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Abstract

In this study, the sedimentary records, sources, and ecological risks of polycyclic aromatic hydrocarbons (PAHs) in Dianchi
Lake were analyzed. The concentrations of XPAH 4 in the sediments of Dianchi Lake ranged from 368 to 990 ng/g, with
an average value of 572 ng/g, peaking in 1988. Economic development, rapid population growth, and rapid growth of coal
consumption have a greater impact on the HMW (high molecular weight) PAHs than on the LMW (low molecular weight)
PAHs in the sedimentary environment. The results of the diagnostic ratios and PCA (principal component analysis) model
show that the main sources of PAHs were coal and biomass combustion, as well as the fossil fuel combustion in individual
years. The risk assessment results showed that the PAH concentrations in the sediment were within a safe range. In the
past 100 years of sediment pore water, other 2-3 ring LMW PAHs were within a safe range (except for Phe, which reached
chronic toxic pollution levels in some years). With an increase in industrialization and urbanization, the burning of fossil
fuels such as coal and petroleum has increased, and some of the 4—-6 ring HMW PAHs have reached chronic toxicity or even
acute toxicity in the sediment pore water.

Keywords Polycyclic aromatic hydrocarbon - Source apportionment - Risk assessment - Century sedimentary record -
Dianchi Lake

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are persistent
organic pollutants (POPs) that exist in different environmen-
tal media (Gregg et al. 2015; Lu et al. 2012; Sandro et al.
2018; Walker et al. 2005). PAHs can originate from natural
processes such as forest fires (Freeman and Catell 1990; Ma
et al. 2020), volcanic eruptions (Kim et al. 2003; Morillo
et al. 2007; Ma et al. 2018), and diagenesis of organic mat-
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Chinese Academy of Sciences, Nanjing 210008, N
People’s Republic of China Metre et al. 2000). However, human activities such as gar-
> Sehool of Geography Science, Nanjing Normal University bage incineration (Mastral and Callen 2000), fossil fuel com-
Nanjing 210023, People’s Rq;ublic of China ’ bustion (Blumer and Youngblood 1975; Ma et al. 2021b),
and wood burning for household heating and cooking (Lima
et al. 2005; Zhang et al. 2007) are generally considered to be

Responsible Editor: Christian Gagnon

< Changchun Huang
huangchangchun_aaa@163.com;
huangchangchun @njnu.edu.cn

Nanjing Institute of Geography and Limnology,

Jiangsu Center for Collaborative Innovation in Geographical
Information Resource Development and Application,

Nanjing Normal University, Nanjing 210023,
People’s Republic of China

Key Laboratory of Virtual Geographic Environment (Nanjing
Normal University), Ministry of Education, Nanjing 210023,
People’s Republic of China

State Key Laboratory Cultivation Base of Geographical
Environment Evolution (Jiangsu Province), Nanjing 210023,
People’s Republic of China

the main sources of PAHs entering the environment (Viguri
et al. 2002).

Lake sediment is an important source and sink of pollutants
(Li et al. 2021). PAHs enter the aquatic ecosystem through
various processes, such as urban and agricultural runoff, auto-
mobile exhaust emissions, and fossil fuel leakage (Rinawati
etal. 2012; Wang et al. 2021). Owing to the low solubility and
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strong hydrophobicity of polycyclic aromatic hydrocarbons
(Boehm and Farrington 1984; Moubhri et al. 2008), they are
easily combined with particles and eventually accumulate in
lake sediments (Donahue et al. 2006; Gogou et al. 2000; Liu
et al. 2007). However, as the main source and sink of PAHs,
sediments may also cause secondary pollution to the aquatic
ecosystem, such as Dianchi Lake through pore water trans-
portation, posing a substantial threat to animals, plants, and
humans (Rockne et al. 2002; Tao and Liu 2019; Tao 2021).
PAHs have attracted worldwide attention because of their
potential carcinogenicity, mutagenicity, and teratogenicity, as
well as their persistence in the environment and possible health
risks (Han et al. 2019; Jia et al. 2021; Meyer et al. 2011).

