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Abstract
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous organic pollutants which can be accumulated in river sediment, 
posing potential threats to ecosystem and human health. A total of 20 surface sediment samples were collected in Wei River, 
and 16 priority PAHs were analyzed for pollution features as well as ecological and human health risk. The results showed 
that the sum of the 16 PAHs (Σ16PAHs) in the sediment of Wei River ranged from 60.5 to 10,241.1 ng  g−1 dw, with an aver-
age of 2250.4 ng  g−1 dw. The total of seven carcinogenic PAHs (ΣCPAHs) was in the range of 5.8–7232.7 ng  g−1 dw, with 
a mean of 1276.5 ng  g−1 dw, accounting for 56.7% of the Σ16PAHs and presenting a high carcinogenic potential. Elevated 
Σ16PAHs and ΣCPAHs were observed in the lower reach of Wei River. PAHs in the sediment were dominated by 3- and 
5-ring PAHs, and mainly related to various combustion processes. The ecological risk of individual PAHs (except for Chy) 
in the sediment was not to be neglected, with the highest risk of Acy and Flu. The total ecological risk of PAHs in the sedi-
ment was a moderate to high level. The non-carcinogenic risk of exposure to PAHs for children, adolescences and adults 
was insignificant. The carcinogenic risk of exposure to PAHs was in the range of  10–6—10–4 for children, adolescences and 
adults, indicating an acceptable carcinogenic risk.

Keywords Polycyclic aromatic hydrocarbon · Pollution characteristic · Risk assessment · Source apportionment · River 
sediment

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of 
organic compounds containing two or more fused benzene 
rings, with the characteristics of high toxicity, long-distance 
migration, long-term persistence, degradation-resistant, 
and bio-accumulation (Liu et al. 2009; IARC 2010; Lei and 
Wania 2011; Kim et al. 2013; Bi et al. 2018). Some PAHs 
have carcinogenic, teratogenic, and mutagenic effects. As a 
result, the United States Environmental protection Agency 
(US EPA) has listed sixteen PAHs as priority pollutants 
and seven of them are considered to be probable carcino-
gens. PAHs in the environment are derived from natural and 
anthropocentric processes. Volcanic eruptions, forest fires, 
and diagenesis are natural sources of PAHs; the incomplete 

combustion of fossil fuels (coal, petroleum, and natural 
gas) and biomass (wood and grass), traffic exhausts, and 
solid waste incineration are main anthropocentric sources 
of PAHs (Zhu et  al. 2009; Pietzsch et  al. 2010; Wang 
et al. 2015). With rapid urbanization and industrialization, 
PAHs are largely released into the environment and widely 
detected in water bodies, atmospheric gas/particulates, soil, 
and sediment (Readman et al. 1986; Chen et al. 2015; Pong-
piachan et al. 2013; Wang et al. 2018).

River sediment is an ecosystem matrix composed of solid 
particles in the bottom of river, directly influencing water 
quality and living environment of aquatic organisms, and 
being considered as an important sink and source of pollut-
ants. Characterized by high octanol–water partition coeffi-
cient  (logKow) as well as lipophilic and hydrophobic proper-
ties, PAHs in aquatic environment are prone to accumulate 
in sedimentary phase, which leads to a high concentration 
level of PAHs and long-term impact on aquatic organ-
isms, posing potential threats to aquatic ecosystem (Sun 
et al. 2009; Manariotis et al. 2011; Dudhagara et al. 2016). 
In addition, the transportation of PAHs from sediment to 
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benthic organisms is of great health concern because PAHs 
can be transferred into human bodies through the intake of 
aquatic products contaminated by PAHs, posing potential 
threats to human health (Li et al. 2016; Yang et al. 2014). 
Therefore, the quality and chemical composition of river 
sediment can be important indicators of environmental pol-
lution and risk (Liu et al. 2016).

The pollution and risk associated with PAHs in rivers are 
of global concern. Many studies on the concentration, dis-
tribution, source, and risk of PAHs have been conducted in 
the sediment from Guan River and Luan River of China (He 
et al. 2014; Zhang et al. 2016), Delaware River of USA (Kim 
et al. 2018), Poxim River of Brazil (Souza et al. 2018), and 
Brisbane River of Australia (Duodu et al. 2017). However, 
limited data on PAHs in Wei River of Northwest China are 
available. Wei River is the largest tributary of the Yellow 
River, flowing through some semi-arid cities, such as Tian-
shui, Baoji, Xianyang, Xi’an, and Weinan, some of which 
are important industrial cities in Northwest China. The sec-
tion of Shaanxi of Wei River is also called as Weihe/Guan-
zhong Plain/Basin, which is an important production base 
of grain and cotton for Shaanxi Province. Wei River and its 
tributaries make a great contribution to the development of 
local industry and agriculture. With the rapid development 
of social economy, a large quantity of pollutants have been 
discharged into Wei River, posing potential threats to aquatic 
ecosystem and human health (Chen et al. 2015). Therefore, 
the objectives of this study were to analyze the pollution 
characteristics of PAHs in sediment of Wei River, assess 
the ecological risk of PAHs in sediment of Wei River; and 
evaluate the health risk of human exposure to PAHs by the 
intake of fishes living in Wei River.

