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The high emissions of polycyclic aromatic hydrocarbons (PAHs) pose a serious threat to the lake ecosystem and
human health, and the human health risk assessment of PAH exposure is expected as an urgent project in China.
This paper focused on 44 Chinese lakes in 6 lake zones to investigate the occurrence, composition and source of
19 PAHs in water body and estimate the human health risk under PAH exposure. The “List of PAH Priority Lakes”
in China was generated based on the combination of incremental lifetime cancer risk (ILCR) model and Monte
Carlo simulation. Our results showed that theΣ17 PAHs ranged from3.75 ng·L−1 to 368.68 ng·L−1with amedian
of 55.88 ng·L−1. Low-ring PAHswere the predominant compounds. PAH profiles varied significantly at lake zone
level. Diagnostic ratios showed that PAHs might derive from petroleum and coal or biomass combustion. Benzo
[a]pyrene-equivalent toxic concentrations (BaPeq) of the Σ17 PAHs ranged from 0.07 ng·L−1 to 2.26 ng·L−1

(0.62 ± 0.52 ng·L−1, mean ± standard deviation) with a median of 0.47 ng·L−1. Benzo[a]anthracene (BaA),
benzo[a]pyrene (BaP) and benzo[e]pyrene (BeP) were the main toxic isomers. Juvenile exposure to PAHs via
oral ingestion (drinking) and dermal contact (showering) had negligible and potential health risks, respectively.
Juveniles were the sensitive population for PAH exposure. 15 lakes were screened into the “List of PAH Priority
Lakes” in three priority levels: first priority (Level A), moderate priority (Level B) and general priority (Level
C). Lake Taihu, Lake Chaohu and Lake Hongze were the extreme priority lakes. Optimizing the economic struc-
tures and reducing the combustion emissions in these areas should be implemented to reduce the population
under potential health risk of PAHs.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a class of widespread
micropollutants with carcinogenic, teratogenic, mutagenic and
endocrine-disrupting effects (Gearhart-Serna et al., 2018; Alegbeleye
et al., 2017). 16 PAHs have been included in the list of “priority pollut-
ants” by United States Environmental Protection Agency (USEPA)
since 1970s (Keith and Telliard, 1979), and attracted exceptional con-
cerns in the last four decades (Andersson and Achten, 2015). A great
number of PAHs and their derivations are regarded as carcinogens,
probably carcinogens and possible carcinogens to humans by Interna-
tional Agency for Research on Cancer (IARC, 2019). PAHs are produced
by both natural processes such as forest fires and anthropogenic pro-
cesses such as the incomplete combustion of fossil fuels and biomass
(Meng et al., 2019), and can enter into the environment through
many routes (Guo et al., 2009). With the development of global socio-
economy and the increasing demand for energy, the high emissions of
PAHs pose a serious threat to the ecosystem and human health (Meng
et al., 2019; Zhang et al., 2007; Shen et al., 2013, 2015). Therefore, the
human health risk assessment of PAH exposure is expected as an urgent
project.

Incremental lifetime cancer risk (ILCR) model was the most popular
method for the health risk assessment of human exposure to environ-
mental pollutants, especially for PAHs (USEPA, 1992). The toxic concen-
tration, exposure frequency and exposure pathway were the
fundamental fractions in ILCR model (Umeh et al., 2019), and the re-
lated parameters had been well recommended by USEPA and other
studies (USEPA, 1992, 2004, 2005; Knafla et al., 2006). Currently, ILCR
model has beenwidely applied in various health risk assessment studies
about human exposure to PAHs such as environmentalmonitoring (e.g.:
Bortey-Sam et al., 2015; Tesi et al., 2016; Bao et al., 2018; Tuyen et al.,
2014; Cui et al., 2018), food safety (e.g.: Wang et al., 2017a, 2019;
Duan et al., 2016; Zhu et al., 2019), bioaccumulation (Balgobin and
Singh, 2019; Zhao et al., 2014; Moslen et al., 2019), emission scenarios
(Chen et al., 2012; Kamal et al., 2014; Pongpiachan et al., 2017; Zhang
et al., 2017), cultivation guidances (Chen et al., 2018) and pollution-
degrading microorganism screening (Wang et al., 2017b; Chen
et al., 2019). Notably, the health risk assessments of PAH exposure
were well reported in the environmental media of atmosphere
(e.g.: Dubey et al., 2015; Sulong et al., 2019; Liu et al., 2018; Zhang
et al., 2020; Li et al., 2016), soils (e.g.: Wu et al., 2018; Dreij et al.,
2020; Qi et al., 2019), dust (e.g.: Zhang et al., 2017; Soltani et al.,
2015; Škrbić et al., 2019), sediments (Balgobin and Singh, 2019; Li
et al., 2019), seafood (Zhao et al., 2014), and vegetables (Wang
et al., 2018). Several large-scale assessments of human exposure to
atmospheric PAHs were reported (Gong et al., 2019; Zhang et al.,
2016; Yan et al., 2019; Iakovides et al., 2019; Cheruiyot et al., 2015;
Mon et al., 2020). The health risk assessments of aquatic PAH expo-
sure were rarely studied (Meng et al., 2019; Wang et al., 2015,
2018; Song et al., 2014).

Lake was regarded as an important fraction of Earth's Critical Zone
with the highly interactions of resource, environment, ecology, and irre-
placeable ecosystem service functions (Lin, 2010; Meng et al., 2019),
playing a vital role in the sustainable development of human's socio-
economy (Costanza et al., 1997). As the sink of environmental pollut-
ants, lake functions and health have been threatened due to their con-
tinuous reception of anthropogenic pollutants (Du and Jing, 2018). A
national investigation illustrated that PAHs had a limited toxic effect
on lake sediments in China (Li et al., 2017). As far as we known, only a
literature review summarized the occurrence and health risk assess-
ment of 12 lake waters in China based on ILCR model (Meng et al.,
2019). There is a lack of study on nationwide investigation of PAH oc-
currences and sources in Chinese lakes. Besides, it would also be ex-
pected to estimate the health risk of vulnerable population exposure
to PAHs in the water body of lakes for public safety (Gearhart-Serna
et al., 2018).
Moreover, although the ILCR model for human exposure to PAHs
was well applied, there still remains some issues. Firstly, there is a
need to refine the cancer risks for different life-stages, especially for
early-life exposure since juveniles were regarded to be the vulnerable
groups (Gearhart-Serna et al., 2018). In 2005, USEPA developed the
age-dependent adjust factor (ADAF) to calibrate the exposure sensitiv-
ity for individual in early-life (USEPA, 2005). Secondly, there lacks of
Monte Carlo simulation tomodel the individual susceptibility and better
characterized parameters to improve the assessment accuracy (Chen
and Liao, 2006). Fortunately, in China, the handbooks of Chinese expo-
sure factors with informative statistical parameters and spatiotempo-
rally specific recommended values were published in recent decade
(Duan, 2016; Zhao and Duan, 2014), providing us an opportunity to
give a high-quality nationwide health risk assessment of human expo-
sure to PAHs in the water body of lakes.

In this study, water samples from 64 sampling sites in 44 Chinese
lakes were collected, and 19 PAHs were analyzed. The objectives of
this study are (1) to investigate the occurrence, composition and source
of PAHs in the water body of nationwide lakes in China, (2) to calculate
the concentrations and profiles of the toxicity of PAHmixtures in differ-
ent lakes, (3) to estimate the health risks of juveniles under PAH expo-
sure, and (4) to screen the “List of PAH Priority Lakes” in China. It is
expected that this study could give new insights into the occurrence
of PAHs in aquatic environments in China and more accurate Monte
Carlo simulated-based human health risk assessment of PAH exposure
using ILCR model.