Dianchi Lake is the largest freshwater lake in Yunnan
Province, China. Due to its low replenishment coefficient and
long lake water retention period, pollutants are concentrated
in the lake (He et al. 2015). Since the reform and opening up
of China, especially after the 1990s, rapid urbanization and
industrialization have promoted an increase in human activi-
ties, such as industrial and agricultural development, deforesta-
tion, and tourism (Gu et al. 2017; Liu et al. 2008; Zeng and
Wu 2009; Zhang et al. 2015). These activities have led to a
sharp increase in the discharge of pollutants, a decline in water
quality, and serious threats to Dianchi Lake and its ecological
environment, making Dianchi Lake one of the most polluted
lakes in China (Li et al. 2003b). Examining the sediments in
Dianchi Lake and providing a risk assessment of PAHs in the
sediments and pore water can provide a scientific basis for
pollution control and risk management of PAHs in this lake.

Although some studies have investigated the deposition
records and sources of PAHs in Chinese plateau lakes (Guo
et al. 2010; Yang et al. 2016; Zhao et al. 2014), information
on persistent organic pollutants in lakes in the western pla-
teau is still limited. Dianchi Lake is an important source of
water for industrial development and human use in Kunming
(Ma et al. 2021a); the quality of its water is directly related
to the development of the surrounding industries, and it also
affects people’s health. Therefore, it is necessary to evaluate
the concentration levels, sources, and ecological risks of PAHs
in Dianchi Lake. The main objectives of this study were to: (1)
study the depositional records of polycyclic aromatic hydro-
carbons in the sediments of Dianchi Lake and their relation-
ship with human activities, (2) explore the source of PAHs in
Dianchi Lake, and (3) assess the ecological risk of PAHs in
sediments and pore water from 1860 to 2014.

Materials and methods
Sampling and experimental analysis

Dianchi Lake (24°40'-25°03" N, 102°37'-102°48' E) is
located on the Yunnan-Guizhou Plateau in China, southwest
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of Kunming (Fig. 1). The Dianchi Lake basin covers an area
of 2,920 km? and has an average depth of 4.7 m (Du et al.
2011). It is approximately 40-km long from north to south
and is 12.5-km wide (Gu et al. 2017; Ma et al. 2020). Sedi-
ment cores (102.67E, 24.69 N) were collected in July 2014
from the eastern part of Dianchi Lake using a gravity sam-
pler with an internal diameter of 8.3 cm (Fig. 1). The sedi-
ment core (length: 39 cm) was cut into 1 cm segments, and
each section was sealed in polygon bags at -4 °C and trans-
ported to the laboratory, where they were stored at -50 °C
until further analysis.

Sediment core dating

The dating of each sediment core was based on the activity
of 21°Pb. Briefly, the activity of >!°Pb and **°Ra in the sam-
ples was measured using an Ortec HPGe GWL series, well-
type, coaxial, low background, intrinsic germanium detector.
The activities of '°Pb and ??°Ra were determined from the
gamma emissions at 46.5 or 295 keV, and 352 keV, respec-
tively. These were emitted in gamma rays by the daughter
isotope (21*Pb), which was stored for three weeks prior to
dating in sealed containers to enable radioactive equilibra-
tion. Unsupported '°Pb (*!°Pbex) was calculated as the dif-
ference between the measured total >!°Pb at 46.5 keV and an
estimate of the supported 2!°Pb activity determined by the
parent nuclide at 351 keV [*!°Pbex =2!°Pb,_,-214Pb] (Huang
et al. 2018; Ma et al. 2018).

Microwave extraction and analysis by GC-
MS

A detailed description of the extraction and cleanup methods
for the samples is provided in previous studies (Ma et al.
2020, 2021b; Zhang et al. 2017), and the experimental pro-
cedure is briefly explained in this study. First, 2 g of each
sample was weighed, and then 25 mL hexane/acetone (1:1,
v/v) solution was mixed with each sample and subjected to
microwave extraction. Next, the extract was centrifuged at
3000 rpm for 15 min and repeated three times, after which
20 mL of hexane/acetone (1:1, v/v) solution was added.
Third, the concentrated extract was reduced to 1 mL by
rotary evaporation. Fourth, the extracts were purified by a
chromatography column (1.5 g of 100-200 alumina mesh
and 1.5 g of 80-100 silica gel mesh, 1 g of sodium sulfate)
with a 50-mL solution of hexane/acetone (1:1, v/v). Finally,
the extracts were reduced to 1 mL by rotary evaporation,
and 1 mL of the extract was protected from light by amber
glassware (Ma et al. 2020).

