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Abstract
Located in the Shandong Province, North China, the Xiaoqing River is heavily contaminated by industrial wastewater and
domestic sewage. However, it plays a significant role with regard to irrigation for agriculture in the river basin. In this study,
spatial distribution, sources, and the ecological risk of aqueous polycyclic aromatic hydrocarbons (PAHs) in the Xiaoqing River
Basin were investigated from the headwaters to the estuary. Fifteen USEPA priority PAHs (except naphthalene) were quantified
in water particulate and soluble phases and in sediment samples. Σ15PAHs concentrations in the sediment varied from 17.15 to
3808.01 ng/g dry weight (dw), with an average of 988.72 ng/g dw, suggesting severe pollution of the Xiaoqing River in
comparison with other rivers worldwide. The composition of PAHs was characterized by the high abundance of 4-ring and 5-
ring PAHs in sediments and 2-ring and 3-ring PAHs in water. Industrial wastewater is a significant source of PAHs. In the river
section, point source was the main factor affecting the distribution of PAHs, while in the estuary region, estuarine turbidity
maximum zone (ETM), riverine flow and discharge, and its hydrodynamic parameters play more key roles on PAH levels.
Molecular diagnostic ratios have proved that PAHs in sediments were derived from mixed sources, primarily a combination of
several combustion processes. Toxicity equivalency concentrations (TEQs) and Ecological risk assessment by Sediment Quality
Guidelines indicated that PAHs in sediments might have certain unfavorable effects on ecosystems in certain sites.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic pollutants
containing two or more benzene rings. They are increasing

concerns across the world owing to their widespread distribution
in the environment media and adverse effects on ecosystem and
human health (Meyer et al. 2011). Most of them have carcino-
genic, teratogenic, and mutagenic potential, with other properties
such as bioaccumulation. They are not easily degradable in the
environment (Wang et al. 2013) (Man et al. 2013) (Lau et al.
2014). Sixteen among them have been classified as priority pol-
lutants by the United States Environmental Protection Agency
(US EPA). PAHs exist in several environmental media, and they
can enrich on dissolved phase, particle phase, and sediment in
aquatic systems (Zhou et al. 1998). In recent decades, with the
widespread application of fossil fuels (coal, oil, gas, etc) under
the soaring demands from the industry and transportation sector,
the quantity of PAHs discharged into the environment has in-
creased rapidly, and increasingly, more attentions have been paid
to the PAH pollution status and ecological risk in the environ-
ment (Tong et al. 2017) (Zeng et al. 2018).

Sources of PAHs in the environment are mainly classified
into pyrogenic and petrogenic. Pyrogenic sources include the
combustion process of fossil fuels, and uncompleted combustion
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of organic matters (such as wood, coal, and oil). Petrogenic
source is ascribed to petrogenic products, including oil spillage
and its refined production (Alebic-Juretic 2011). In addition,
PAHs can also originate from surface runoff, industrial wastewa-
ter discharges, domestic sewage, atmospheric transportation, and
deposition of exhaust and smoke (Zakaria et al. 2002) (Doong
and Lin 2004). Among these, industrial and domestic emissions
are themain sources. Petroleum refinery processes in petrochem-
ical plants can release large quantities of PAHs into the surround-
ing environment. Power plant and ironwork processes, in which
coal is used as a major energy source, can result in PAH con-
tamination. All of these have caused serious ecological threats to
the water environment, and even human health through personal
exposure and food chains (An et al. 2016). Owing to their low
vapor pressure, high hydrophobicity, and high octanol water
partition coefficient, high-molecular PAHs are easily adsorbed
on particles and enriched in sediments. River sediments are one
of their main environmental sinks. PAHs in sediments can re-
suspend and re-dissolve in the overlyingwaterwith intensewater
turbulence. Therefore, it is urgent to search for the origin and
distribution of PAHs in the aquatic environment.