Materials and methods

Description of study area

Wei River originates from the Niaoshu mountain in the 
southwest part of Weiyuan county of Gansu Province, flows 
through the Loess Plateau of the east part of Gansu, Tianshui 
basin and Baoji valley, enters into Guanzhong/Weihe plain, 
and merges into the Yellow River in Tongguan. Wei River 
is the largest tributary of the Yellow River. The total length 
of Wei River is 818 km, with an annual average runoff of 
7.57 billion  m3 and a runoff area of 62.4 ×  103  km2. The 
origin and south part of Wei River are surrounded by the 
Qinling mountain composed by granite gneiss, granite and 
biotite granite. The north part of Wei River is Loess Pla-
teau consisting of coal and horizontal sand shale covered 
by loess. Weihe plain is a graben type tectonic plain due to 
the alluviation of Wei River and its tributaries, enriched by 
sandstone, sharpening rock and mudstone. There are many 

tributaries in the drainage area of Wei River. The tributaries 
in north bank originate from Loess Plateau, with the high 
content of silt; the ones in south bank come from the Qinling 
mountain, with the features of short headwater, steep slope 
and fast flow. The two important tributaries of Wei River are 
Jing River and Luo River, originating from Loess Plateau. 
Jing River is the largest tributary of Wei River, with a length 
of 455.1 km, an annual average runoff of 2.07 billion  m3, 
and a runoff area of 45,400  km2. Luo River is the longest 
tributary of Wei River, with a length of 680 km and a runoff 
area of 26,900  km2. Large refineries and factories are distrib-
uted in the basin of Luo River. Approximate 40 species of 
fishes have been found in Wei River basin, and Cyprinidae 
and Cobitidae constitute the major structure of fish com-
munities (Shen et al. 2019; Wu et al. 2014). In the head-
water and upstream tributaries of Wei River, Triplophysa 
shaanxiensis and Triplophys are dominant species among 
fishes; In the upstream of the Luo River and Jing River, the 
species of fishes are dominated by Triplophysa dalaica, Tri-
plophysa stoliczkae dorsonotata and Abbottina rivularis; It 
is dominated by Misgurnus anguillicaudatus, Opsariichthys 
bidens, Pseudorasbora parva, Abbottina rivularis and Car-
assius auratu in Mid-tail of Wei River, Luo River and Jing 
River (Wu et al. 2014).

Sample collection and pre‑treatment

Twenty river sediment samples were collected from Wei 
River (Fig. 1). Among them, thirteen samples (S1–S13) 
were from Wei River, three samples (S14–S16) from Jing 
River, and four samples (S17–S20) from Luo River. These 
sampling sites were respectively located in the national 
hydrological monitoring section of Wei River. At each sam-
pling site, a sediment sample of about 2 kg was collected by 
using a grab sludge sampler in Oct of 2017, and stored in 
an aluminum box. The longitude, latitude, and surrounding 
conditions of each sampling site were recorded. The river 
sediment samples were kept in dry ice on the way of trans-
port back to laboratory. All the collected sediment samples 
were freeze-dried in laboratory, passed through 1 mm stain-
less steel sieve to remove gravel, detritus and small stones, 
transferred into brown glass bottles, and stored at 4 °C 
before analysis (Wang et al. 2016).