Shimadzu QP2010plus gas chromatography-mass
spectrometry (GC-MS) was used to determine the PAH
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concentrations. The PAHs were separated at a set tem-
perature in a silica capillary column (HP-5SMS; diameter,
30 mx0.25 mm; film thickness, 0.25 pm). Helium was used
as the carrier gas (99.999%) at a constant pressure of 20.06
psi. Approximately 1 pL of each sample was added using the
splitless injection method. The injector temperature, detector
temperature, and initial oven temperature were 250 °C, 280 °C,
and 90 °C, respectively. The initial oven temperature was first
increased to 160 °C at a rate of 20 °C/min, then increased to
200 °C at a rate of 6 °C/min, maintained for 1 min, increased to
230 °C at 2 °C/min, maintained for 2 min, and finally increased
to 280 °C at a rate of 20 °C/min and maintained for 2 min.
The mass spectrum was scanned in electron ionization mode
(70 eV) (from 45 to 600) and then scanned in the selected
ion monitoring mode. Sixteen PAHs were classified based
on retention times and m/z values, quantified according to an
internal standard peak area calibration, and the GC-MS was
auto-tuned via perfluorotributylamine (Ma et al. 2020). Sixteen
types of PAHs were analyzed in this study (Table S6). The
methods of quality assurance and quality control for the PAH
analysis have been described in detail in previous studies (S1)
(Ma et al. 2018).

Calculation of PAH concentrations in pore
water

The relative distribution of PAHs in the solid and liquid
phases in the sedimentary environment can be used to pre-
dict their bioavailability, environmental changes, behavior,
and toxic effects (Bucheli and Gustafsson 2000; Han et al.
2015). The concentration of XZPAH16 in pore water reflects
PAH pollution in lake water during different periods (Dueri
et al. 2008).

The solid-water distribution coefficient (K;) in sedi-
ments is usually estimated using the equilibrium distribution
model of TOC and the solution. The calculation formula is
as follows:

Ky = Kroc * fioe 1)

where Ky represents the normalized distribution coeffi-
cient of TOC [(mol/kg organic carbon)/(mol/L solution)] and
f,.. represents the ratio of TOC in solids (mass of organic
carbon/mass of total solids). The formula for calculating the

concentration of PAHs (C,,) in pore water is as follows:
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C, =C,/K; )

where C,, represents the concentration of PAHs in the pore
water and C, represents the concentration of PAHs in the
sediment. This model has been widely used in field samples
(Hawthorne et al. 2010; Li et al. 2019; Sun et al. 2003).
The octanol-water partition coefficient used in this study
(that is, the normalized carbon partition coefficient) and the
PAH toxicity values used for risk assessment are shown in
Tables S1 and S3.

Statistical analysis

The sampling map of the Dianchi sedimentary column
was constructed using ArcGIS 10.0. Correlation analysis
was performed using the SPSS 20.0. Data processing and
deposition records of economic parameters and PAH were
performed using Microsoft Excel 2013 and OriginPro 9.0.
Principal component analysis (PCA) was used for source
apportionment. Socioeconomic data were obtained from the
Yunnan Statistical Yearbook (2015). Because of the limita-
tions of historical statistics, we only collected total popula-
tion, GDP (gross domestic product), rural population, and
urban population data from 1971 to 2014, and coal con-
sumption data from 1975 to 2014.

Results

Historical sedimentary records of PAHs and their
correlation with human activities

The vertical distributions of XPAH 4 and 2-6 ring PAH
concentrations in the sediments are shown in Fig. 2. The

2015

concentrations of XPAH,4 in the sediments of Dianchi
Lake range from 368 to 990 ng/g, with an average value of
572 ng/g (Fig. 2 and Table S2). In the profile (Fig. 2), the
slight change at the bottom of the sediments before the mid-
1970s may reflect background PAH values. The PAH content
in sediments increased sharply from 1975 to 1988, peak-
ing at 990 ng/g in 1988. Figure 3 shows a high correlation
between ZPAH ¢ and GDP (R*=0.89, Fig. 3a) and ZPAH, ¢
and coal consumption (R*>=0.76, Fig. 3b) between 1975
and 1988. The rapidly increasing concentration of XPAH ¢
was consistent with the dramatic increase in GDP and coal
consumption.