Xiaoqing River in Shandong Province is one of the most
contaminated rivers globally and in China, in terms of water
quality and loading of petroleum hydrocarbon into the coastal
sea. Xiaoqing River is the second largest river that drains into
the Laizhou Bay, after the Yellow River. Xiaoqing River plays
an important role in flood discharge, drainage, shipping, irri-
gation, sewagemanagement, and so on. It is the main drainage
outlet of Ji’nan, the capital city of Shandong province. Among
the rivers discharged into the Laizhou Bay, Xiaoqing River is
the most severe in terms of pollution status (Pan et al. 2010).
Laizhou Bay has been badly polluted by anthropogenic con-
taminants fromwastewater and rivers that drained into the bay
since the 1970s (Jiang et al. 2017). Rapid urbanization and
widespread industrial and agricultural campaigns have
brought severe environmental damages and ecological risks
to the local watershed in recent years. There are several
energy-consuming enterprises, with the petrochemical plant,
ironwork plant, and power plant being the three typical indus-
tries in this region. Over the last 20–30 years, the ecolog-
ical environment of the Xiaoqing River has been seriously
collapsed owing to the large quantities of industrial and
domestic wastewater discharged. It is imperative, thus, to
assess the contamination status and remediate the polluted
environment.

Concentration, composition, and ecological risk of
PAHs in the Xiaoqing River Basin was conducted in this
study. The aim of this study was to evaluate the influence
of industrial activities on PAH pollution in the nearby river,
while evaluating the pollution status, to characterize the
PAH transportation processes from the headwaters to the
estuary, and to assess the ecological effects of PAH pollu-
tion on the local ecosystem.

Material and methods

Sample collection

To study the distribution and contamination of PAHs in the
XiaoqingRiver, sediment andwater sampleswere collected from
30 sites in April, 2014. Details of the sampling strategy and
stations can be found in previous publications (Jiang et al.
2017)(Zhen et al. 2018). Here, we provide a brief introduction.
Thirty sites, containing 19 sites located in the river sector (X1–
X19) and other 11 sites (X20–X30) located in the estuary of the
Xiaoqing River and Laizhou Bay, were selected (Fig. 1). There is
a floodgate between sites X19 and X20 in the river channel to
prevent seawater intrusion to the upstream sector. The positions
of all sampling sites are shown in Fig. 1, along with some addi-
tional information. Information on the factories in the Xiaoqing
River Basin is provided in Table S1.

Approximately 500 g of surface sediments (top 5 cm) was
obtained using stainless-steel sampler, which was subsequently
sealed in polyethylene (PE) bags. Surface water was collected
with stainless steel bucket for 20 L. All sediments were kept in
refrigerator under − 20 °C until next analysis. Water samples
were kept in brown jar (at about 4 °C) and transferred to labora-
tory within 24 h. Water samples initially pass through a glass
fiber filter (GFF,Whatman, 0.7-μmpore size) to collect particles,
and then through an Amberlite® XAD-2 resin column (30 ×
4 cm i.d., approximately 30 g of resin) to concentrate the dis-
solved PAHs.

Extraction and analysis

Sediment samples were freeze-dried, pulverized, and homoge-
nized before extraction. Subsequently, all samples were Soxhlet
extracted by dichloromethane (DCM) for 24 h. Before extraction,
Naphthalene-D8, Acenaphthene-D10, Phenanthrene-D10,
Chrysene-D12, and Perylene-D12 were added as surrogate stan-
dards, while activated copper and zeolite were added to remove
elemental sulfur from the sediment and prevent violent boiling,
respectively. The extracts were concentrated to approximately 2–
3 mL by rotary evaporator. Next, concentrated extracts were
purified through a column including 1 g of sodium sulfate and
2.5 g (10% deactivated) of silica gel. The extracts were concen-
trated to about 1 mL in iso-octane finally. Prior to the instrumen-
tal analysis, internal standard (hexamethylbenzene) added into
every sample. An Agilent 7890A gas chromatograph (GC),
coupled with a 5975C mass selective detector (MSD), was used
to identify and quantify PAH congeners (information in
Supplementary materials).

After removing carbonates by hydrochloric acid (HCl), the
total organic carbon (TOC) of sediment was determined using
an elemental analyzer (CHNS Vario Ei III, Elementar). Water
sampleswere filtered through a cellulose acetatemembrane (pore
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size: 0.45 μm), and then dissolved organic carbon (DOC) was
also measured with the Vario TOC analyzer.

