHc (pgLl-1) UCM (pgl-1) LMW/HMW DOC (mgL-") PAHs (ngL-1) HPAH/TPAH

Water SPM Water SPM Water SPM Water Water SPM Water SPM

X1 10.6 88.02 nd 73.46 0.93 0.17 66.74 115.8 1382 1.00 0.98
X2 12.6 688.8 nd 584.1 0.40 0.66 66.92 92.33 1644 0.66 1.00
X3 16.0 202.4 nd 173.9 0.51 0.70 43.22 91.63 192.4 1.00 1.00
X4 8.89 176.0 nd 144.1 0.30 0.63 69.28 1114 93.30 1.00 1.00
X5 215 195.1 nd 156.8 0.27 0.51 65.58 39.23 149.3 047 0.87
X6 15.0 101.5 nd 83.43 0.06 0.33 52.52 249.6 2183 1.00 0.85
X7 3.59 20.02 nd 18.47 0.04 0.23 43.22 55.82 366.6 0.63 0.95

UCM: unresolved complex mixtures; AHc: the total concentration of n-alkanes (n-Cg to n-Csg) and UCM; LMW/HMW ratio: low molecular weight n-alkanes (<n-C21)/high
molecular weight n-alkanes (>n-C20) [18]; HPAH/TPAH: ratio of the concentration of PAHs with four to six rings to the total concentration of PAHs; nd: not detected.

n-C20 and n-C21 were dominant in water, and there were two main
peaks in SPM: a short chain from n-C16 to n-C18 and a long chain
from n-C25 to n-C30. Petroleum usually shows a wide distribution
of n-alkane sizes and no dominance in the ratio of even to odd
numbers of carbon atoms [20].

Tables 2 and 3 show that the concentration of AHc ranged
from 180.8 to 760.9 wgg~! in surface sediments and from 320.9 to
1126 pgg~! dry weight in core sediments, and UCM accounted for
an important proportion of these compounds (154.6-642.5 ugg!
in the surface sediments and 236.0-869.5 ugg~! in the core sed-
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Fig. 2. Distribution of individual n-alkanes and PAHs in water and SPM.

iments). UCM are often attributed to petroleum contamination,
as they have a well-known relationship to degraded or weath-
ered petroleum residues [21]. The relative degree of persistent and
degraded compounds can be gauged using the UCM/R ratio [22].
The UCM/R value ranged from 4.19 to 7.91 in surface sediments
(Table 2) and from 2.69 to 4.86 in core sediments (Table 3), which
confirmed the widespread presence of important petroleum-
related residues.

We found a different trend in the surface sediments compared to
the distribution of AHc in the water and SPM. The highest level of
AHc were observed in the middle reaches (X3) and downstream
reaches (X7) of the river due to the deposition and transporta-
tion of contaminants. In the core sediments, the highest AHc level
was found in the 10- to 13-cm layer and the 45- to 48-cm layer,
and the same trend was found for UCM (Table 3). This may repre-
sent two periods of heavy pollution (in the 1990 s and the 19605s)
based on the relationship between layer thickness (48 cm) and the
deposition time (>40 years).

For the AHc composition in the sediments, the LMW/HMW
indices ranged from 0.20 to 0.47 in surface sediments (Table 2) and
from 0.32 to 0.73 in the core sediments (Table 3). Low-molecular-
weight hydrocarbons from petroleum contamination that enter the
water environment are reduced by degradation and weathering,
whereas high-molecular-weight hydrocarbons are reserved and
mineralized in sediment. Pristane and phytane are the products of
the geological alteration of phytol and are often used as indicators
of petroleum contamination and of the depositional environment
[23]. In our study, the ratio of pristine to phytane ranged from 0.69
to 1.17 in surface sediments (Table 2) and from 0.49 to 0.79 in the
core sediments (Table 3), which reflects petroleum contamination
and an anaerobic environment in the Xihe River. Fig. 3a presents
the composition and distribution patterns of the individual AHc in
sediments. There was no clear pattern of carbon compounds with
odd to even numbers of carbon atoms, but long-chain AHc (from
n-C21 to n-C28) were the dominant form in the sediments.