After 1988, as GDP and coal consumption continued
to increase, the PAH concentrations showed a fluctuating
downward trend. However, there was a high correlation
between XPAH, ¢ and coal% (R*=0.41, Fig. 3c) from 1989
to 2014. As the proportion of coal decreased, the concentra-
tion of XPAH 4 also fluctuated and decreased.

The concentrations of 2-3, 4, and 5-6 ring PAHs in the
sediments were 240-634, 57-285, and 66-182 ng/g, respec-
tively (Figs. 2, 4). Table 1 shows that 2-3 ring PAHs were
significantly correlated with the total population, GDP,
and urban population from 1971 to 2014, with correlation
coefficients of 0.357, 0.368, and 0.392, respectively (with
P <0.05).

Furthermore, 4 ring PAHs were significantly correlated
with the total population, GDP, and urban population from
1971 to 2014, with correlation coefficients of 0.439, 0.450,
and 0.474, respectively, with P <0.01 (Table 1). The correla-
tion coefficient between 4 ring PAHs and coal consumption
was 0.344 (P <0.01) between 1975 and 2014 (Table 1). This
indicates that population, GDP, and coal consumption are
the main factors that affect 4 ring PAHs, which is consistent
with previous research results (Guo et al. 2007; Hafner et al.
2005; Karina et al. 2014; Liu et al. 2012; Ma et al. 2021b;

Fig.2 Historical trend of
YPAH,4 and 2-6 ring PAH
concentrations in sediments of
Dianchi Lake
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Zhang and Tao 2009). However, after 1988, with an increase
in population, GDP, and coal consumption, the 2-3 and 4
ring PAHs decreased to a certain extent (Figs. 2 and 4).

Before 2005, the concentration of 5-6 ring PAHs con-
tinued to increase, but after 2005, the concentration of
PAHs declined. Table 1 shows that 5-6 ring PAHs were
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Table 1 Correlation coefficients

Total population GDP Rural Population Urban population Coal
between PAHs and human
activities 2-3 rings 0.357* 0.368* 0.029 0.392%* 0.191
4 rings 0.439%* 0.450%* 0.135 0.474%* 0.344#*
5-6 rings 0.661%#* 0.673%* 0.193 0.696%* 0.632%#*

**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed)

also significantly correlated with the total population, GDP,
urban population, and coal consumption.

According to the correlation coefficients between PAHs
and human activities, the correlation coefficients between
population, GDP, and coal consumption and 2-3 ring LMW
PAHs are smaller than the correlation coefficients with 4-6
ring HMW PAHs (Table 1). This indicates that from 1971 to
2014, population, GDP, and coal combustion had a greater
impact on HMW PAHs than on LMW PAHs.

Source apportionment and identification
of PAHs

Diagnostic ratios of PAHs

The diagnostic ratios of Ant/(Ant+ Phe), BaA/(BaA + Chr),
and InP/(InP + BghiP) were used to analyze the possible
sources of PAHs in Dianchi Lake (Colombo et al. 2006; Guo
et al. 2010; Han et al. 2021; Yim et al. 2005). Figure 5 shows

that the ratio of BaA/(BaA + Chr) is mostly > 0.35, except
for one year, which is between 0.2 and 0.35. This shows that
PAHs in Dianchi Lake are mainly derived from coal and bio-
mass combustion, and fossil fuel combustion occurs during
several years. The ratios of InP/(InP + BghiP) were all > 0.5
(Fig. 5), which indicates that coal and biomass combustion
are the main sources of PAHs in Dianchi Lake. Therefore,
the ratios of BaA/(BaA + Chr) and InP/(InP + BghiP) sug-
gest that coal and biomass combustion mainly contribute
to the PAH concentrations in Dianchi Lake and fossil fuel
combustion sources exist in individual years.