Quality assurance and quality control

All analytical procedures and the obtained data were subjected to
quality control. Standard PAH mixture purchased from Supelco,
Bellefonte, USA, including 15 USEPA priority PAHs, was sub-
jected to the QA/QC procedure. The standard PAH mixture
contained Acy (acenaphthylene), Acen (acenaphthene), Flu
(fluorene), Phe (phenanthrene), Ant (anthracene), Fluo (fluoran-
thene), Pyr (pyrene), BaA (benzo(a)anthracene), Chr (chrysene),
BbF (benzo(b)fluoranthene), BkF (benzo(k)fluoranthene), BaP
(benzo(a)pyrene), DahA (dibenzo(a,h)anthracene), InP
(indeno(1,2,3-cd)pyrene), and BghiP (benzo(g,h,i)-perylene).
The method detection limits (MDLs) were calculated based on
the average of the solvent blanks plus three standard deviations
of the blanks. Information of MDL is provided in Table S2. The
average surrogate recoveries were 84.58 ± 17.94% for Nap-D8,
94.42 ± 11.35% for Acen-D10, 93.61 ± 12.16% for Phe-D10,

89.67 ± 9.88% for Chr-D12, and 88.96 ± 13.78% for Pery-D12

in solvent blanks. The values in all samples were not corrected
for recoveries.

Results and discussion

PAHs in sediment and water

Concentration and distribution of PAHs in sediment

Fifteen priority PAHs were investigated in sediments from vari-
ous sampling locations along the Xiaoqing River (Fig. 2).

According to the International Agency for Research on Cancer,
six among these 15 PAHs have a potential carcinogenic effect on
human beings (Flu, BbF, BkF, BaP, InP, and BghiP). Discussions
on these six PAHs are emphasized in this study.

Σ15PAH concentrations varied greatly, depending on the
sampling locations. The concentrations of Σ15PAHs in the
sediments ranged from 17.15 (X29) to 3808.01 ng/g dw
(X3), with a mean value of 988.72 ng/g dw. Σ15PAHs in
sediment samples were significantly higher at the riverine sites
(mean value: 1557.94 ng/g dw) than at the estuarine sites
(mean value 166.50 ng/g dw). The concentrations of individ-
ual PAH among all samples were significantly different. The
PAH congeners based on the decreasing order of their mean
concentrations are: Fluo > Pyr > Chr > Phe > BbF > BghiP >
BaP > BaA > Ant > InP > Flu > BkF > Acen > Acy > DahA.
Fluo had the highest concentration, ranging from 3.09 to
425.61 ng/g dw, with average value of 133.81 ng/g dw. The
highest Σ15PAH concentration was observed at site X3
(3808.01 ng/g dw), followed by X5 (3397.17 ng/g dw), X18
(2354.83 ng/g dw), and X11 (2193.07 ng/g dw), while the
lowest concentrations were recorded at the Laizhou Bay sites
of X26, X27, X28, X29, and X30 (with a mean value of
21.28 ng/g dw). Detailed information on PAH concentrations
in the sediments at sampling sites is shown in Table S4. The
maximum value was more than 100 times higher than the
minimum value.

In sediment samples, the highest concentration of PAHs
was presented in X3, which might be ascribed to the point
inputting contamination. There are several large factories in
the Ji’nan section of Xiaoqing River, including petrochemical
plants, power plants, and ironwork plants, which could aggra-
vate the pollution of PAHs in the Xiaoqing River to a certain
extent. In addition, there is a wastewater treatment plant

Fig. 1 Map of the sampling
stations in the Xiaoqing River
Basin
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Fig. 2 Concentrations of PAHs in a sediment, b particle phase in water, c dissolved phase in water, from the Xiaoqing River Basin
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(WWTP) upstream of station X3 and receives urban wastewa-
ter from Ji’nan, which has a population of 7.06 million. High
Σ15PAH concentrations were also found at sites X17 and X18,
which were located downstream of the Xiaoqing River. The
Shengli, Shenchi, Kenli, Jinbo, Xintai, and Huaxing petro-
chemical plants, as well as Datang and Huaneng power plants,
are located upstream of these sites, which might result in high
loads of PAHs in the Xiaoqing River. Slightly high concentra-
tions ofΣ15PAHs were found at site X11, which can be attrib-
uted to the several upstream tributaries collected near X11.
The Σ15PAHs concentrations in the mouth of Xiaoqing
River estuary samples (Fig. 2; X20–X23) were higher than
those samples from seaward sites (X24—X30). The concen-
trations of Σ15PAHs in the estuarine sediments decreased
slowly towards the Laizhou Bay due to the Seawater dilution
effecting.