PAHs analysis

A total of 8 g sediment sample was weighted and placed into 
a 50 mL glass centrifuge tube with a lid, and then 30 mL 
mixed solution of n-hexane and acetone (v:v = 1:1) was 
added. They were extracted for 30 min by ultrasonic extrac-
tion method, and centrifuged for 10 min at 3000 r  min−1. The 
supernatant was transferred into a 250 mL evaporation flask. 
This process was repeated three times and the supernatant 
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was merged. After the extracts was concentrated to 1–2 mL 
by a rotary evaporator, 20 mL n-hexane was added and con-
centrated to 1–2 mL again. PAHs in the extracts were cleaned 
up by a silica gel-alumina oxide glass purification column, 
which was described in our previous work (Wang et al. 2016, 
2018a). Sixteen priority PAHs including naphthalene (NaP), 
acenaphthylene (Acy), acenaphthene (Ace), fluorene (Flu), 
phenanthrene (Phe), anthracene (Ant), fluoranthene (Fla), 
pyrene (Pyr), benzo [a] anthracene (BaA), chrysene (Chy), 
benzo [b] fluoranthene (BbF), benzo [k] fluoranthene (BkF), 
benzo [a] pyrene (BaP), diphenyl [a, h] anthracene (DBA), 
indene [1, 2, 3-cd] pyrene (InP) and benzo [g, h, i] perylene 
(BghiP) were separated and analyzed by a AT-5 capillary 
chromatography column (30 m × 0.25 mm × 0.25 mm) on 
Agilent 7890A gas chromatography equipped with a hydro-
gen flame ionization detector. The detailed instrument condi-
tions were provided in our previous work (Wang et al. 2016).

Plasticware was prohibited during the whole experi-
ment. All glassware was first soaked for 24  h in 
 K2CrO4-H2SO4 solution, and then rinsed by tap water, 
distilled water, and deionized water, respectively, finally 
baked for 4 h at a 450 °C muffle furnace and rinsed with 
the corresponding organic reagents before use. Anhydrous 
sodium sulfate, silica gel, and aluminum oxide used in 

purification were soxhlet-extracted for 24 h by 150 mL 
methylene chloride, and activated for 2, 6, and 4 h at 450, 
180, and 250 °C, respectively. The method detection limit 
(MDL) was calculated by adopting the ratio of three times 
signal to noise, and the MDL for NaP, Acy, Ace, Flu, Phe, 
Ant, Fla, Pyr, BaA, Chy, BbF, BkF, BaP, InP, DBA and 
BghiP was 0.75, 0.375, 0.375, 0.375, 0.375, 0.375, 0.625, 
0.75, 1.5, 1.5, 1.5, 1.5, 1.875, 2.5, 2.875 and 2.125 ng  g−1, 
respectively. The recovery of decafluorobiphenyl as sur-
rogate standard ranged from 79 to 113%, with an average 
of 102%. The recovery of matrix addition standard varied 
between 67 and 119%. Ten percent of sediment samples 
were duplicated and the relative standard deviation was 
below 10%.

Ecological risk assessment methods

PAHs in river sediment may be released into water bodies, 
posing potential ecological risks (Dudhagara et al. 2016). 
Risk quotient (RQ) is a valid method for evaluating the 
ecological risk of PAHs in river sediment (Kalf et al. 1997; 
Cao et al. 2010). The RQ was calculated by Eq. 1.

Fig. 1  Sampling sites and spatial distribution of ΣPAHs in the sediment of Wei River
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where, CPAHs is the concentration of PAHs in sediment; CQV 
is the corresponding evaluation standard of PAHs and gener-
ally adopts negligible concentrations (NCs) and maximum 
acceptable concentrations (MPCs). NCs are concentrations 
in the environment below which the risk of adverse effects 
is considered to be negligible, and MPCs are the concentra-
tions in the environment above which the risk of adverse 
effects is considered unacceptable to ecosystems (Crommen-
tuijn et al. 2000). The corresponding  RQNCs and  RQMPCs 
were calculated as follows.

where, CQV(NCs) is the NCs of PAHs in sediment; CQV(MPCs) 
is the MPCs of PAHs in sediment.  RQΣPAHs,  RQΣPAHs (NCs) 
and  RQΣPAHs (MPCs) were calculated as follows.

For individual PAHs,  RQNCs < 1.0, indicating that the 
ecological risk is negligible;  RQNCs ≥ 1.0 and  RQMPCs < 1.0, 
moderate risk;  RQ(MPCs) ≥ 1, high risk. For ΣPAHs, 
 RQΣPAHs(NCs) = 0, implying no potential ecological risk; 
1 ≤  RQΣPAHs(NCs) < 800 and  RQΣPAHs(MPCs) = 0, low risk; 
 RQΣPAHs(NCs) ≥ 800 and  RQΣPAHs(MPCs) < 1, moderate risk; 
 RQΣPAHs(NCs) ≥ 800 and  RQΣPAHs(MPCs) ≥ 1, high ecological 
risk (Kalf et al. 1997; Cao et al. 2010).

Health risk assessment methods

Biota‑sediment accumulation model

Based on the principle of equilibrium partitioning, biota-
sediment accumulation model can predict the migration and 
accumulation of PAHs from sediment to fish, which was 
described by Eq. 7 (Baumard et al. 1998; US EPA 1998).