However, the ratios of Ant/(Ant+ Phe) were all <0.1,
which suggest that the PAHs mainly originated from petro-
leum sources (Fig. 5). This difference in interpretation
between Ant/(Ant+ Phe), which suggests a petroleum source,
and the ratios BaA/(BaA + Chr) and InP/(InP + BghiP), which
suggest a coal and combustion source, has been observed in
previous studies (Yan et al. 2005, 2006). This discrepancy is
caused by differences in the environmental behavior of the
Ant and Phe isomers (Hwang et al. 2003; Yan et al. 2005).
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Previous studies have shown that Ant has a higher photol-
ytic ability than Phe (Ma et al. 2021b; Sanders et al. 1993).
Therefore, the applicability of Ant/(Ant+ Phe) in diagnosing
PAH sources is questionable. This suggests that the ratios of
BaA/(BaA + Chr) and InP/(InP + BghiP) are more reliable
and show that the PAHs in Dianchi Lake are mainly derived
from coal and biomass combustion, as well as fossil fuel
combustion sources in individual years.

Principal component analysis for source
apportionment

We used principal component analysis (PCA) to further analyze
the source of PAHs in Dianchi Lake. The concentrations of the
individual PAHs at each depth were used as the 16 variables in
the PCA. Based on the loading of all 16 PAHs, three principal
components (PC1, PC2, and PC3) were extracted (Fig. 6 and
Table 2). PC1, PC2, and PC3 accounted for 53.14%, 14.87%,
and 11.68% of the total variance, respectively (Tab. S4).

PC1 accounted for 53.14% of the total variance, of which Acy,
Flo, Ant, Flu, Pyr, BaA, Chr, and BKF had the highest loading
values (Tables 2 and S4). Acy and Flo are generally believed to be
characteristic indicators of wood burning (Ravindra et al. 2008;
Zhang et al. 2013), and Ant, Flu, Pry, BaA, Chr, and BKF are
molecular indicators of coal burning (Duval and Friedlander 1981;
Harrison et al. 1996; Li et al. 2003a; Wang et al. 2009a), indicating
that PC1 may represent a source of wood and coal combustion.

PC2, which explained 14.87% of the total variance, was
mainly composed of BbF, DBA, IcdP, and Bghip (Fig. 6 and
Table 2). Previous studies have shown that BbF and BghiP
are indicators of gasoline engine emissions (Chen et al. 2011;
Motelay-Massei et al. 2007; Qian et al. 2016; Li et al. 2003a;
Sofowote et al. 2008), and Inp and DBA have been identified
as indicators of diesel emissions (Fang and Chang 2004; Li
and Kamens 1993; Liu et al. 2017; Wang et al. 2009b, 2016;
Yunker et al. 2002). Therefore, PC2 represents gasoline and
diesel emissions originating from vehicle emissions.

PC3 accounted for 11.68% of the total variance, which
was highly correlated with Phe (Fig. 6 and Table 2). Phe is a
typical marker of coal combustion (Cao et al. 2016; Ramdahl

Table 2 PCA analysis of PAHs

. . . . Component

in the sediments of Dianchi

Lake PC1 PC2 PC3
Nap 0.492 -0.087 0.342
Acy 0.822 0.113  0.217
Ace 0.000 -0.560 -0.455
Flo 0.711 0.492 -0.061
Phe 0.519 -0.089 0.773
Ant 0.895 0.096 0.027
Flu 0.803 -0.020 0.346
Pyr 0.824 -0.131 0.355
BaA 0.910 0.284 -0.247
Chr 0.758 0.336 -0.289
BbF 0.563 0.547 -0.273
BKF 0.834 0.213 -0.463
BaP 0.662 -0.137 -0.279
DBA -0.762 0.577 0.176
IedP  -0.434 0.791 0.149
Bghip -0.825 0.503  0.129

Note: bold values are the high
load values in each principal
component and the main posi-
tive contributing factors of each
principal component

1983; Ravindra et al. 2008). Therefore, PC3 was identified as
an indicator of coal combustion. According to the analyses
above, PAHs in Dianchi Lake were mainly derived from the
combustion of coal and wood, followed by gasoline and die-
sel emissions originating from vehicle emissions. This result
is consistent with the results of the diagnostic ratio method.