The Σ15PAH concentrations decreased as the overlaying
seawater salinity increased sharply from sites X20 to X23.
Figure 2 shows the dramatic variation in salinity between sites
X20 and X23, which may be attributed to the turbidity max-
imum zone (TMZ) in this area (Taupp et al. 2017). Hermes
and Sikes (2016) reported that the maximum value of partic-
ulate organic carbon (POC) occurred in the water of TMZ
(Hermes &Sikes 2016). The higher Σ15PAHs concentrations
between sites X20 and X23 than at other estuarine sites might
be due to the scavenger effect of particles in the TMZ and the
dilution effect downstream of TMZ.

The specific description of sediment contamination level
assessed by 15 PAH concentration is displayed in
Supplementary materials. The contamination status of sedi-
ment from the riverine sample in this study was high to very
high, while for bay sample was low to moderate. Compared
with other rivers all over the world (Table S3), the average
concentration of 15 PAHs in Xiaoqing River section was sim-
ilar to those in the Shenzhen River (Deng et al. 2014); lower
than those in the Haihe River (Qian et al. 2017), Ziyaxin River
(Liu et al. 2013a), Prai River (Keshavarzifard et al. 2014), and
Ammer River (Liu et al. 2013b); and higher than those in
Bohai Bay (Hu et al. 2010) and Songhua River (Zhao et al.
2014). Clearly, the comparison suggested that PAH pollution
in the Xiaoqing River was severe and at a high range.

Composition pattern of PAHs in the sediment

PAHs in sediment were dominated by 4-, 5-, and 6-ring con-
geners, followed by 2- and 3-ring PAHs (low molecular
weight PAHs, LPAHs) (Fig. 3). PAHs with high molecular
weight (HPAHs, 4- to 6-ring) in sediments were abundant,
constituting 57.46–86.26% ofΣ15PAHs, which was attributed
to the high organic carbon-water partition coefficients and
high hydrophobicity of HPAHs. The high-ringed PAHs have
poorer biodegradability and lower solubility than the low-

ringed PAHs, readily to be enriched in sediments (Zong
et al. 2014).

Composition patterns of PAHs contain their source infor-
mation, which can be used to trace their sources (Cao et al.
2005). LPAHs are believed to be originated from petroleum
and low-temperature pyrolytic combustion process and
HPAHsmajorly be originated from high-temperature combus-
tion inputting (Mai et al. 2003). Relative abundance of PAHs
by ring size is showed in Fig. 3. High percentages of LPAHs
may indicate the contribution of petroleum activities at some
sites. Furthermore, higher concentrations of HPAHs than
LPAHs have been commonly showed in sediments (Yuan
et al. 2016). The composition of PAHs demonstrated a signif-
icant difference between the percentages of HPAHs (72.5%)
and LPAHs (27.5%), which was in agreement with the other
results reported in the aquatic sediments (Malik et al. 2011).

Concentration and distribution of PAHs in water

Σ15PAHs concentrations in water varied slightly compared
with those in sediment samples at various sampling sites,
ranging from 10.40 ng/L (X26) to 337.31 ng/L (X10), with
a mean value of 89.63 ng/L. PAH congeners arranged in de-
creasing order based on mean concentrations are Phe > Flu >
Pyr > Fluo >Acen >Ant > Chr > Acy > BaA> BaP > BghiP >
BbF > BkF > InP > DahA. The highest concentration was
found at site X10 (337.31 ng/L), followed by X7
(203.54 ng/L), X5 (182.93 ng/L), and X1 (179.96 ng/L), while
lower concentrations were recorded at sites X24, X25, X26,
X27, X28, X29, and X30. Detailed information on the PAH
concentrations in water at various sampling stations is shown
in Tables S5 and S6.