2. Methods and materials

2.1. Reagents and materials

Gas chromatography/mass spectrometer (GC/MS) grade dichloro-
methane (DCM), high-performance liquid chromatography (HPLC)
grade hexanes (HEX) and methanol (MeOH) were all purchased from
Thermo Fisher Scientific, Waltham, Massachusetts, USA. Anhydrous so-
diumsulfatewas purchased fromSinopharmChemical Reagent Co., Ltd.,
Shanghai, China. Anhydrous sodium sulfatewas baked at 450 °C for 10 h
before use. C18 solid phase extraction (SPE) tubes (ENVI-18, 500 mg,
6 mL) were purchased from Supelco Co., Bellefonte, Pennsylvania, USA.

19 PAHs concerned in this study includes naphthalene (Nap), ace-
naphthylene (Acy), acenaphthene (Ace), fluorene (Flu), phenanthrene
(Phe), anthracene (Ant), fluoranthene (Fla), pyrene (Pyr), benzo[a]an-
thracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]
fluoranthene (BkF), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene
(IcdP), dibenz[a,h]anthracene (DahA), benzo[g,h,i]perylene (BghiP),
Benzo[e]pyrene (BeP), benzo[c]phenanthrene (BcP) and perylene
(Per). 5 deuterated PAHs including nanphthalene-d8, acenaphthene-
d10, phenanthrene-d10, chrysene-d12 and perylene-d12 were selected
as internal standards (IS). They were all purchased from AccuStandard
Inc., New Haven, Connecticut, USA.

2.2. Sampling and pretreatment

Surface water samples were collected from 64 sampling sites in 44
lakes from June 2014 to October 2014 (Table S1 and Fig. S1), and 1 to
3 water samples were collected in each lake. Most samples were taken
in the middle of lake, and some samples were taken near the shore be-
cause of the difficulty of sampling activities. The 44 lakes were distrib-
uted in 6 lake zones: middle and lower reaches of the Yellow River,
HuaiheRiver andHaihe River lake zone (YHH), InnerMongolia-Xinjiang
lake zone (MX), northeastern China lake zone (NE), Qinghai-Tibet Pla-
teau lake zone (QTP), Yunnan-Guizhou Plateau lake zone (YGP) and
middle and lower reaches of the Yangtze River lake zone (YZR). Please
see Table S1 and Fig. S1 for more details.

At least two-literwater samples in each sitewere collected in several
one-liter glass bottles. The bottles were sequentially cleaned by tap
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water, ultrapure water and sampling site water before water sample
collecting. Then, the water samples were filtered through a glass fiber
filter (GFF)membrane (baked at 450 °C for 6 h before use). Two-liter fil-
tered water was collected in two precleaned one-liter glass bottles for
SPE.

The SPE tubewas activated by 6mL of DCM, 6mL ofMeOH and 6mL
of ultrapure water. Then, the filtered water sample was passed through
a SPE tube under negative pressure with a flow rate of lower than
5 mL·min −1. After extraction, the SPE tube was washed by 6 mL ultra-
pure water, dried for at least 20 min by vacuum pump, wrapped with
aluminum foil. In the laboratory, 10 mL of DCM was used to elute the
target PAHs. The eluate was dehydrated by passing through a 2-g anhy-
drous sodium sulfate tube and then concentrated into approximately
1 mL by rotary evaporation at 30 °C. 5 mL of HEX was added for solvent
exchange, and the solution was again concentrated into approximately
1 mL. 200 ng of IS was added before the solution was transferred into a
2mL brown vial (baked at 450 °C for 6 h). Finally, the solution was con-
centrated into approximately 200 μL under nitrogen for analysis.

2.3. Sample analysis

The extracted PAHs were analyzed using an Agilent 6890 gas chro-
matograph (GC) coupled with a 5973 mass spectrometer detector
(MSD) (Agilent Technologies Inc., California, USA). A DB-5MS capillary
column (30 m × 0.25 mm i.d. × 0.25 μm, J&W Scientific, USA) was
employed. The instrument was equipped with electron impact (EI) ion
source and operated in selective ion monitoring (SIM) mode. The ex-
tract was injected by an Agilent 7683B automatic sampler. The inlet
temperature was set at 290 °C, and the inlet volumewas 1 μL in splitless
mode with a purge time of 1.00 min. The purge flow was set at
50.0 mL·min −1 and gas saver was enabled at 2 min after injection
with a saver flow of 20.0 mL·min−1. Helium (purity ≥99.999%) was ap-
plied as the carrier gas with a flow rate of 1.0 mL·min −1. The initial
oven temperature was 80 °C for 1 min. Then, the temperature was
ramped to 270 °C at a rate of 5 °C·min−1, maintained for 2min, ramped
to 290 °C at a rate of 3 °C·min −1, maintained for 1 min, and finally
ramped to 305 °C at a rate of 10 °C·min −1, maintained for 12 min.
The temperatures of the transfer line, ion source and quadrupole were
300 °C, 246 °C and 150 °C, respectively. The internal calibration method
was employed for quantitation.

2.4. Quality control and quality assurance (QC/QA)

Two parallel samples were processed for each sampling site. The
procedural blanks were also processed. The R-squares of the linear cal-
ibration curve of each compound were all larger than 0.98. The method
recoveries of each compound ranged from 18.7% to 109.6%, from 86% to
81.3%, and from 10.3% to 89.1% at 10 ng, 50 ng and 100 ng standard
adding levels, respectively. The instrument detection limits (IDLs)
ranged from 0.2 ng·mL−1 to 10 ng·mL−1. Please see Table S2 for details
regarding each PAH compound.

2.5. Health risk assessment

Benzo[a]pyrene-equivalent toxic concentration (BaPeq) was widely
used to calculate the carcinogenic potency of PAH mixtures and esti-
mate their human health risk (Fang et al., 2020). BaPeq was calculated
by Eq. (1):

BaPeq ¼
XN
i¼1

ci∙TEFi ð1Þ

where ci is the concentration of an individual PAH of i, TEFi is the corre-
sponding BaP toxic equivalency factor. TEFs for individual PAHs were
obtained from references (Nisbet and LaGoy, 1992; Samburova et al.,
2017) and listed in Table S3.