Ecological risk assessment of PAH
contamination

In this study, a risk assessment including seven PAHs with
potential human carcinogenicity, namely, BaA, Chr, BbF, BKF,
BaP, DBA, and InP, was conducted. The toxicity of BaP was

Fig.6 Two-dimensional plot of
the principal component loading
of 16 PAHs from the Dianchi 0.6+
sediment core
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used as the standard to quantify the toxic equivalent TEQg,p
of the six other carcinogenic PAHs (Table S5) (Han et al.
2021; Qiao et al. 2006; Tsai et al. 2004). The concentration of
TEQpg,p in the sediments of Dianchi Lake was calculated and is
shown in Table 3. Toxicity equivalent concentration ranges of
BaA, Chr, BbF, BKF, BaP, InP, and DBA were 0.72-3.20 ng/g,
0.03-0.55 ng/g, 1.68-0.48 ng/g, 8.85-1.10 ng/g, 65.64-5.25 ng/g,
14.08-8.47 ng/g, and 1.64—1.04 ng/g, respectively, and the average
values were 1.52 ng/g, 0.10 ng/g, 1.05 ng/g, 3.39 ng/g, 17.23 ng/g,
11.35 ng/g, and 1.42 ng/g, respectively. The toxicity equivalent
concentration range of Y 7PAHs was 22.38-87.79 ng/g, and the
average value was 36.05 ng/g. Compared with the global average
TEQpg,p concentration (804.94 ng/g) in sediments (Li et al. 2014;
Sprovieri et al. 2007), the TEQg,p concentration in Dianchi Lake
sediments was much lower than this toxicity level. The PAH con-
centrations in the sediments were all within a safe range (Liu et al.
2010; Liet al. 2019).

Pore water occurs as groundwater in the pores between
sediment grains. Pore water can interact with sediments, and
PAHs can be released or adsorbed from or onto the sediment.
Therefore, the concentration of XPAH, in sediment pore
water can reflect the pollution of PAHs in lake water from dif-
ferent time periods to a certain extent (Arp et al. 2009; Chiou
et al. 1981; Liicker et al. 2003; Yong et al. 2009). In this study,
the risk threshold of PAHs in lake water was used to assess
the risk of PAHs in the sediment pore water of Dianchi Lake
(Neff et al. 2005). As shown in Fig. 7, the pollution level of
2-3 ring LMW PAHs has been within the safe range over the
past 100 years. Only the concentration of Phe in some years
has reached the chronic toxicity pollution level (55 pg/L).

Among the 4-6 ring HMW PAHs, most of the concentra-
tions of Flu, Chr, and BbF were within the safe range before
the 1980s. After the 1980s, their concentrations increased
and reached chronic toxicity levels of 11, 2.2, and 2.9 ug/L,
respectively. Most of the concentrations of Pyr, BaA, BKF,
BaP, and BghiP reached their chronic toxicity levels of 12,
2.0, 1.7, 1.5, and 0.49 ug/L, respectively. Furthermore, the
concentrations of BKF and BaP on the surface reached acute

Table 3 Toxicity equivalent concentrations of PAHs in the sediments
of Dianchi Lake (TEQg,,) (ng/g)

TEQg,»

Mix Min Mean
BaA 0.72 3.20 1.52
Chr 0.03 0.55 0.10
BbF 1.68 0.48 1.05
BkF 8.85 1.10 3.39
BaP 65.64 5.25 17.23
InP 14.08 8.47 11.35
DBA 1.64 1.04 1.42
> 7PAHs 22.38 87.79 36.05

@ Springer

toxicity levels of 8.6 ug/L and 7.6 ug/L, respectively. DBA
and InP are the two most polluting compounds. Over the past
100 years, all the samples had DBA and InP concentrations
over acute toxicity levels of 1.3 and 0.64 ug/l, respectively.