(1)RQ =
CPAHs

CQV

(2)RQNCs =
CPAHs

CQV(NCs)

(3)RQMPCs =
CPAHs

CQV(MPCs)

(4)RQ∑

PAHs =
�

RQi RQi ≥ 1

(5)RQ∑

PAHs(NCs) =
�

RQi(NCs) RQi(NCs) ≥ 1

(6)RQ∑

PAHs(MPCs) =
�

RQi(MPCs) RQi(MPCs) ≥ 1

(7)Ci biota =
CSi × flipid × BSAF

OCsediment

where, Ci biota is the predicted concentration of the ith PAH 
in fish;  CSi is the concentration of corresponding PAH in 
sediment;  flipid is the lipid part of fish (0.07);  OCsediment is 
the part of biochar in sediment (0.04) (US EPA 1998); and 
BSAF is the bio-sediment accumulation factor and 0.29 for 
PAHs (Tracey and Hansen 1996).

Carcinogenic risk assessment model

Among 16 priority PAHs, BaA, Chy, BbF, BkF, BaP, DBA, 
and InP are carcinogens (Qiao et al. 2006). The carcinogenic 
risk (CR) of human exposure to PAHs in river sediment 
through the intake of fish was calculated by Eq. 8 (Yang 
et al. 2014; Li et al. 2016).

where,  CSFi is carcinogenic slope factors (Table 1), IR is 
the daily intake rate of fish, EF is the exposure frequency, 
ED is the exposure duration, BW is the body weight, AT is 
the average exposure time, and CF is a conversion factor 
 (10–6). The parameter values used in health risk assessment 
are shown in Table 2. If the CR value is below  10–6, the car-
cinogenic risk is low or negligible; the CR value is between 
 10–6 and  10–4, the carcinogenic risk is within an acceptable 
range; and the CR value is above  10–4, the carcinogenic risk 
is significant (Wang et al. 2011; Kamal et al. 2014; US EPA 
2019).

(8)CR =

7
∑

i=1

Ci biota × CSFi × IR × EF × ED × CF

BW × AT

Table 1  RfDo and CSF of PAHs

a Adopted from US EPA (2019)

PAHs Abbr RfDoa (mg/
kg/day)

CSFa 
((mg/kg/
day)−1)

Naphthalene NaP 0.02
Acenaphthylene Acy
Acenaphthene Ace 0.06
Fluorene Flu 0.04
Phenanthrene Phe
Anthracene Ant 0.3
Fluoranthene Fla 0.04
Pyrene Pyr 0.03
Benzo(a)anthracene BaA 0.1
Chrysene Chy 0.001
Benzo(b)fluoranthene BbF 0.1
Benzo(k)fluoranthene BkF 0.01
Benzo(a)pyrene BaP 0.0003 1
Indeno(1,2,3-cd)pyrene InP 0.1
Dibenzo(a,h)anthracene DBA 1
Benzo(g,h,i)perylene BghiP
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Non‑carcinogenic risk assessment model

For non-carcinogenic PAHs, the non-carcinogenic risk is 
assessed based on harm quotient (HQ). The HQ was calculated 
by Eq. 9 (Chen et al. 2012; Yang et al. 2014).

(9)HQ =

7
∑

i=1

Ci biota × IR × CF × ED × EF

BW × AT × RfDo

where, RfDo is reference doses (Table 1). The HQ less than 
one indicates no significant non-carcinogenic risk, while HQ 
greater than one indicates a significant non-carcinogenic risk 
(Pongpiachan et al. 2013).

Results and discussion

Concentrations, distribution, composition 
and sources of PAHs in sediment

As shown in Table 3, the individual PAH concentrations 
ranged from undetected (ND) to 5388.3 ng  g−1 dw (BkF). 
The total concentrations of the 16 PAHs (Σ16PAHs) 
ranged from 60.5 to 10,243.1 ng  g−1 dw, with an aver-
age of 2250.4  ng   g−1  dw. The total concentrations of 
seven carcinogenic PAHs (ΣCPAHs) were in the range of 
5.8–7232.7 ng  g−1 dw, with a mean of 1276.5 ng  g−1 dw, 
accounting for 7.8–92.1% of the Σ16PAHs (average 
56.7%), indicating a relatively high carcinogenic potential. 
The sum of specific combustion compounds (ΣCOMB) 
was from 10.4 to 7505.3 ng  g−1 dw, with an average of 
1483.0  ng   g−1  dw, responsible for 17.2–95.5% of the 

Table 2  Parameter values in health risk assessment

a Adopted from Chen et al. (2012)
b Adopted from Yang et al. (2014)
c Adopted from Urban et al. (2009)