ILCRmodelwas applied to estimate humanhealth risk of PAHs in the
water body of 44 lakes in China. The exposure scenarios were for juve-
niles around the lakes exposed throughout their whole lives. PAHs in
water could expose to human by oral and dermal ingestion. Therefore,
drinking and showering were considered as oral and dermal exposure
pathway in this study, respectively. The ILCR of PAHs via drinking and
showering pathways were calculated by Eqs. (2) and (3), respectively:

ILCRdrink ¼
PAT

t¼0 DRt ∙ADAFt ∙EDt

BWt

 !
∙
BaPeq∙EF∙CFdrink∙CSForal

AT
ð2Þ

ILCRshower ¼
PAT
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ffiffiffiffiffiffiffi
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where DR refers to the daily total water ingestion, BW refers to body
weight, ED refers to the exposure duration, BaPeq refers to the BaP-
equivalent toxic concentration calculated by Eq. (1), EF refers to the ex-
posure frequency, ST refers to the showering time, SA refers to the body
total surface area, τ refers to the lag time, FA refers to the fraction of
absorbed water, kp refers to the dermal permeability coefficient in
water, EV refers to the daily event frequency of showering. CFdrink and
CFshower refer to the conversion factors of drinking and showering expo-
sures, respectively. CSForal and CSFdermal refer to oral and dermal cancer
slope factors, respectively. ADAF refers to age-dependent adjust factor,
which was employed to preferably estimate the cancer risk of early-
life exposure to PAHs (USEPA, 2005; Umeh et al., 2019). AT refers to
the averaging time, which equals to life expectancy in this study. t
means the age interval. The units and values of these parameters were
summarized in Table 1. DR, BW, ST and SA were age-dependent vari-
ables and life expectancy (Table S4) were location-dependent, and
their values in each age interval were obtained from “Highlights of the
Chinese Exposure Factors Handbook” (Zhao and Duan, 2014; Duan,
2016). According to the exposure factors handbook, the lifetime of an
individual was separated into 17 intervals (Table S5). Here, infant, pre-
school, child, adolescent and adult are defined as individual from ages 0
to b2 years, 2 to 5 years, 6 to 12 years, 13 to 18 years and 19 to life ex-
pectancy, respectively (Kastner et al., 2006; Zhang et al., 2020). Juvenile
is defined as individual under 18 years old.

2.6. Statistical analysis

All statistical analyses were performed using R 3.6.2 (R Core Team,
2019). Data distribution of individual PAHs was described by skewness
and kurtosis, andwas tested by Shapiro-Wilk test at the significant level
of p = 0.05 with a null hypothesis of normal distribution (He et al.,
2019a, 2019b). The results were shown in Table S6. According to
Table S6, none of the PAH compounds was normally distributed or log-
normally distributed except for BaP and IcdP. Therefore, the occurrence
of PAHs was described by the minimum, 25th percentile, median, 75th
percentile and maximum.

To estimate ILCR on population level, a Monte Carlo simulation was
implemented. The iterations for each lake were set as the population of
ambient juveniles (Table S4). The population data was adapted from
“Tabulation on the 2010 Population Census of the People's Republic of
China by County” (Population Census Office under the State Council
(PCOSC) and Department of Population and Employment Statistics
National Bureau of Statistics (DPESNBS), 2012). For each individual, ST
was assigned a uniform-distributed random seed, DR was assigned a
lognormal-distributed random seed, and BW, SA and life expectancy



Fig. 1. Occurrences and profiles of Σ17PAHs in the water body of 44 lakes in China.
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were all assigned a normal-distributed random seed. The random seeds
of BW and SA were forced to be same.

The sum of the individual ILCR values for all juveniles around each
lake was used to estimate and rank the health risk of PAHs on popula-
tion level, and then, to generate the list of “Prior Lakes” with high pop-
ulation health risk values. Two nonparametric methods, Wilcoxon test
and Kruskal-Wallis test, were applied to compare the differences of
population health risks of PAHs in different lake zones. Besides, they
were also employed to compare the differences of the occurrences and
profiles of both PAHs and BaPeq in different lake zones. Their significant
levels were also set at p= 0.05 with null hypotheses of no true location
shift (He et al., 2019a, 2019b).

3. Results and discussion

3.1. Occurrence of PAHs in the water body of 44 lakes in China

Due to the high volatility, low toxicity and high background value of
Nap, it was no longer discussed in this study. The concentrations of
PAHs in the water body of 44 lakes in China were summarized in
Table 2 and Fig. 1. According to Table 2, only DahA was not detected,
the other 17 individual PAHs were all detected with detection frequen-
cies ranging from 19.7% to 100%. This indicated that PAHs were ubiqui-
tous contaminants in the water body of Chinese lakes nationwide. The
concentrations of the Σ17 PAHs ranged from 3.75 ng·L−1 (YLH) to
368.68 ng·L−1 (GTSK-1) with a median of 55.88 ng·L−1 (Fig. 1). In
this study, PAHs with b4, 4, N4 aromatic rings were defined as low-,
middle- and high-ring PAHs, respectively (Fig. 1). The concentrations
of the low-ring PAHs (Σ6 PAHlow-ring), middle-ring PAHs (Σ6

PAHmiddle-ring) and high-ring PAHs (Σ5 PAHhigh-ring) ranged from
2.65 ng·L −1 to 347.61 ng·L−1, 1.02 ng·L−1 to 184.56 ng·L−1 and
0.06 ng·L−1 to 7.30 ng·L−1 with medians of 47.58 ng·L−1,
7.92 ng·L−1 and 1.09 ng·L−1, respectively (Table 2). Flu was the most
predominant compound, andwas followed by Phe andAce. The concen-
trations of the other individual PAHs were approximately 10- to 100-
fold lower than these most abundant PAH compounds. Comparing
with other study (Meng et al., 2019), the occurrence of PAHs in this
study was at a significantly low level, especially for the high-ring
PAHs. It was probably related to the differences of sampling time and
sampling locations (Qin et al., 2014; He et al., 2013; He et al., 2019a)
since the occurrence of micropollutants could be related to various fac-
tors such as particle adsorption (Qiao et al., 2008), biotic uptake (Ke
et al., 2007) and dissolved organic matter (Morehead et al., 1986).

The results of Kruskal-Wallis and Wilcoxon tests illustrated the oc-
currence of PAHs in YGP was significantly lower than other lake zones
(p b 0.05), and no significant differences were found among the other
five lake zones. The concentrations of the Σ17 PAHs in YGP ranged
from 3.75 ng·L−1 to 49.43 ng·L−1 with a median of 7.49 ng·L−1,
which were approximately one order of magnitude lower than the
other lake zones (median: 66.16 ng·L−1). It was probably related to
the lower gross domestic product (GDP) (Meng et al., 2019), specific
economic structure (National Bureau of Statistic of China (NBSC),
2015), and unique geographic and limnological features in YGP (Li
et al., 2017).

3.2. PAH profiles

The compositions of PAHs in the water body of different lakes were
presented in Fig. 1. According to Fig. 1, it was obvious that low-ring
PAHs were the predominant compounds in the six lake zones, and
were followed by middle-ring PAHs and high-ring PAHs. The fractions
of low-, middle- and high-ring PAHs ranged from 41.6% to 94.3%
(78.5% ± 11.5%, mean ± standard deviation (S.D.)), from 5.14% to
57.9% (19.4%±11.3%) and from0.17% to 14.4% (2.09%±2.48%), respec-
tively. Our results had similar patterns with previous studies of 12 Chi-
nese lakes (Meng et al., 2019) and 53 Mediterranean shallow lakes
(Hijosa-Valsero et al., 2016). The high fractions of low-ring PAHs were
most likely related to their high volatility and water solubility (Guo
et al., 2009; Dat and Chang, 2017; Yang et al., 2019; Cheruiyot et al.,
2015).