3.2. PAHs in the water, SPM, and sediments

Table 1 presents the concentrations of 16 PAHs in water and
SPM. The total PAH concentration ranged from 39.23 to 249.6 ng L'
in water and from 93.30 to 1382 ng L~! in SPM. The PAH concentra-
tion was higher in the granular phase than in the dissolved phase
due to the hydrophobic characteristics of these organic compounds.
With respect to the PAH composition, PAHs with four to six rings
were the dominant form based on the ratio of high-molecular-
weight PAHs to total PAHs (HPAH/TPAH; Table 1), which indicated
that pyrolytic processes might be an important contaminant input
source [24]. Most PAHs investigated were not detected, and only
dibenzo|[a,h]anthracene was present at high levels in water and
SPM (Fig. 2b). There is no commercial production or known use of
dibenz[a,h]anthracene. It occurs as a component of coal tars, shale
oils, and soots [25], and this might suggest that there is still simi-
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Table 2
Concentrations of AHc and PAHs, and calculated distribution indices in surface sediments collected at six stations along the Xihe River, Shenyang.
Sample AHc (pgg™) UCM (pgg™1) LMW/HMW UCM/R Pr/Ph TOC (%) PAHs (pgg™!) L/H Flu/Flu+Pyr InP/InP +BgP
X1 2183 193.8 0.47 7.91 0.71 8.54 111 0.48 0.56 0.29
X3 760.9 642.5 0.34 542 0.71 7.48 12.9 0.10 0.57 0.09
X4 180.8 154.6 0.22 5.90 1.17 3.87 0.34 0.06 0.54 0.38
X5 193.0 168.2 0.28 6.78 0.71 4.64 5.07 0.15 0.62 0.54
X6 2338 196.9 0.39 5.33 0.96 5.98 1.52 0.29 0.40 0.38
X7 736.4 594.5 0.20 4.19 0.69 23.36 2.63 0.10 0.55 0.76

AHc: the total concentration of the n-alkanes (n-Cg to n-Csg) and UCM; LMW/HMW ratio: low molecular weight n-alkanes (<n-C21)/high molecular weight n-alkanes
(>n-C20) [18]; UCM/R: ratio of unresolved compounds to resolved compounds in gas chromatography; Pr: pristine; Ph: phytane; Flu: fluoranthene; Pyr: pyrene; InP:
indeno|[1,2,3-cd|pyrene; BgP: benzo[ghi]perylene; L/H ratio: ratio of the concentration of PAHs with two to three rings to the total concentration of PAHs with four to six

rings.

lar pollution entering the Xihe River due to wastewater discharge
and/or atmospheric fallout.

Tables 2 and 3 present total PAHs in the surface and core sedi-
ments from the Xihe River. The concentrations ranged from 0.34
to 129 ugg! dry weight in surface sediments and from 1.14
to 18.8 ugg! dry weight in the core sediments. Unlike AHc in
sediments, high levels of PAHs were observed to have accumu-
lated in surface sediments in the upper and middle reaches of
the river (stations X1 and X3) due to direct wastewater discharge
and the persistence of PAHs in the environment. In the core sedi-
ments, the distribution of PAHs concentration generally decreased
with increasing depth (Table 3). Compared to the distribution of
individual PAHs in water and SPM, many more individual PAHs
were detected in sediments. PAHs with four to five rings were
dominant in sediments (Fig. 3b). Similar PAH concentrations and
compositions have been previously reported in soils of wastewater
irrigation areas in Shenyang City [26], which may indicate similar
input sources.

PAHs enter the river environment mainly via atmospheric fall-
out, urban runoff, municipal and industrial effluents, and oil leakage
[27,28]. The source of PAHs is mainly anthropogenic [29], and
these compounds are formed mainly via two mechanisms: fuel
combustion (pyrolytic) and the discharge of crude oil byprod-
ucts (petrogenic). Their source can be identified by the ratios of
individual PAH compounds, which differ among emission sources
[17]. The ratio of low-molecular-weight PAHs to high-molecular-
weight PAHs (L/H) ranged from 0.10 to 0.48 in surface sediments
(Table 2) and from 0.09 to 3.14 in the core sediments (Table 3). This
indicates that the PAHs had mixed sources, including both petro-

genic and pyrolytic sources [24]. The ratios of Flu/(Flu+Pyr) and
InP/(InP + BgP) confirmed the complexity of the PAH sources, with
pyrolytic sources related to combustion of fossil fuels and crude oil
[30].