Parameters Unit Children Adolescences Adults

BWa Kg 16.68 32.41 59.78
EFb d  a−1 252 252 252
EDb A 11(0–11) 3(12–17) 53(18–70)
AT D 25,550 25,550 25,550
AT-NCR D 365 × ED 365 × ED 365 × ED
IRc g  d−1 2.4 9.9 14.4

Table 3  Concentrations of 
PAHs in the sediment of Wei 
River (ng  g−1 dw)

NR the number of rings, ND not detected, SD standard deviation, CV coefficient of variation, Σ16PAHs 
the sum of 16 PAHs; ΣCPAHs the total of seven carcinogenic PAHs including BaA, Chy, BbF, BkF, BaP, 
DBA, and InP, ΣCOMB the sum of specific combustion PAHs consisting of Fla, Pyr, BaA, Chy, BbF, BkF, 
BaP, InP, and BghiP, LMWPAHs the total of low molecular weight PAHs composed by Nap, Acy, Ace, Flu, 
Phe, and Ant, HMWPAHs the sum of high molecular weight PAHs comprising Fla, Pyr, BaA, Chy, BbF, 
BkF, BaP, InP, and BghiP

PAHs NR Min Max Median Mean SD CV

NaP 2 ND 276.2 4.3 36.6 79.1 2.16
Acy 3 15.0 624.3 162.8 207.4 173.0 0.83
Ace 3 7.5 182.5 57.5 67.7 46.1 0.68
Flu 3 1.6 497.5 123.4 179.6 145.7 0.81
Phe 3 9.7 427.0 44.3 92.4 113.9 1.23
Ant 3 13.1 542.1 47.0 85.2 118.3 1.39
Fla 4 0.5 376.5 56.5 87.5 91.0 1.04
Pyr 4 4.1 601.7 76.3 119.0 157.2 1.32
BaA 4 ND 1139.8 28.7 217.7 326.5 1.50
Chy 4 ND 462.0 8.4 35.3 101.9 2.89
BbF 5 ND 367.9 36.4 66.3 83.9 1.27
BkF 5 5.8 5388.3 127.8 591.2 1272.5 2.15
BaP 5 ND 174.0 13.9 33.7 50.5 1.50
Inp 6 ND 3686.3 17.6 277.8 847.1 3.05
DBA 5 ND 255.2 35.1 54.5 67.1 1.23
BghiP 6 ND 1445.1 15.8 98.5 319.2 3.24
Σ16PAHs 60.5 10,243.1 1117.5 2250.4 2647.5 1.18
ΣCPAHs 5.8 7232.7 426.7 1276.5 1956.3 1.53
ΣCOMB 10.4 7505.3 539.4 1483.0 2098.1 1.40
LMWPAHs 50.1 2305.1 473.1 668.9 611.2 0.91
HMWPAHs 10.4 7938.0 571.8 1581.5 2287.3 1.45
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Σ16PAHs (average 54.2%), implying that PAHs in the 
sediment were mainly associated with various incom-
plete combustion processes. The average concentra-
tion of HMWPAHs was 2.36 times higher than that of 
LMWPAHs, indicating that PAHs in sediment mainly 
originated from combustion and pyrolytic processes. In 
addition, the coefficient of variation (CV) of individual 
PAHs was greater than 0.6, which suggested a large spa-
tial difference of PAHs in sediment of Wei River (Karim 
Nezhad et al. 2015).

It is a common practice to compare the current level with 
other rivers around the world. As shown in Table 4, the 
Σ16PAHs in the sediment of Wei River were higher than 
that in Luan River Estuary of China (Zhang et al. 2016), 
Guan River Estuary of China (He et  al. 2014), Poxim 
River of Brazil (Souza et al. 2018), Amazon River Estu-
ary of Brazil (Dos Santos et al. 2018), and Brisbane River 
of Australia (Duodu et al. 2017). However, the Σ16PAHs 
was lower than that in Delaware river Estuary of USA 
(Kim et al. 2018) and Erjen River of Taiwan (Wang et al. 
2015). Meanwhile, the Σ16PAHs was lower than the result 
of previous studies (Chen et al. 2015). The concentration 
comparisons indicated that the current Σ16PAHs in the sed-
iment of Wei River was at a relatively high level. In addi-
tion, (Baumard et al. 1998) proposed that the contamination 
of PAHs in river sediment can be classified as low level 
(0–100 ng  g−1 dw), moderate level (100–1000 ng  g−1 dw), 
high level (1000–5000 ng   g−1 dw), and very high level 
(> 5000 ng  g−1 dw) based on the Σ16PAHs. In the present 
study, the contamination level of PAHs was low in S14, 
moderate in S1, S3, S4, S6, S11, S12, S14, S19 and S20, 
high in S2, S5, S7–S9, and S15–18, and very high in S10 

and S13. The overall contamination level of PAHs in the 
sediment of Wei River was high.