Kruskal-Wallis test indicated that PAH profiles varied significantly at
lake zone level (p b 0.005). Further analyses showed that the fractions of
low-ring PAHs in lakes of YGPwere lower than other lake zoneswhile it
posed an opposite pattern for middle-ring PAHs. For high-ring PAHs,
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they were found to have higher fractions in lake zones of eastern China
(YZR, YHH,NE andYGP). Previous studies illustrated that PAHswith 2 to
4 aromatic rings such as Acy, Pyr, Phe and Ant were the markers of bio-
mass combustion and petroleum discharge (Harrison et al., 1996;
Larsen and Baker, 2003; Simcik et al., 1999; Lake et al., 1979; Khalili
et al., 1995; Yuan et al., 2017), while PAHs with 4 to 6 aromatic rings
such as BbF, BkF, IcdP and BghiP were identified as indicators of anthro-
pogenic vehicle emission and high-temperature combustion (Harrison
et al., 1996; Tiwari et al., 2011; Li et al., 2017; Larsen and Baker, 2003;
Baek et al., 1991; Katsoyiannis et al., 2011; Arias et al., 2010). In China,
over 90% of people distributed on the east of the Heihe-Tengchong
Line (Fig. S1). In addition, lake zones to the east of this line were signif-
icantly more developed than those to the west (Murphy, 2017). There-
fore, the differences of PAH profiles in lakes from different lake zones
might be related to different socioeconomic development levels that
led to different PAH emissions. It could be explainable that higher frac-
tions of high-ring PAHs were observed in the developed areas of the
eastern China lake zones (Li et al., 2017), and the significant differences
of the fractions of low- and middle-ring PAHs in YGP and other lake
zones might be related to the specific local emissions of PAHs (Yuan
et al., 2017).

3.3. Source identification of PAHs

PAH isomeric ratioswere commonly applied to identify the source of
environmental PAHs (Guo et al., 2009; Yang et al., 2019; Dashtbozorg
et al., 2019). Due to the low detection frequencies and concentrations
of IcdP and BghiP (Table 2), only Ant/(Ant + Phe), Fla/(Fla + Pyr) and
BaA/(BaA+Chr) diagnostic ratioswere calculated to identify the source
of PAHs. According to the thresholds of diagnostic ratios, Ant/(Ant +
Phe), Fla/(Fla + Pyr) and BaA/(BaA + Chr) ratios below 0.10, 0.40 and
0.20 illustrated petroleum sources, while these ratios over 0.10, 0.50
and 0.35 indicated coal or biomass combustion, respectively (Yunker
et al., 2002a, 2002b; Dashtbozorg et al., 2019; Yang et al., 2019). In addi-
tion, BaA/(BaA + Chr) ratio between 0.20 and 0.35 indicated a mixed
source, and Fla/(Fla+Pyr) ratio between 0.40 and 0.50 illustrated liquid
fossil fuel combustion (Zheng et al., 2014).

The diagnostic ratios of Ant/(Ant + Phe), Fla/(Fla + Pyr) and BaA/
(BaA + Chr) were shown in Fig. 2. In this study, the ratios of Ant/(Ant
+ Phe), Fla/(Fla + Pyr) and BaA/(BaA + Chr) ranged from 0.04 to
Fig. 2. Diagnostic ratios based on PAH isomers for source
0.13, 0.17 to 0.34, and 0.39 to 1.00, respectively. Among all lakes, PAHs
in the water body of most lakes were co-diagnosed as petroleum
sources by the diagnostic ratios of Ant/(Ant+ Phe) and Fla/(Fla + Pyr).
The ratios of Ant/(Ant + Phe) in several lakes such as Lakes Hongze
(HZH), Dongping (DPH), Weishan (WSH), Luoma (LMH) and Chaohu
(CH) were just slightly higher than 0.10. However, the ratios of BaA/
(BaA+ Chr) in Fig. 2 were all above 0.35, indicating the coal or biomass
combustion source.

It was noteworthy that inconsistencies of these diagnostic ratios oc-
curred in this study, and this phenomenon was also reported in other
environmental media such as Persian Gulf, Iran (Jafarabadi et al.,
2017), Liaohe River, China (Wang et al., 2018) and urban soils of Xi'an,
China (Bao et al., 2018). Although the molecular structures and basic
physical properties of the isomeric pairs are very similar, their atmo-
spheric chemical stabilities and particle adsorptions are sometimes dis-
parate (Schauer et al., 1996; Kamens et al., 1986), probably resulting in a
large difference of isomeric ratios from the source to the sink (Yunker
et al., 2002b). In addition, the mixture of similar source emissions
within short source-sink distances could also lead to inconsistent results
(Semenov et al., 2017). Therefore, it was not surprising that these diag-
nostic ratios came with multiple explanations. It seemed that the ap-
proach of PAH isomeric ratios could not work perfectly in separating
the source of PAHs from complex sinks. However, it was reported that
this approach also came with inconsistent results in emission sources
such as the cooking workplaces in Pakistan (Kamal et al., 2015). To
this end, the sources of PAHs in this study still need to be further
studied.

3.4. Occurrence and profile of BaPeq

BaP TEFs of individual PAHs and their measured concentrations in
the water body of lakes in China were applied to calculate the total car-
cinogenic toxicity of PAH mixtures. BaPeq of the Σ17 PAHs in the water
body of lakes from six lake zones were shown in Fig. 3A. BaPeq of the
Σ17 PAHs ranged from 0.07 ng·L−1 to 2.26 ng·L−1 (0.62 ±
0.52 ng·L−1, mean ± S.D.) with a median of 0.47 ng·L−1. The highest
BaPeq value was found in HZH, while the lowest BaPeq value wasmea-
sured in Lake Jingpo (JPH). Kruskal-Wallis test illustrated that BaPeq
existed significant differences in the six lake zones (p b 0.0005). BaPeq
were 0.88 ng·L−1, 0.86 ng·L−1, 0.60 ng·L−1, 0.42 ng·L−1, 0.35 ng·L−1
identification in the water body of 44 lakes in China.



Fig. 3. BaPeq and their profiles in the water body of 44 lakes in China. (A) Ternary plot of BaPeq profiles in the water body of lakes in China. (B) Violin plot of BaPeq of PAH isomers in the
water body of lakes in China.
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and 0.12 ng·L−1 on average, respectively in YHH, YZR, MX, QTP, NE and
YGP.

According to Fig. 3A, high-ring PAHs contributed themost toxicity of
PAH mixtures with a median of 50.6% (ranging from 0.09% to 72.6%),
andwas followed bymiddle-ring PAHswith amedian of 38.6% (ranging
from 21.5% to 95.6%). Low-ring PAHs had the least contributions to
BaPeq of the Σ17 PAHs with a median of just 11.6% (ranging from
1.83% to 35.5%). Middle- and high-ring PAHs accounted for over 60%
of the toxicity of PAH mixtures in water body of lakes in China. It was
obvious that BaPeq profiles significantly differed from the concentration
profiles of PAHs (Fig. 1). It was because low-ring PAHs had the lowest
carcinogenic toxicity, even though low-ring PAHs had the highest envi-
ronmental concentrations (Nisbet and LaGoy, 1992; Samburova et al.,
2017). In addition, it was found that BaA, BaP and BeP were the main
toxic isomers (Fig. 3B and Fig. S2), accounting for 72.7% of the toxicity
of PAH mixtures on average. BaPeq of BaA, BaP and BeP ranged from
0.07 ng·L−1 to 0.55 ng·L−1, 0 to 0.71 ng·L−1 and 0 to 0.72 ng·L−1

withmedians of 0.10 ng·L−1, 0.07ng·L−1 and 0.16 ng·L−1, respectively.
BeP was considered to have the same TEF with BaP due to their highly
similar molecular structures (Samburova et al., 2017), but BeP was not
listed as the priority pollutant by USEPA (Keith and Telliard, 1979). In
this study, BeP was found to have higher toxicity and presence than
BaP, especially in the lake zones of NE, QTP and TZR (Fig. S2). Therefore,
BaP isomers such as BeP should attract more attention in future studies
(Andersson and Achten, 2015).