3.3. The role of organic carbon in hydrocarbon concentrations

The dissolved organic carbon (DOC) in water ranged from 43.22
to 69.28 mgL~1 (Table 1), and the total organic carbon (TOC) in
sediments ranged from 3.87 to 32.4% (Tables 2 and 3). These levels
of organic carbon were high compared with the values in natural
water columns [31,32], indicating that the study area was polluted.
The organic matter in sediments generally plays an important role
in controlling the distribution of many organic pollutants [32,33].
However, the only positive correlation observed was between TOC
and PAHs (r=0.62, P=0.001, n=24), which might be because the
TOC and PAHs were mainly from the release of untreated wastew-
ater, and PAHs have a highly hydrophobic nature and more easily
tend to associate with the underlying sediments [34].

3.4. Assessment of contamination

Hydrocarbon pollutants endanger both ecosystems and human
health. The concentrations of AHc detected in water, SPM, and sed-
iments of the Xihe River were high enough to be close to the values
characterizing areas with heavy petroleum pollution, such as the
Black Sea (2-300 ugg~! in sediments) [23], the coastal area near
the Shuaiba industrial area (6.70-2067 wgg~! in sediments) [29],
Bassein-Mumbai (2.90-39.2 ugL-! in water; 0.90-108 ugg=! in

Table 3
Concentrations of AHc and PAHs, and the calculated distribution indices, in the core sediments of the Xihe River, Shenyang.

Sample AHc (pgg™) UCM (pgg1) LMW/HMW UCM/R Pr/Ph TOC (%) PAHs (pgg') LMW/HMW Flu/Flu +Pyr InP/InP +BgP
0-2cm 446.3 361.8 0.32 4.29 0.61 26.9 14.7 0.82 0.65 0.73
2-4cm 482.5 387.7 0.40 4.09 0.54 26.7 10.8 3.14 0.65 0.44
4-6cm 480.8 397.5 0.41 4.77 0.59 24.7 5.15 135 0.89 0.37
6-8cm 512.9 410.7 0.42 4.02 0.55 24.8 13.9 1.81 0.56 0.30
8-10cm 514.5 422.2 0.49 4.57 0.49 29.9 18.4 0.99 0.54 0.44

10-13cm 936.9 751.0 0.34 4.04 0.63 30.0 11.6 0.20 0.75 0.22

13-16cm 507.0 420.5 0.53 4.86 0.60 29.0 11.2 0.65 0.52 0.67

16-19cm  489.5 399.5 0.60 4.43 0.63 30.1 18.8 1.30 0.47 0.13

19-21cm 559.5 454.5 0.54 433 0.60 26.5 9.27 1.21 0.45 0.48

21-24cm 4289 338.8 0.48 3.76 0.53 245 153 2.21 0.52 0.47

24-27cm  489.3 386.1 0.49 3.74 0.54 26.6 7.58 1.98 0.51 0.41

27-30cm 390.8 295.6 0.52 3.11 0.68 224 6.78 1.18 0.53 0.54

30-33cm 632.8 487.3 0.63 3.35 0.61 324 9.94 1.78 0.52 0.89

33-36cm 638.5 505.8 0.46 3.81 0.63 19.7 2.46 0.34 0.68 0.61

36-39cm 320.9 236.0 0.51 2.78 0.59 19.2 2.63 0.37 0.62 0.87

39-42cm  482.1 3514 0.40 2.69 0.52 8.50 3.91 0.09 0.62 0.09

42-45cm  463.6 362.5 0.40 3.59 0.50 7.47 1.91 0.25 0.97 0.87

45-48 cm 1126 869.5 0.73 3.39 0.79 4.17 1.14 0.12 0.03 0.69

AHc: the total concentration of the n-alkanes (n-Cg to n-Csg) and UCM; LMW/HMW ratio: low molecular weight n-alkanes (<n-C21)/high molecular weight n-alkanes
(>n-C20) [18]; UCM/R: ratio of unresolved compounds to resolved compounds in gas chromatography; Pr: pristine; Ph: phytane; Flu: fluoranthene; Pyr: pyrene; InP:
indeno[1,2,3-cd]pyrene; BgP: benzo|ghi]perylene; L/H ratio: ratio of the concentration of PAHs with two to three rings to the total concentration of PAHs with four to six

rings.
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of rings in surface and core sediments from the Xihe River.

sediments)[7], and the Arabian Gulf (779 pgg~! in sediments) [34].
UNEP [35] defines hydrocarbon concentrations in heavily polluted
sediments as levels greater than 10 wgg~! dry weight. Large quan-
tities of AHc are gradually deposited and transported downstream
by water currents in these areas, spreading the pollution beyond
its source region.