X10 is located in a tributary of the Xiaoqing River-the
Zhulong River. The industrial park of Zibo (a city with 4.68
million inhabitants) is located upstream of the Zhulong River.
This could be the main reason for the high concentrations at
X10, owing to industrial and domestic emission. The highest
concentration of perfluorooctanoic acid (PFOA) was found at
site X10 in the same field campaign (Heydebreck et al. 2015),
which can be attributed to an industrial point source. Slightly
high concentrations ofΣ15PAHs were found at site X7, which
might due to the proximity of the Jincheng Petrochemical
plant. With the increase in salinity, Σ15PAH concentrations
in the estuarine water samples declined slowly towards the
Laizhou Bay due to the seawater dilution effecting.
Compared with those samples in the estuarine and bay sites,
Σ15PAH concentrations in the river section (both in water and
sediment) varied sharply.

Composition pattern of PAHs in particle and dissolved phases

A comparison of the PAH concentrations in particle and dis-
solved phases in water samples from various locations is
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Fig. 3 Percentage variation of LMW (2–3-ring) and HMW (4–6-ring) PAHs in the Xiaoqing River (a surface sediments. b Particle phase in water. c
Dissolved phase in water)
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provided in Fig. 2. Concentrations of Σ15PAHs in the dis-
solved and particle phases ranged from 8.24 to 186.74 ng/L
and 2.17 to 151.95 ng/L, with a mean value of 64.65 and
25.20 ng/L, respectively. LPAHs were predominant in the
water, accounting for 39.28–85.62% of the 15 PAHs. Four-
ring PAHs accounted for 14.25–54.03% of the 15 PAHs,
while those with five to six rings constituted only 0.15–
6.69%. The PAH composition patterns in this study are similar
to those in other studies (Zhao et al. 2014) (Li et al. 2015b).

In dissolved phase, two to three ring PAHs were predomi-
nant accounting for 48.03–90.96% of theΣ15PAHs. Four-ring
PAHs accounted for 8.97–49.53% of the Σ15PAHs, while
those with five to six rings constituted only 0–3.88% as shown
in Fig. 3. The mean proportion of HPAHs was 33.73%. In
particulate phase, the HPAHs were predominant, with a mean
proportion of 47.52% of Σ15PAHs, which was ascribed to
high hydrophobicity and the high organic carbon-water parti-
tion coefficients of the HPAHs. Considering their high hydro-
phobicity, the PAHs in water are prone to adsorb on the
suspended particle matter, subsequently accumulating in sed-
iments contributing to them being difficult to degrade
(Retnam et al. 2013).

HPHAs were significantly more dominant in sediments
than in water. High proportions of LPAHs are commonly
dominant in the dissolved phase owing to their higher water
solubility and vapor pressure compared with that of the
HPAHs (Nagy et al. 2013). This is because HPAHs are diffi-
cult to degrade and have high hydrophobic property, contrib-
uting to them to be accumulated in the sediments more readily
(Luo et al. 2008) (Parinos et al. 2013). However, LPAHs in
water easily degrade in about 2 days (Witt et al. 2001).
Considering LPAHs are more labile and evaporation than
the HPAHs, the prevalence of LPAHs may demonstrate that
they originate from local sources, for example wastewater
discharge, leakage of oil, and atmospheric deposition.

Partition of PAHs between dissolved and particulate phases

Studies of the distribution of PAHs in the particulate water
phase can obtain detailed information about the relationship
between source and sink (Chen et al. 2016). In the process of
particle-water phase partition, the observed PAH log Koc value
in the Xiaoqing River section presented an increasing tenden-
cy as molecular weight increased, which might indicate that
the chemical structure or property is a factor affecting the
accumulation of PAHs in particulate organic carbon. The par-
tition of particulate water in aquatic environment is a signifi-
cant transportation process affecting the fate of hydrophobic
organic compounds. As shown in Fig. 4, with increasing of
molecular weight, this trend is in accordance with the theoret-
ical value of log Koc (data from US EPA).

Therefore, the normalized partition coefficient of organic
carbon (Kp = Cs Cw

−1; Koc = Kp foc
−1, L g−1) is widely used to

show the PAH distribution in system of particle and water. As
shown in Fig. 5, there was a significant correlation (p < 0.05)
between the measured log Koc and log Kow (octanol water
partition coefficient) of PAHs in Xiaoqing River section.
Other studies have also found this relationship in particulate
water partition (Ya et al. 2017). The measured values log Koc

were lower than the theoretical values, indicating that the
chemical partition between dissolved and particulate phase
in the aquatic system is not balanced yet.