3.5. Health risk assessment for juveniles

ILCRmodel recommended by USEPA (2004)was applied to estimate
the health risk of PAHs in the water body of lakes in China. Juveniles
were selected as the exposure group due to their high sensitivity to en-
vironmental pollutants (USEPA, 2005; Zhang et al., 2017). Monte Carlo
simulation modeled individual ILCRs of both female and male exposure
to PAHs in the water body of every lake from different lake zones via
drinking and showering pathways were shown in Figs. S3 to S8, and
the medians and 95% confidence intervals (95% CI, ranging from 2.5th
percentile to 97.5th percentile) of individual ILCRs were summarized
in Table 3. Individual ILCRs of oral and dermal exposure pathways in dif-
ferent lakes had similar data distribution patterns, respectively. Accord-
ing to Table 3, individual ILCRs of drinking pathway were significantly
lower than those of showering pathway with a difference of 4 orders
of magnitude. It indicated that dermal contact was the chief exposure
pathway to cancer risk of PAHs. Moreover, female individual ILCRs
were slightly higher than male individual ILCRs. According to the ILCR
calculating equations (Eqs. (2) and (3)), it was mainly caused by the
lower body weight and longer life expectancy of female (Tables S4
and S5).

Overall, individual ILCRs of PAHs via drinking and showering expo-
sure pathways were at magnitude levels of 10−10 and 10−6, respec-
tively. The medians of individual ILCRs of juvenile exposure to PAHs in
each lake via drinking and showering exposure pathways ranged from
0.81 × 10−10 to 20.0 × 10−10 (6.86 × 10−10 ± 5.13 × 10−10, mean ±
S.D.) and 1.18 × 10−6 to 29.3 × 10−6 (10.0 × 10−6 ± 7.51 × 10−6), re-
spectively. The minimums of the medians of individual ILCRs of PAHs
via both drinking and showering pathways were found in JPH, while
the corresponding maximums were observed in Lake Xuanwu (XWH).
Kruskal-Wallis test illustrated that ILCRs existed significant differences
in six lake zones (p b 0.05). The medians of individual ILCRs of juvenile
exposure to PAHs via drinking and showering exposure pathways were
9.82 × 10−10 and 14.4 × 10−6, 7.06 × 10−10 and 10.3 × 10−6,
6.51 × 10−10 and 9.48 × 10−6, 5.14 × 10−10 and 7.45 × 10−6,
3.72 × 10−10 and 5.43 × 10−6, 1.04 × 10−10 and 1.52 × 10−6, respec-
tively in YHH, YZR, MX, QTP, NE, and YGP. For health risk assessment
based on ILCR method, ILCRs of negligible risk, potential risk and high
risk were regarded as below 10−6, between 10−6 and 10−4, and above
10−4, respectively (Wu et al., 2018; Wang et al., 2019; Khpalwak et al.,
2019). Therefore, juvenile exposure to PAHs via oral ingestion (drink-
ing) had negligible health risk, but juvenile exposure to PAHs via dermal
contact (showering) had potential health risk.

It should be noted that CSF was considered to be the most sensitive
parameter for the ILCR value (Liao and Chiang, 2006; Chen and Liao,
2006; Xia et al., 2010). However, the uncertainties of CSF still remain
an issue (Chen and Liao, 2006; Xia et al., 2010). Previously, USEPA rec-
ommended a value of 7.3 kg·day·mg−1 as CSForal (USEPA, 1992), and
this recommended value had been widely applied in many studies
(e.g.: Wang et al., 2015; Yang et al., 2015; Guo et al., 2009). However,
it was revised as 1.0 kg·day·mg−1 recently based on a much higher
quality experiment and a new mice model (USEPA, 2017). For dermal
CSF, there are no recommended values proposed by official agency so
far, and the related studies were rare. Usually, 25 kg·day·mg−1 was
commonly used for dermal ILCR assessment (e.g.: Yang et al., 2015; Jia
et al., 2017; Gong et al., 2019), which was also obtained by mice
model (Knafla et al., 2006). In this study, CSForal and CSFdermal were set
as fixed values of 1.0 kg·day·mg−1 and 25 kg·day·mg−1, respectively
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recommended by USEPA (2017) and Knafla et al. (2006). Currently, the
CSF values were all based on mammalian exposure experiments, so an
inherent bias may occur in extrapolating from mice to human (Chen
and Liao, 2006; Xia et al., 2010). Therefore, future studies should pay
more attentions to CSF parameters to improve the accuracy of CSF via
different exposure pathways, especially dermal pathway (Cao et al.,
2019).

In addition to CSF, BaPeq was also an important sensitive parameter
in ILCR model (Hu et al., 2007; Bai et al., 2009; Xia et al., 2010). In this
study, only 19 PAHs including 16 USEPA priority compounds and 3
non-priority compounds were studied in this paper (Table S2), many
alkyl PAH homologues, high molecular weight parent congeners and
PAH derivations with high toxicity (Marvin et al., 1995; Samburova
et al., 2017; Tidwell et al., 2017; Andersson and Achten, 2015) were
not concerned because of their unsatisfied chromatography separating
performances, high IDLs, and low environmental presences (Schubert
et al., 2003). Therefore, BaPeq in this study might be underestimated.
As for the studied PAHs, 16 TEFs of USEPA priority compounds were de-
termined by Nisbet and LaGoy (1992). The toxicities of other homo-
logues were little studied, and TEFs for these PAHs were estimated
based on their isomers (Samburova et al., 2017). Moreover, several
studies pointed that the total toxicity of PAH mixtures could not be
treated as simply additive effects (Lemieux et al., 2008; Donnelly et al.,
2004). Hence, calculated BaPeq in this study existed some uncertainties
that might influence the accuracy of ILCR model.

To explore the temporal variations of individual ILCRs of PAHs expo-
sure at different lifetime stages, according to Eqs. (2) and (3), the tem-
poral variations of individual ILCRs were only related to the age-
dependent variables, therefore, the age-dependent parameters for Chi-
nese population recommended by Chinese exposure factors handbook
(Zhao and Duan, 2014; Duan, 2016) were applied. In this study, BW,
SA, ST, DR were adapted from recommended parameter values for Chi-
nese population (Zhao and Duan, 2014; Duan, 2016), ADAFs were ob-
tained from USEPA (2005). The results of differential and accumulated
ILCR percentages of PAHs for individuals were shown in Fig. 4. Accord-
ing to Fig. 4, individual ILCR percentages during different lifetime stages
Fig. 4. Differential and accumulated ILCR percentages of PAHs for individuals via (A) shower
for drinking and showering exposure pathways posed similar temporal
patterns. During an individual's lifetime, ILCRs for both drinking and
showering exposure pathways rapidly increased at infant stage, and
then maintained at moderate values with decreasing trends from pre-
school stage to adolescent stage. At adult stage, the differential ILCR per-
centages maintained at approximately 0.6% per year. For an individual,
the juvenile stage accounting for 22.5% of the lifetime contributed ap-
proximately 2/3 of the total ILCR, while the adult stage accounting for
the residual 77.5% of the lifetime just contributed approximately 1/3
of the total ILCR. Therefore, juveniles were the sensitive population for
PAH exposure and the preferred groups for population health risk as-
sessment (Gearhart-Serna et al., 2018). It should be emphasized that in-
fant stagewas themost sensitive stage for PAH exposure, accounting for
27.8% and 22.3% of the total ILCRs via drinking and showering pathways,
respectively. The higher ILCR percentages at infant stage was caused by
the rapid increase of ST, DR, SA and relatively lower BW. With the in-
crease of BW and the stabilization of ST, DR and SA, ILCR percentages
gradually decreased. The stages of preschool, child and adolescent
accounted for 10.0%, 17.8% and 7.3% of the total ILCR via drinking path-
way, and 9.9%, 20.2% and 10.7% of the total ILCR via showering pathway,
respectively. Itwas obvious that accumulated ILCR percentages at differ-
ent stages highly depended on ADAFs (Fig. 4). In this study, ADAFswere
obtained from the values recommended by USEPA to refine the cancer
risks for early-life exposure (USEPA, 2005; Umeh et al., 2019). However,
these recommended values were preliminary, and the temporal resolu-
tion needs to be more accurate in future researches.