As shown in Fig. 1, the Σ16PAHs and ΣCPAHs in the 
sediment of Wei River (main stream) were higher than those 
of Jing River and Luo River (tributaries). Wei River is the 
main wastewater discharge channel compared with Jing 
River and Luo River. Elevated Σ16PAHs and ΣCPAHs were 
found in the lower reach of Wei River. For Jing River, the 
Σ16PAHs and ΣCPAHs presented upper reach higher than 
lower reach. For Luo River, S18 being close to a refinery had 
larger Σ16PAHs. The relative high Σ16PAHs were observed 
in S8-10 and S13, which were 4845.3, 4438.8, 10,243.1 and 
7856.9 ng  g−1 dw, respectively. These samples were in lower 
reach of Wei River and might be heavily influenced by the 
anthropogenic activities of nearby cities, including Xian-
yang, Xi’an, and Weinan. The relative low Σ16PAHs was 
found in S14 (60.5 ng  g−1 dw), which was far from cities and 
received slight disturbance from anthropogenic activities.

The composition characteristics of PAHs in the envi-
ronment are able to reflect their potential sources. Indi-
vidual PAHs, including Acy, Ace, Flu, Phe, Ant, Fla, Pyr, 
and BkF, were detected in all the sediment samples and 
the detection rates of others PAHs also exceeded 70%. 
The percentage of individual PAH concentration to the 
Σ16PAHs decreased in the order of BkF (26.27%) > InP 
(12 .34%)  >  BaA (9 .68%)  >  Acy  (9 .21%)  >  F lu 
(7 .98%)  > Pyr  (5 .29%)  > BghiP  (4 .38%)  > Phe 
(4.11%) > Fla (3.89%) > Ant (3.79%) > Ane (3.01%) > BbF 
(2 .95%)  >  DBA (2 .42%)  >  NaP (1 .63%)  >  Chy 
(1.57%) > BaP (1.50%), indicating that PAHs in the river 
sediments were mainly dominated by BkF, followed by 
InP, BaA, and Acy. As shown in Fig.  2, 2-ring PAHs 

Table 4  Concentrations and 
contamination levels of ΣPAHs 
in river sediment around the 
world

dw dry weight, L low level, M moderate level, H high level, VL very high level

Rivers Regions ΣPAHs ng  g−1 dw Contamina-
tion levels

References

Wei River China 60.5–10,241.1 L-VH This study
Wei River China 362–15,667 M-VH Chen et al. (2015)
Tianjin River China 0.8–1943.0 L–H Shi et al. (2005)
Guan River China 43–169 L-M He et al. (2014)
Luan River China 5.1–545.1 L-M Zhang et al. (2016)
Delaware River USA 3749–22,324 H-VH Kim et al. (2018)
Ho-Jin River Taiwan, China 160–1486 M-H Tu et al. (2018)
Lover River Taiwan, China 303–2161 M-H Tu et al. (2018)
Erjen River Taiwan, China 22–28,622 L-VH Wang et al. (2014)
Brahmaputra Rivers India 2–798 L-M Khuman et al. (2018)
Hooghly River India 48–1831 L–H Khuman et al. (2018)
Paraguaçu River Brazil 443.7–636.1 M Santos et al. (2018)
Poxim River Brazil 2.2–28.4 L Souza et al. (2018)
Amazon River Brazil 22.2–158.9 L-M Dos Santos et al. (2018)
Brisbane River Australia 148–3079 M-H Duodu et al. (2017)
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accounted for 0–16.30% (1.63%) of the Σ16PAHs, 3-ring 
PAHs 4.23–79.76% (28.10%), 4-ring PAHs 5.76–50.41% 
(20.42%), 5-ring PAHs 5.47–73.70% (33.14%), and 6-ring 
PAHs 0–50.10% (16.72%), indicating that PAHs in the 
river sediment were dominated by 3- and 5-ring PAHs, 
followed by 4- and 6-ring PAHs. PAHs in S1, S4-S6, S11, 
S14, S18, and S20 were mainly low molecular weight 
PAHs (2–3 ring PAHs, more than 50%), implying petro-
leum leakage source; while PAHs in S2, S3, S7–S10, S12, 
S13, S15-S17, and S19 mainly consisted of high molecu-
lar weight PAHs (4–6 ring PAHs), suggesting combustion 
sources.