Correlation analysis for individual PAHs and physicochemical
indicators in sediment and water

The correlation coefficient matrix of individual PAH in sedi-
ments presented that LPAH, HPAH, and Σ15PAHs have re-
markable correlation, possibly suggesting similar characteris-
tics, fate, and source, except for Ant. The physicochemical
properties of PAHs and the characteristics of sediments will
have a certain effect on the concentration of PAHs in

Fig. 4 Difference between theoretical and observed Koc values for PAHs
in the Xiaoqing River

Fig. 5 Correlations between measured log Koc and log Kow values of
PAHs in the Xiaoqing River section
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sediments. The relationship between PAHs and organic car-
bon in water and sediment was studied for investigating the
effect of organic carbon on the migration and fate of PAHs in
aquatic system. TOC concentrations in the sediment ranged
from 1.07 to 7.50%, with an average value of 2.60%. In this
study, the correlations (p > 0.05) between Σ15PAHs and TOC
were not significant in the sediments, possibly indicating that
organic carbon has little effect on PAHs in sediments.
Information on the correlation coefficient matrixes for 15
PAHs in the sediment is shown in Table S7.

Remarkable positive correlation was presented between
LMW, DOC, CDOM, and Σ15PAHs in the water-dissolved
phase, except for Ant, InP, and DahA. DOC concentrations
in the river sites and estuarine sites ranged from 6.69 to
31.51 mg/L and from 2.75 to 9.11 mg/L, respectively, for
the collected samples. Positive correlations (p < 0.05) for
Σ15PAHs in the dissolved phase with regard to DOC might
suggest that the organic carbon influenced the PAH
partitioning in water (Fig. S1) (Zhang et al. 2017). In addition,
DOC and several individual low-ring PAHs also share signif-
icant relationships, such as Phe, Flu, and Ant, which can po-
tentially be ascribed to the higher water solubility and lower
organic carbon-water partition coefficients of low-ring PAHs.

Dissolved organic matter (DOM) affects the environmental
transport and fate of various organic pollutants in the aquatic
system owing to its heterogeneous properties (Jiang et al.
2017). In the Xiaoqing river-estuary systems, the fate of envi-
ronmental organic pollutants was influenced by DOM. The
DOM properties and their correlations with mercury were
investigated using the same batch of samples (Jiang et al.
2017). CDOM abundance can be simply denoted as α(355).
The α(355) ranged from 0.22 to 16.71/m, being significantly
higher in the riverine stations than in the estuarine stations.
CDOM displayed a significant correlation (p < 0.05) with the
Σ15PAHs in the dissolved-phase samples (Fig. S2).
Information on the correlation coefficient matrixes for individ-
ual PAHs in dissolved phase is shown in Table S8.

Spatial distribution and source identification of PAHs
by isomer ratios

Characteristics of PAH patterns in sediments represent various
emission sources. In order to distinguish pyrolytic inputting
from petrogenic sources, molecular indices based on the iso-
mer ratios have been widely applied (Yunker et al. 2002) (Li
et al. 2015a). To identify the sources of PAHs, calculation and
comparison about ratios of Fluo/(Fluo + Pyr), Ant/(Ant +
Phe), InP/(InP + BghiP), and BaA/(BaA + Chr) were conduct-
ed (Fig. S3). Phe is more stable in thermodynamics than Ant
and the higher concentration of Phe suggests that PAHs ma-
jorly come from petroleum sources (Yang et al. 2013). It is
believed that Ant/(Ant + Phe) > 0.10 suggests combustion
sources, while Ant/(Ant + Phe) < 0.10 indicates petrogenic

sources (Yunker et al. 2002). Generally, petroleum inputting
presents a fairly low Ant/(Ant + Phe) ratio.