Previous studies reported that the cancer risk of PAHswas highly re-
lated to individual susceptibility (Shen et al., 2015). In this study, Monte
Carlo simulation was employed to solve the individual susceptibility.
However, Monte Carlo simulation was highly dependent on parameter
distributions. Limited by available data of population exposure factors
(Duan, 2016; Zhao and Duan, 2014), only DR, BW, ST, SA and AT were
considered to assign random seeds in this study (Table 1). Comparing
with other studies (e.g.: Srivastava et al., 2017; Xia et al., 2010; Chen
and Liao, 2006; Chen et al., 2019; Umehet al., 2019), temporal variations
of DR, BW, ST and SA were also considered in this study to improve the
and (B) drink pathway with the variations of corresponding age-dependent variables.



Table 2
Summary of PAH concentrations (ng·L −1) in the water body of the 44 lakes in China
(N = 66).

PAHs Statistics DFa

Minimum 25th
Quartile

Median 75th
Quartile

Maximum

Acy 0.09 0.81 1.62 2.20 3.91 100.0%
Ace 0.57 5.27 10.92 15.56 75.58 100.0%
Flu 1.13 12.02 22.52 33.95 179.31 100.0%
Phe 0.62 6.40 12.04 21.87 80.33 100.0%
Ant 0.05 0.42 0.95 2.12 6.82 100.0%
Fla 0.06 0.75 1.39 2.26 10.28 100.0%
Σ6 PAHlow-ring 2.65 27.79 47.58 75.88 347.61 100.0%
Pyr 0.20 1.91 4.18 6.04 24.03 100.0%
BcP 0.01 0.42 1.22 2.14 177.63 100.0%
BaA N.D.b 0.80 0.95 1.10 5.51 98.5%
Chr N.D. 0.54 0.88 1.23 4.91 95.5%
BbF N.D. 0.11 0.44 0.69 1.70 87.9%
BkF N.D. 0.06 0.23 0.37 2.60 87.9%
Σ6 PAHmiddle-ring 1.02 5.89 7.92 13.82 184.56 100.0%
BeP N.D. 0.06 0.16 0.27 0.72 86.4%
BaP N.D. N.D. 0.07 0.21 0.71 57.6%
Per N.D. 0.08 0.78 0.98 6.81 97.0%
IcdP N.D. N.D. N.D. N.D. 0.25 19.7%
BghiP N.D. N.D. N.D. 0.07 0.28 37.9%
Σ5 PAHhigh-ring 0.06 0.22 1.09 1.49 7.30 100.0%
Σ17 PAHs 3.75 36.04 55.88 100.49 368.68 100.0%

Notes: a DF: detection frequency. b N.D.: not detected.
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simulation accuracy (Table 1). For the parameters without nationwide
investigation data, further studieswere expected to providemore abun-
dant and valuable data to preferably assess the human health risks of
PAH exposures. In addition, calculated BaPeq in this study represented
external exposure concentrations (Chen and Liao, 2006), and the indi-
vidual susceptibility of inner exposure was not considered. Actually,
inner exposure concentrations should be the effective active concentra-
tions for individual health risk (Xia et al., 2010). Therefore, further stud-
ies should consider the issue of individual susceptibility of inner
exposure.

3.6. The list of PAH priority lakes

In this study, ILCRs at individual and population levels were both
considered to screen the “List of PAH Priority Lakes” in China. The me-
dians of individual ILCRs for juvenile exposure to PAH in water body
of each lake were employed for ILCR ranking at individual level, which
mainly reflected the PAH toxicity for individual. The sum of all individ-
ual ILCRs in each lake were calculated for ILCR ranking at population
level, which focused more on the demographic impact. The orders of
human health risk ranking of PAHs at individual and population levels
were illustrated in Fig. 5.

At individual level, the top 15 lakes screened by individual ILCRs via
both drinking and showering exposure pathways were XWH, CH, HZH,
TH, QDH, GTSK, WBH, TSTC, LMH,WLSH, DPH, DH, HH,WHDH and LZH
orderly (please see Table 3 for their full names). These lakes distributes
in the lake zones of YZR, YHH andMXwith lake counts of 7, 5 and 3, re-
spectively. At population level, the top 15 lakes screened by total juve-
nile ILCRs via both drinking and showering exposure pathways were
TH, CH, HZH, LMH, PYH, HH, WBH, DTH, LGH, DJKSK, WSH, XWH, LZH,
LH and SHH orderly (please see Table 3 for their full names). These
lakes distributes in the lake zones of YZR, YHH and NEwith lake counts
of 10, 4 and 1, respectively. On the whole, YHH and YZR were the prior
lake zones with higher health risk of PAHs at both individual and popu-
lation levels. Notably, only drinking ingestion and showering contact
were involved as the exposure pathways of PAH exposure to juveniles.
However, the exposure pathway of aquatic products ingestion was not
considered. Several studies showed that the health risk would greatly
increase via the exposure pathway of aquatic products ingestion (Yu
et al., 2016; Wang et al., 2019; Balgobin and Singh, 2019; Zhao et al.,
2014). To this end, PAHs in aquatic products should be involved into
the human health risk assessment of PAHs in lake waters (Gearhart-
Serna et al., 2018).

Among the 44 lakes, 15 lakeswere screened into the “List of PAH Pri-
ority Lakes” (Table 4). The priority list included three priority levels:
Table 1
Summary of the parameters in ILCR equations.

Variables Description Unit

DR Daily total water ingestion mL·day −1

BW Body weight kg
ST Showering time min·event −1

SA Body total surface area m2

ADAF Age-dependent adjust factor unitless
AT Averaging time day
BaPeq BaP-equivalent toxic concentration ng·L −1

EF Exposure frequency day·year −1

CFdrink Conversion factor of drinking exposure g·ng −1

CFshower Conversion factor of showering exposure mg·h0.5·ng−1·min−0.5

EV Event frequency event·day −1

FA Fraction of absorbed water unitless
kp Dermal permeability coefficient in water cm·h −1

ED Exposure duration year
τ Lag time per event h·event −1

CSForal Oral cancer slope factor kg·day·mg −1

CSFdermal Dermal cancer slope factor kg·day·mg −1

Note: 1 Please see Table S5 for details; 2 Please see Table S4 for details; 3 Data was shown in F
first priority (Level A), moderate priority (Level B) and general priority
(Level C). Levels A, B and C represented the lakes with both higher indi-
vidual and population health risks, moderate individual health risk but
high population health risk, high individual health risk but moderate
population health risk, respectively. Lakes in Level A included TH, CH,
HZH, WBH, XWH, HH, LZH and LMH, which were both screened in top
15 lakes by the two criterionswith individual and total ILCRs. According
to the individual and total ILCR values, lakes in Level A were further di-
vided into two groups, Level A1 and Level A2. Lakes in Level A1were the
extreme priority lakes included TH, CH and HZH with significantly
higher individual ILCRs and total ILCRs than lakes in Level A2 (highly
priority). Lakes in level B included PYH, DTH, DJKSK and LGH, which
were screened in top 10 lakes by the criterion of total ILCR. Lakes in
level C included QDH, GTSK and TSTC, which were screened in top 10
lakes by the criterion of individual ILCR.