The isomer ratio of PAHs was commonly used to iden-
tify the possible sources of PAHs in the environment due 
to simplicity and validity (Yunker et al. 2002; Tobiszewski 
and Namieśnik et al. 2012). In this study, Ant/(Ant + Phe), 
BaA/(BaA + Chy) and InP/(InP + BghiP) were used to 
identify the possible sources of PAHs in the sediment of 
Wei River. A ratio of Ant/(Ant + Phe) > 0.1 refers to pyro-
lytic origin, while < 0.1 suggests petrogenic source (Hu 
et al. 2019). A ratio of BaA/(BaA + Chr) < 0.20 indicates 
petrogenic sources, 0.20—0.35 implies mixed sources, 
and > 0.35 suggests pyrolytic origin (Tobiszewski and 
Namieśnik et al. 2012; Baniemam et al. 2017). A ratio 
of InP/(InP + BghiP) < 0.2, 0.2–0.5, and > 0.5 indicates 
petrogenic origin, petrogenic combustion (e.g., liquid 
fossil fuel, vehicle and crude oil), and burning biomass 
(i.e., coal, wood and grass), respectively (Martins et al. 
2011). As shown in Fig. 3, the ratio of Ant/(Ant + Phe) 
exceeded 0.1 in all the sediment samples, corresponding 
to pyrolytic source. The ratio of BaA/(BaA + Chr) indi-
cated that PAHs were from petrogenic source in S3 and 
S6, mixed source only in S8, and pyrolytic origin in the 
rest of sediment samples. The ratio of InP/(InP + BghiP) 
suggested that PAHs were related to petrogenic origin in 
S1, S7 and S17, petroleum combustion in S2, S3, S11, 
S16, S18 and S20, and the combustion of coal, wood and 
grass in S4, S5, S8-S10, S12-S15 and S19. In summary, it 
was demonstrated that PAHs in the sediment of Wei River 
were mainly associated with the combustion of coal, wood 

and grass as well as petroleum (e.g., gasoline, diesel and 
crude oil), except for S1, S3, S6, S7 and S17 in which 
PAHs were petrogenic origin, being presumably due to the 
leakage of natural oil by oil-producing industries.

Fig. 2  Composition of PAHs 
with different rings in the sedi-
ment of Wei River

Fig. 3  Diagnostic ratios of PAHs for BaA/(BaA + Chy) versus Ant/
(Ant + Phe) and Ant/(Ant + Phe) versus InP/(InP + BghiP)
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Ecological risk of PAHs in sediment

As shown in Table 5, the mean of  RQ(NCs) for Chy was 
less than 1, indicating a low ecological risk. The mean 
of  RQ(MNCs) for Acy and Flu exceeded 1, implying a high 
ecological risk. Other PAHs presented  RQ(NCs) ≥ 1 and 
 RQ(MPCs) < 1, indicating a moderate ecological risk. Mean-
while, the  RQ(MPCs) of NaP, Ace, Ant, Pyr, BaA, BbF, and 
BkF in several samples exceeded 1, suggesting a high eco-
logical risk. As shown in Fig. 4, the Σ16PAHs in S5 (Baoji), 
S8 (Xiangyang), S9 and S10 (Xi’an), S13 (Weinan), and S18 
(refinery) showed  RQΣPAHs(NCs) ≥ 800 and  RQΣPAHs(MPCs) ≥ 1, 
illustrating a high ecological risk. S18 was located in Luo 
River, probably influenced by the nearby refinery. Other 
sites were located around the cities as well as the lower 
reach of Wei River, mainly affected by the anthropogenic 
activities of nearby cities. However, the Σ16PAHs in S6, 
S12, S14, S17, and S19 showed 1 ≤  RQΣPAHs(NCs) ≤ 800 and 
 RQΣPAHs(MPCs) = 0, indicating a low ecological risk. These 
sites were away from cities or factories, slightly affected 
by anthropogenic activities (Dudhagara et al. 2016). The 
Σ16PAHs in other sites were a moderate ecological risk. 
The ecological risk of PAHs in Wei River were higher than 
that in Jing River and Luo River, with Luo River higher than 
Jing River. The relative high ecological risk of PAHs were 
observed in lower reach of Wei River close to cities, being 
consistent with the concentration distributions.