If Fluo/(Fluo + Pyr) ratios were > 0.5, 0.5–0.4, and < 0.4,
the pollution was owing to organic matter combustion (grass,
wood, and coal), petroleum combustion (fossil fuel and crude
oil), and petrogenic sources, respectively. In addition, InP/
(InP + BghiP) < 0.20 suggests petroleum sources, while >
0.50 is considered to come from grass, wood, and coal com-
bustion. Values (0.20–0.50) are indicative of petroleum com-
bustion (fossil fuel and crude oil) (Yunker et al. 2002). BaA/
(BaA + Chr) < 0.20 usually indicates petroleum sources, and
0.20–0.35 suggests petroleum or combustion sources, while >
0.35 is potentially ascribed to combustion (Wang et al. 2015).

Acy and Acen are majorly originated from the leakage of
petroleum and oil-related production owing to the petrochem-
ical plant (Steinhauer and Boehm 1992). In the vicinity of the
power plant, the ironwork plant, and the petrochemical plant,
Fluo, Pyr, BaA, Chr, BbF, BkF, BaP, DahA, InP, and BghiP
came from combustion of petroleum and coal (Khalili et al.
1995), and the Ant and Acy have certain relationship with the
combustion of organic matters (Harrison et al. 1996). Owing
to the high frequency of traffic and transportation, concentra-
tions of Phe and Flu were affected heavily by fossil fuel com-
bustion (Simcik et al. 1999).

In this study, the ratio Fluo/(Fluo + Pyr) ranged from 0.14
to 0.57, with a mean of 0.51, while the Fluo/(Fluo + Pyr) ratio
in site X10 was < 0.4, which implies that the contamination
was mainly a result from petroleum-based inputting. This may
be attributed to the Qilu petrochemical plant, located upstream
in Zibo. Coincidently, the concentration level of Acen and
Acy in site X10 was medium, while it was slightly high in
site X7, probably owing to proximity with the Jincheng pet-
rochemical plant. Meanwhile, the ratio at the other sites was
between 0.48 and 0.57, which suggests that the contamination
was a result from the combustion of organic matters and pe-
troleum products.

With regard to the ratios of Ant/(Ant + Phe), all samples
showed values higher than 0.10 (0.11–0.78), suggesting pyro-
lytic sources (combination combustion of petroleum and or-
ganic matters). The ratios of BaA/(BaA + Chr) at sites X3, X5,
X6, X16, X17, and X19 ranged from 0.28 to 0.32, which
indicates that the pollution was from either petroleum sources
or combustion inputting. Meanwhile, at the other sites, the
ratio was > 0.35, suggesting combustion sources. The ratios
of InP/(InP + BghiP) ranged from 0.01 to 0.41. The value at
site X1 was < 0.2, suggesting that the contamination origi-
nates from petroleum inputs, which might be attributed to
the Changcheng oil refinery and petrochemical plant in
Ji’nan, while that in most of the other sites was between
0.20 and 0.50, indicating petroleum combustion sources.

In our study, the ratios of Fluo/(Fluo + Pyr) and Ant/(Ant +
Phe) in water demonstrated that the PAHs in the particle phase
originated from either petroleum or combustion sources, and
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the PAHs in the dissolved phase were predominantly from
pyrolytic inputs, as showed in Fig. S4. The study shows more
pyrolytic PAHs in the particle phase than petroleum ones,
which might be due to pyrolytic PAHs easily enriched in par-
ticle phase of water compared with dissolved phase. The in-
putting of petrogenic-derived PAHs can promote the LPAHs
adsorb in the dissolved phase, resulting in a large variety of
LPAHs in the water column (Chen et al. 2016).

Based on the analysis of diagnostic ratios, PAHs in surface
sediments of Xiaoqing River were mostly from the combina-
tion sources that were characterized by combustion of organic
matter and petroleum.

Toxicity and potential ecological risk of PAHs

Toxicity based on the BaP concentrations

In view of the concentrations of potentially carcinogenic
PAHs (BaA, Chr, BbF, BkF, BaP, DahA, and InP), the evalu-
ation of sediment toxicity was studied (Qiao et al. 2006). The
ΣcPAH concentrations varied from 4.19 to 1990.65 ng/g dw,
with an average concentration of 425.61 ng/g dw. Among the
cPAHs, BaP is the most carcinogenic. Based upon BaP, the
calculation of PAH potential toxicity in sediments was con-
ducted by the equation below, to represent the toxicity and
bioaccumulation of priority PAHs, toxicity equivalency fac-
tors (TEFs), and toxicity equivalency concentrations (TEQs)
(Tian et al. 2013).