According to the “List of PAH Priority Lakes”, all lakes except TSTC
were from lake zones of YHH and YZR with highly developed socio-
economy (National Bureau of Statistic of China (NBSC), 2015) and
higher PAH emissions (Zhang et al., 2007). Individual ILCRs illustrated
Value References

Age-dependent1 Zhao and Duan, 2014; Duan, 2016
Age-dependent Zhao and Duan, 2014; Duan, 2016
Age-dependent Zhao and Duan, 2014; Duan, 2016
Age-dependent Zhao and Duan, 2014; Duan, 2016
Age-dependent USEPA, 2005
Location-dependent2, 365 × life expentency Table S4
Lake-dependent3 This study
365 Zhao and Duan, 2014; Duan, 2016
10−9 Calculated

10−5ffiffiffiffiffiffi
60

p
Calculated

1 Zhao and Duan, 2014; Duan, 2016
1.0 USEPA, 2004
0.7 USEPA, 2004
Length of age interval Table S5
2.69 USEPA, 2004
1.0 USEPA, 2017
25 Knafla et al., 2006

ig. 4.



Table 3
Summary of ILCR for ambient juveniles in different lakes via different exposure pathways.

Lake Zone Lake Abbreviation Drink/×10−10, median (95% CI) Shower/×10−6, median (95% CI)

Female Male Female Male

YHH Lake Baiyangdian BYD 3.29 (1.78–6.67) 3.28 (1.75–6.68) 4.86 (2.27–6.89) 4.74 (2.29–6.77)
Lake Dongping DPH 9.85 (5.35–19.8) 9.78 (5.21–20.0) 14.6 (6.78–20.6) 14.2 (6.85–20.3)
Reservoir Gangnan GNSK 2.34 (1.26–4.71) 2.32 (1.24–4.75) 3.45 (1.61–4.89) 3.36 (1.62–4.80)
Reservoir Guantin GTSK 13.9 (7.45–28.0) 13.8 (7.28–28.0) 20.4 (9.61–29.0) 19.9 (9.59–28.5)
Lake Hengshui HSH 3.87 (2.09–7.81) 3.84 (2.04–7.91) 5.72 (2.67–8.08) 5.56 (2.69–7.93)
Lake Hongze HZH 17.1 (9.23–34.5) 16.9 (8.98–34.4) 25.2 (11.8–35.8) 24.5 (11.8–35.0)
Lake Luoma LMH 12.6 (6.80–25.4) 12.5 (6.64–25.4) 18.7 (8.72–26.4) 18.1 (8.76–25.9)
Lake Wabu WBH 13.3 (7.19–26.8) 13.3 (7.03–27.1) 19.6 (9.16–27.9) 19.2 (9.28–27.4)
Lake Weishan WSH 4.42 (2.38–8.92) 4.37 (2.33–8.91) 6.51 (3.04–9.23) 6.35 (3.06–9.05)

MX Lake Boston BSTH 3.69 (2.01–7.47) 3.68 (1.94–7.49) 5.47 (2.54–7.72) 5.29 (2.56–7.57)
Lake Daihai DH 9.76 (5.30–19.8) 9.79 (5.17–19.8) 14.4 (6.75–20.4) 14.1 (6.82–20.1)
Lake Hulun HLH 0.88 (0.47–1.79) 0.88 (0.46–1.79) 1.30 (0.61–1.83) 1.27 (0.61–1.81)
Lake Syaram SLMH 5.41 (2.91–10.9) 5.38 (2.85–11.0) 7.97 (3.74–11.3) 7.77 (3.75–11.1)
Heaven Lake of Celestial Mountains TSTC 13.3 (7.15–26.4) 13.2 (6.95–26.9) 19.6 (9.21–27.9) 19.2 (9.25–27.4)
Lake Ulungur WLGH 6.53 (3.51–13.3) 6.48 (3.42–13.3) 9.64 (4.49–13.6) 9.34 (4.52–13.4)
Lake Ulansuhai WLSH 10.1 (5.46–20.6) 10.0 (5.32–20.5) 14.9 (6.95–21.1) 14.7 (7.06–20.8)

NE Lake Khaka XKH 6.22 (3.35–12.6) 6.22 (3.32–12.7) 9.23 (4.30–13.1) 9.01 (4.34–12.9)
Lake Jingpo JPH 0.80 (0.44–1.63) 0.81 (0.43–1.64) 1.19 (0.56–1.68) 1.16 (0.56–1.67)
Lake Lianhuan LHH 3.99 (2.15–8.09) 3.99 (2.12–8.04) 5.87 (2.74–8.33) 5.78 (2.80–8.26)
Lake Songhua SHH 3.46 (1.87–6.98) 3.43 (1.83–6.97) 5.11 (2.39–7.24) 4.98 (2.40–7.08)
Lake Wudalianchi WDLC 6.49 (3.48–13.3) 6.47 (3.45–13.1) 9.52 (4.45–13.5) 9.30 (4.52–13.3)
Lake Chagan CGH 0.86 (0.47–1.74) 0.86 (0.45–1.74) 1.28 (0.60–1.81) 1.24 (0.60–1.77)

QTP Lake Nam Co NMC 5.16 (2.76–10.6) 5.12 (2.73–10.4) 7.56 (3.58–10.8) 7.34 (3.53–10.5)
Lake Qinghai QHH 4.99 (2.69–10.1) 4.95 (2.63–10.1) 7.34 (3.44–10.4) 7.13 (3.45–10.2)
Lake Yamdork YZYC 5.94 (3.20–12.1) 5.91 (3.15–11.9) 8.77 (4.12–12.4) 8.47 (4.12–12.1)

YGP Lake Dianchi DC 1.34 (0.72–2.72) 1.35 (0.71–2.75) 1.97 (0.92–2.79) 1.94 (0.94–2.77)
Lake Erhai EH 0.97 (0.52–1.97) 0.98 (0.52–2.00) 1.43 (0.67–2.03) 1.41 (0.68–2.01)
Lake Fuxian FXH 0.89 (0.48–1.81) 0.90 (0.48–1.83) 1.31 (0.61–1.86) 1.29 (0.63–1.84)
Lake Hongfeng HFH 5.71 (3.08–11.5) 5.74 (3.05–11.7) 8.42 (3.93–11.9) 8.28 (4.02–11.8)
Lake Qilu QLH 1.10 (0.60–2.25) 1.11 (0.59–2.27) 1.63 (0.76–2.31) 1.59 (0.78–2.28)
Lake Yilong YLH 0.90 (0.49–1.82) 0.91 (0.48–1.86) 1.33 (0.62–1.88) 1.30 (0.63–1.86)