The PAH concentrations in water and SPM were low compared to
those in Taiwan’s heavily polluted Gao-Ping River (10-9400 ng L~!
in water) [36], the river in Tianjing (45.81-1272ngL-! in water
and 938-64,200ngg~"! in SPM) [32], and the Seine River and estu-
ary (4-36ngL-! in water and 1000-14,000ngg-! in SPM) [37].
Compared to PAH concentrations reported in the literature for
domestic wastewater, the total concentrations measured in the
Xihe River water column, including both the water and SPM,
reached levels as high as those reported by Gasperi et al. [38]
(from 0.24 to 3.1 wgL~1). However, total PAHs concentration was
high in sediments, with levels close to those in the most con-
taminated estuaries, bays, and rivers of economically developed
areas around the world, such as China’s Jiulong River Estuary
(59-1177ngg-1) [39], Spain’s Santander Bay (20-344,600ngg1)
[40], Narragansett Bay (569-216,000ngg~1) [41], and Tianjing in
China (787-1,943,000ngg 1) [17].

We observed that sediments accumulated more AHc and PAH
compounds than the water, especially in the core sediments,
indicating long-term inputs of AHc and PAHs from wastewater dis-
charge during the past 40 years. Pollution of the river by petroleum

hydrocarbons occurs mainly through human activities: approxi-
mately 65.3% of these substances is discharged through municipal
and industrial wastes, urban and river runoff, oceanic dumping,
and atmospheric fallout; 26.2% is derived from discharges during
transportation, dry docking, tanker accidents, and de-blasting, etc.;
and the remaining 8.50% comes from fixed installations such as
coastal refineries, offshore production facilities, and marine termi-
nals [42]. Under high loads of organic matter from through sewage
and other anthropogenic sources, river sediments are expected to
be anoxic [9], and as a result, petroleum residues deposited in the
sediments are expected to be preserved due to very low rates of
microbial degradation [43]. A number of new sewage treatment
plants have been established in the upper reaches of the Xihe
River, and improved monitoring of the Xihe River’s environment
will allow managers to regulate the discharge of wastewater and
wastes from Shenyang, reducing future concentrations of AHc and
PAHs in the water.

3.5. Toxicity assessment for PAHs in sediments

PAHs always occur in sediments as a complex mixture of
compounds, leading to cumulative effects on the ecological envi-
ronment [44]. The mean concentration of PAHs (8292 ngg~1)in the
sediments of the Xihe River was higher than the low effects range
(ER-L=4022ngg-1), but less than the median effects range (ER-
M=44,792ng g 1)[45], indicating that there are negative biological
effects of PAHs in the Xihe River’s sedimentary environment.

The equivalent concentrations of PAHs such as benzo[a]pyrene
and 2378-TCDD (a dioxin) based on the values of the toxic equiva-
lency factor (TEF) and the calculated toxic equivalent (TEQ) for BaP
(TEQgap) and dioxins (TEQtcpp) values were determined to assess
the toxicity and carcinogenic potential of the PAHs [46,47]. The total
toxic equivalent for all PAHs was calculated using the following
equation:

TEQgap = Z C; x TEF;

where C; is the concentration of PAHs, and i is the number of
PAHs. Given the agreement of the selected parameters between
the TEQgap and TEQrcpp, the high molecular weight PAHs, includ-
ing BaA, Chr, BbF, BKF, BaP and InP, were used to calculate the
toxic potency. Table 4 summarizes the toxic equivalency factors
and concentrations of these PAHs. The average TEQg,p in the Xihe
River sediments was 601 in the core sediments and 808 in sur-
face sediments. Dibenzo[a,h]anthracene (68%) and benzo(a)pyrene
(25%) were the individual PAHs that contributed most to the
total TEQg,p. The average TEQrcpp was 2.27 in surface sediments
and 1.96 in the core sediments. Dibenzo[a,h]anthracene (45%)
and benzo[k]fluoranthene (36%) were the individual PAHs that
contributed most to the total TEQg,p. The high proportion of
dibenzo[a,h]anthracene in the TEQ value may indicate that the
risk posed by PAHs in sediments in the study area can be repre-
sented by the concentration of this compound. This differs from
the results of other studies in which the toxicity of PAHs was based
on benzo(a)pyrene [47]. This difference may result from different
pollution sources and different sediment properties. In our study,
dibenzo[a,h]anthracene is the major component of the PAHs in the
water, which confirms that it may serve as a good indicator of PAH
levels. We found a strong and significant linear correlation between
TEQgap and TEQqcpp (r=0.85, P<0.0001, n=24) (Fig. 4), which sug-
gests that TEQg,p and TEQqcpp present a consistent assessment of
the PAH levels in sediments. The potential toxicity of PAHs is higher
in surface sediments than that in deep sediments, which may indi-
cate that recent contamination levels are higher than they were in
the past. The TEQ value, including both TEQg,p and TEQrcpp, Was
higher in the sediments of the Xihe River than was found in pre-
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Table 4

Average concentrations of PAHs in sediments, and the toxic equivalent (TEQ) and toxic equivalency factor (TEF) values.

PAHs TEFgap? TEFrcpp? Mean PAH concentration in sediment (ngg=1)
Surface Core
Benzo(a)pyrene 0.10 0.000025 210 86.4
Chrysene 0.01 0.00020 790 495
Benzo[b]fluoranthene 0.10 0.0025 18.8 61.9
Benzo[k]fluoranthene 0.10 0.0048 180 143
Benzo[a]pyrene 1.00 0.00035 247 114
Dibenzo[a,h]anthracene 1.00 0.0020 503 446
Indeno[1,2,3-cd]pyrene 0.10 0.0011 85.3 69.9
YPAHs - - 2034 1415
TEQgap - - 808 601
TEQtcpp - - 2.27 1.96

2 Toxic equivalency factors based on benzo(a)pyrene (BaP) [47].
b Toxic equivalency factors based on 2378-TCDD (dioxin) [49].

8
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Fig. 4. The correlation between TEQrcpp and TEQg,p for sediments in the Xihe River.

vious research [48,49]. This indicates that a serious ecological risk
exists in the Xihe River.

4. Conclusions

In this study, we investigated contamination by petroleum
hydrocarbons, including aliphatic hydrocarbons (AHc) and poly-
cyclic aromatic hydrocarbons (PAHs), in the water and sediments
of the Xihe River, an urban river in Shenyang, China. We found
long-term contamination caused by the discharge of wastewater
from Shenyang, leading to high levels of AHc and PAHs in the Xihe
River water and sediments. The high organic carbon levels that we
detected indicated that the study area was severely polluted, and
the high levels of AHc and PAHs in the sediments might be strongly
affected by this pollution. The concentrations of the organic pollu-
tants that we measured were highest in the sediments, followed
by the levels in SPM and water. Substances with high molecu-
lar weight were more abundant than those with low molecular
weight in the AHc and PAH fractions. The distribution and com-
position of both AHc and PAHs varied greatly between the water,
SPM, and sediments, possibly as a result of temporal variation in
the historical inputs from various contamination sources. The AHc
were mainly derived from petroleum contamination and wastewa-
ter discharge, whereas PAHs came from both pyrolytic (combustion
of fossil fuels) and petrogenic sources (from wastewater discharge
and atmospheric fallout). The discharge of wastewater from indus-
trial and municipal sources in Shenyang is the main source of the
AHc and PAHs. Based on our results, the sediments in this river
present a danger of high potential toxicity for soils and shallow

groundwater near the river. Although the concentrations of individ-
ual hydrocarbons varied, dibenzo[a,h]anthracene (DBA) accounted
for the majority of the toxic equivalent values and can potentially
be used as an overall indicator of PAH toxicity in the sediments of
the Xihe River.
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