Non‑carcinogenic and carcinogenic health risks

Table 6 shows the carcinogenic and non-carcinogenic risk 
of human exposure to PAHs by fish intake. The 95% upper 
confidence limit (95%UCL) was adopted to replace the max-
imal values in health risk assessment (Li et al. 2016). The 
CR of children and adolescences ranged from 4.99 ×  10–10 
to 6.08 ×  10–6, with a 95%UCL of 2.01 ×  10–6, and from 
5.30 ×  10–10 to 6.46 ×  10–6, with a 95%UCL of 2.14 ×  10–6. The 
CR of adults was in the range of 3.62 ×  10–9 to 4.41 ×  10–5, 
with a 95%UCL of 1.46 ×  10–5. From the 95%UCL, the CR 
of Children, adolescences and adults was between  10–6 and 
 10–4, indicating an acceptable carcinogenic risk. The highest 
CR was found in S10 (Xi’an), followed by S8, S9, S13, and 
S15 (Xi’an and Weinan), indicating a relatively high health 

Fig. 4  ΣRQ(NCs) and ΣRQ(MPCs) of PAHs in the sediment of 
WeiRiver.

Table 5  Ecological risk of 
individual PAHs in the sediment 
of Wei River

NCs negligible concentrations, MPCs maximum acceptable concentrations, SD standard deviation

PAHs NCs MPCs RQ(NCs) RQ(MPCs)

Min Max Mean SD Min Max Mean SD

NaP 1.4 140 0.00 197.29 26.14 56.53 0.00 1.97 0.26 0.57
Acy 1.2 120 12.46 520.24 172.80 144.17 0.12 5.20 1.73 1.44
Ace 1.2 120 6.26 152.06 56.38 38.38 0.06 1.52 0.56 0.38
Flu 1.2 120 1.30 414.57 149.69 121.43 0.01 4.15 1.50 1.21
Phe 5.1 510 1.89 83.73 18.12 22.33 0.02 0.84 0.18 0.22
Ant 1.2 120 10.92 451.75 71.04 98.59 0.11 4.52 0.71 0.99
Fla 26 2600 0.02 14.48 3.37 3.50 0.00 0.14 0.03 0.03
Pyr 1.2 120 3.45 501.44 99.18 131.00 0.03 5.01 0.99 1.31
BaA 2.5 250 0.00 455.92 87.10 130.62 0.00 4.56 0.87 1.31
Chy 107 10,700 0.00 4.32 0.33 0.95 0.00 0.04 0.00 0.01
BbF 2.5 250 0.00 147.16 26.54 33.57 0.00 1.47 0.27 0.34
BkF 24 2400 0.24 224.51 24.63 53.02 0.00 2.25 0.25 0.53
BaP 2.6 260 0.00 66.92 12.95 19.42 0.00 0.67 0.13 0.19
InP 59 5900 0.00 62.48 4.71 14.36 0.00 0.62 0.05 0.14
DBA 2.6 260 0.00 98.16 20.97 25.79 0.00 0.98 0.21 0.26
BghiP 75 7500 0.00 19.27 1.31 4.26 0.00 0.19 0.01 0.04
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risk in the section of Xi’an and Weinan of Wei River, which 
was consistent with the distribution results of concentration 
and ecological risk of PAHs. In addition, the CR showed an 
decreasing order of adults > adolescence > children.

The HQ of children and adolescence ranged from 
4.18 ×  10–5 to 6.19 ×  10–2, with a UCL95% of 2.05 ×  10–2, and 
from 8.88 ×  10–5 to 1.31 ×  10–1, with a 95%UCL of 4.34 ×  10–2. 
The HQ of adults was from 7.00 ×  10–5 to 1.04 ×  10–1, with a 
95%UCL of 3.43 ×  10–2. All the values of HQ were less than 1, 
indicating a low or negligible non-carcinogenic risk. The non-
carcinogenic risk presented adolescences > adults > children.

Conclusions

The pollution characteristic, ecological and human health 
risks of PAHs in the sediment of Wei River were investi-
gated in present study. The results showed that the Σ16PAHs 
ranged from 60.5 to 10,243.1 ng  g−1 dw, with an average of 
2250.4 ng  g−1 dw, presenting a high contamination level. The 
Σ16PAHs in the sediment of Wei River (main stream) was 
higher than that in Jing River and Luo River (tributaries), 
and elevated Σ16PAHs and ΣCPAHs were mainly distributed 
in the lower reach of Wei River. PAHs in the sediment were 
dominated by 3- and 5-ring PAHs. PAHs in the sediment of 
Wei River were mainly associated with the combustion of fos-
sil fuels and biomass. The ecological risk of individual PAHs 
(except for Chy) was assignable, with the highest risk of Acy 
and Flu. The total ecological risk of PAHs in the sediment was 
a moderate to high level. The CR of human exposure to PAHs 
ranged from  10–6 to  10–5, and the HQ of human exposure to 
PAHs was  10–2, less than 1. There were acceptable cancer risk 
and no significant non-carcinogenic risk of human exposure to 
PAHs in sediment of Wei River.
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