TEQBaPi ¼ Ci� TEFBaPi; ð1Þ
TEQPAH ¼ ΣTEQBaPi; ð2Þ

Ecotoxicological risk of PAHs and the TEQi for carcino-
genic PAHs in sediments was shown in Fig. S5. The maxi-
mum value occurred in the station X3. The results showed that
the TEQPAHs of sampling sites varied from 1.02 to
439.02 ng g−1 dw. The high percentage of BaP in the
TEQPAHs might imply that the matter BaP is useable to repre-
sent threats caused by PAHs in sediments. Among the various
cPAHs, their contribution to the total TEQPAHs was in the
below decreasing order: BaP (72.56%), BbF (8.80%), BaA
(7.24%), InP (3.93%), BkF (3.19%), DahA (3.06%), and
Chr (1.22%). Obviously, BaP was the dominant compound
in the area, which could generate more concern due to its high
toxicity.

Potential ecological risk of PAHs

Based upon the biological effects database for sediments eval-
uation, the Sediment Quality Guideline (SQG) was widely
applied in aquatic and marine environments (Long et al.
2006) (MacDonald et al. 2000). The specific description of
SQG is displayed in Supplementary materials.

As shown in Table S9, the concentrations of Flu and Acen
at most sampling sites were in the intermediate (ERL–ERM)
value (12 and 10 of the 22 sites, respectively), showing that
negative ecological influence concerning Flu and Acen would
happen occasionally in many sites of the Xiaoqing River. For
Phe, Ant, BaA, and Chr, the concentrations were in value of
ERL–ERM at certain sites (varying from two to five) suggest-
ing that adverse biological effects could occasionally occur on
organisms. No PAH was higher than the ERM value, suggest-
ing that no highly adverse biological effects would occur fre-
quently. The concentrations of Acy, Fluo, Pyr, BaP, and DahA
were lower than the corresponding ERL at entire sites, sug-
gesting that Acy, Fluo, Pyr, BaP, and DahA rarely have neg-
ative effects on aquatic organisms. The concentrations of 15
PAH were lower than the ERL value at sites X16, X21, X22,
X23, X26, X27, X28, X29, and X30, with the samples show-
ing little ecological threat. As for the rest of 13 sites, there
were all at least one concentration of PAHs higher than the
ERL value implying that adverse biological effects would
happen. In particular, at sites X3, X5, X7, X11, X17, and
X18, most PAH concentrations were between the ERL and
ERM values, indicating fairly high probability of severe bio-
logical effects could occur at some time.

The results indicated that the sediment from all the sam-
pling sites in Xiaoqing River has medium to high ecotoxico-
logical risks, except for some moderately contaminated sites.
In summary, relatively negative toxic effects could occur on
the organisms and the ecosystems in the Xiaoqing River. As a
result of intensifying anthropogenic activities along the river
basin, PAH pollution is becoming increasingly serious and
harmful to the health of the ecosystem. Some latent ecotoxi-
cological risks of PAHs would inevitably exist in the area.
Therefore, emphasizing and strengthening PAH monitoring
and remediation is necessary in future.

Conclusions

This study investigated the occurrence and distribution of
PAHs in water and sediment samples from the Xiaoqing
River. The 15 PAH concentrations varied dramatically across
the sampling sites. Σ15PAHs were moderately high compared
with other rivers worldwide, implying severe PAH contami-
nation in the Xiaoqing River. Σ15PAHs at the riverine sites
were higher than at the estuarine sites in both sediment and
water samples. Significant correlation was showed between
the observed log Koc and log Kow in particle-water partition.
HPAHs were predominant in the sediment samples and
LPAHs were abundant in the water samples. As for molecular
ratios, Fluo/(Fluo + Pyr), Ant/(Ant + Phe), InP/(InP + BghiP),
and BaA/(BaA + Chr) were calculated at all sediment sam-
ples. The calculations suggest that the PAHs majorly originat-
ed from several combustion processes. In comparison with
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other reports, the sediments in the Xiaoqing River presented a
medium to high potential toxicity. In the material circulation
of earth, urban river system plays a significant role and can
directly influence human health. In summary, we should pay
more attention on the river system and further investigation
should be developed.
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