YZR Lake Chaohu CH 18.5 (9.99–37.4) 18.4 (9.79–37.6) 27.3 (12.7–38.6) 26.7 (12.9–38.1)
Reservoir Danjiangkou DJKSK 6.21 (3.35–12.6) 6.20 (3.29–12.6) 9.18 (4.29–13.0) 8.97 (4.35–12.8)
Lake Dongtin DTH 2.56 (1.39–5.16) 2.55 (1.36–5.21) 3.78 (1.77–5.36) 3.70 (1.79–5.28)
Lake Honghu HH 7.99 (4.33–16.2) 7.95 (4.21–16.2) 11.8 (5.52–16.7) 11.5 (5.57–16.4)
Lake Longgan LGH 5.43 (2.93–10.9) 5.39 (2.87–11.0) 8.01 (3.74–11.3) 7.82 (3.79–11.2)
Lake Changhu LH 5.38 (2.88–10.9) 5.34 (2.85–10.9) 7.94 (3.71–11.2) 7.74 (3.73–11.0)
Lake Liangzi LZH 7.07 (3.81–14.4) 7.04 (3.74–14.3) 10.4 (4.88–14.8) 10.2 (4.93–14.5)
Lake Poyang PYH 5.76 (3.11–11.6) 5.74 (3.06–11.7) 8.50 (3.97–12.0) 8.31 (4.03–11.9)
Lake Thousand-Islands QDH 14.8 (8.01–29.8) 14.7 (7.83–30.1) 21.9 (10.2–30.9) 21.3 (10.3–30.3)
Lake Taihu TH 17.0 (9.20–34.4) 16.8 (8.94–34.2) 25.1 (11.7–35.6) 24.4 (11.8–34.8)
East Lake (Wuhan, Hubei) WHDH 7.39 (3.99–15.0) 7.36 (3.91–15.1) 10.9 (5.12–15.5) 10.7 (5.17–15.2)
West Lake (Hangzhou, Zhejiang) HZXH 5.52 (3.00–11.2) 5.48 (2.90–11.2) 8.16 (3.81–11.6) 7.96 (3.85–11.3)
Lake Xuanwu XWH 20.1 (10.9–40.5) 19.9 (10.6–40.3) 29.8 (13.8–42.1) 28.8 (13.9–41.2)

95% CI: 95% confidence interval ranging from 2.5th percentile to 97.5th percentile.
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that the ambient juveniles in these areaswere all under potential health
risk (10−6 to 10−4) of PAH exposure (Table 4). According to 2010 pop-
ulation census of China (Population Census Office under the State
Table 4
Summary of the “List of PAH Priority Lakes”.

Priority level Lake

A (first priority) A1 (extreme priority) Lake Taihu (TH)
Lake Chaohu (CH)
Lake Hongze (HZH)

A2 (highly priority) Lake Wabu (WBH)
Lake Xuanwu (XWH)
Lake Honghu (HH)
Lake Liangzi (LZH)
Lake Luoma (LMH)

B (moderate priority) Lake Poyang (PYH)
Lake Dongtin (DTH)
Reservoir Danjiangkou (DJKSK)
Lake Longgan (LGH)

C (general priority) Lake Thousand-Islands (QDH)
Reservoir Guanting (GTSK)
Heaven Lake of Celestial Mountains (
Council (PCOSC) and Department of Population and Employment
Statistics National Bureau of Statistics (DPESNBS), 2012), the birth
rates of the counties around the listed lakes ranged from 5.10‰ to
Value Rank

Individual ILCR Total ILCR Individual ILCR Total ILCR

2.48 × 10−5 49.93 4 1
2.70 × 10−5 40.10 2 2
2.48 × 10−5 34.08 3 3
1.94 × 10−5 4.28 7 7
2.93 × 10−5 2.74 1 12
1.16 × 10−5 5.4 13 6
1.03 × 10−5 2.48 15 13
1.84 × 10−5 11.43 9 4
8.39 × 10−6 7.31 20 5
3.73 × 10−6 3.86 35 8
9.06 × 10−6 2.86 19 10
7.90 × 10−6 3.22 24 9
2.16 × 10−5 1.48 5 21
2.01 × 10−5 1.52 6 20

TSTC) 1.94 × 10−5 0.66 8 28



Fig. 5. Human health risk ranking of PAHs for juveniles in the water body of 44 lakes in China based on the total ILCR of ambient population.
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18.20‰ (11.20‰ ± 3.50‰, mean ± S.D.). Therefore, it would be esti-
mated that approximately 430,000 newborns per year would be
under potential health risk at current PAH residue levels around these
PAH Priority Lakes. It was reported that the areas around PAH Priority
Lakes had higher unit ecosystem service values and unit green GDP
(Yu et al., 2019). Therefore, it would be expected a high confidence to
reduce the population under potential health risk of PAHs by optimizing
the economic structures and reducing the combustion emissions in
these areas (Yu et al., 2018; Yan et al., 2019) since the human health
risk of PAHs were considered to highly depend on their emissions
(Shen et al., 2015; Zhang et al., 2019; Kong et al., 2015).

4. Conclusion

This paper focused on 44 Chinese lakes in 6 lake zones to investigate
the occurrence, composition and source of 19 PAHs in water body and
estimate human health risk under PAH exposure. The “List of PAH Prior-
ity Lakes” in China were generated based on ILCR model and Monte
Carlo simulation. Our results showed that:

(1) The concentrations of the Σ17 PAHs ranged from 3.75 ng·L−1 to
368.68 ng·L−1 with a median of 55.88 ng·L−1. Flu was the most pre-
dominant compound, and was followed by Phe and Ace. Low-ring
PAHs were the predominant compounds. PAH profiles varied signifi-
cantly at lake zone level. Diagnostic ratios showed that PAHs might de-
rived from petroleum and coal or biomass combustion.

(2) BaPeq of the Σ17 PAHs ranged from 0.07 ng·L−1 to 2.26 ng·L−1

(0.62 ± 0.52 ng·L−1, mean ± S.D.) with a median of 0.47 ng·L−1.
BaA, BaP and BeP were the main toxic isomers, accounting for 72.7% of
the toxicity of PAHmixtures on average. BaPeq profiles significantly dif-
fered from the concentration profiles of PAHs.

(3) Juvenile exposure to PAHs via oral ingestion (drinking) and der-
mal contact (showering) had negligible and potential health risks, re-
spectively. The medians of individual ILCRs of juvenile exposure to
PAHs in each lake via drinking and showering exposure pathways
ranged from 0.81 × 10−10 to 20.0 × 10−10 (6.86 × 10−10 ±
5.13 × 10−10, mean ± S.D.) and 1.18 × 10−6 to 29.3 × 10−6

(10.0 × 10−6 ± 7.51 × 10−6), respectively. Juveniles were the sensitive
population for PAH exposure. The juvenile stage accounting for 22.5% of
the lifetime contributed approximately 2/3 of the total ILCR.

(4) 15 lakes were screened into the “List of PAH Priority Lakes” in
three priority levels. First priority (Level A) included TH, CH, HZH,
WBH, XWH, HH, LZH and LMH, where TH, CH and HZH were the ex-
treme priority lakes (Level A1). Moderate priority (Level B) included
PYH, DTH, DJKSK and LGH, and general priority (Level C) included
QDH, GTSK and TSTC. Optimizing the economic structures and reducing
the combustion emissions in these areas should be implemented to re-
duce the population under potential health risk of PAHs.
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