Discussion

Different economic development models cause
different growth characteristics of PAHs

With the founding of New China, especially with the reforms
and opening policies implemented in 1978 (Ma et al. 2018),
energy consumption caused by urbanization and industriali-
zation increased rapidly. This may be the main reason for the
rapid increase in PAH concentrations after 1975. However,
the concentrations of PAHs fluctuated and declined after
1988. This may be because coal and biomass combustion
are the main sources of PAH emissions in Yunnan Prov-
ince (Xu et al. 2006), and while the proportion of total coal
consumption has declined, the proportion of cleaner energy
(oil and natural gas) has increased (Ma et al. 2020; Yunnan
Statistical Yearbook 2015); therefore, PAH emissions were
relatively reduced.

The population expansion brought about by rapid eco-
nomic development has led to an increase in fuel for house-
hold cooking and basic heating (Guo et al. 2012; Ma et al.
2020), which may be the main reason for the increase in
2-3 ring PAH pollutants. Simultaneously, with economic
development and population increase, industrialization and
urbanization have led to an increase in fossil fuel combustion
and a significant increase in motor vehicle emissions, lead-
ing to an increase in 4 and 5-6 ring HMW-PAH emissions
(Ma et al. 2020, 2021b).

Previous studies have shown that household energy usage
in Yunnan Province is dominated by coal and biomass, as
biomass combustion is used for cooking and basic heating
purposes (Ma et al. 2020; Zhang et al. 2007). With the rapid
development of the society and economy, people’s lifestyles
have undergone significant changes, especially through sub-
stituting coal and biomass combustion for household needs
with cleaner energy sources (Han et al. 2016; Liu et al. 2012;
Tian and Chen 2017). In addition, the proportion of coal
consumption in Yunnan has declined, while the proportion
of cleaner energy (oil and natural gas consumption) has
increased (Ma et al. 2020). These may be the main reasons
for the decline in 2-3 and 4 ring PAHs. Furthermore, in
recent years, improvements made to the vehicle emission
standards in China (Ma et al. 2020; Tang et al. 2015) may
have led to a decrease in the concentration of 5-6 ring PAHs.

Comparing PAH deposition records from lake sediments
in other parts of China (Fig. 8), the concentrations of PAHs
in the southern Dianchi Lake were higher than those in
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Fig.8 Sediment records of
PAHs in different lakes from
China. Note: The above figures
are referenced and modified
from the literature (Zhang 2018;
Li et al. 2016; Shanying Li
2016; Sun and Zang 2013; Guo
etal. 2011; Wang et al. 2010;
Guo et al. 2010; Yang et al.
2016)
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western China and remote lakes on the Qinghai-Tibet Pla-
teau, such as Erhai Lake (Guo et al. 2011), Qinghai Lake
(Wang et al. 2010), Sugan Lake (Guo et al. 2010), Bosten
Lake (Guo et al. 2010), and Cona Lake (Yang et al. 2016).
However, they were lower than that of Chaohu Lake (Li
et al. 2016), Donghu Lake, and Qianhu Lake (Li 2016)
in the middle and lower reaches of the Yangtze River and
lower than that of Lianhua Lake in northeast China (Sun
and Zang 2013). The PAH concentrations in the southern
part of Dianchi Lake is equivalent to that in Taihu Lake
(Zhang 2018).

The peak times of PAHs in lake sediments from different
regions of China era also different. The lakes in the middle
and lower reaches of the Yangtze River have PAH peaks
earlier, mainly between the 1980s and the 1990s. In contrast,
Lianhua Lake in the northeastern region has a PAH peak in
the 2000s. In western China (northwest and southwest) and
remote areas of the Qinghai-Tibet Plateau, the peaks also
appeared later, mainly between the 1990s and the 2000s. The
PAH peak in the middle and lower reaches of the Yangtze
River appeared earlier, which may be due to the rapid devel-
opment of urbanization and industrialization in the region.
Dianchi Lake is located near Kunming, the capital city of
Yunnan Province, and its industrial development occurred
relatively early, so the peak also appeared earlier. The late
occurrence of PAH peaks in western China and remote areas
of the Qinghai-Tibet Plateau may be due to their slower local
economic and social development.

Compared with the PAH records from lake sediments in
developed countries in Europe and the USA, the peak timing
of PAH concentrations in Dianchi Lake was significantly
later, and the concentration levels were also significantly
lower than that of developed countries (Fig. 9). The PAH
concentrations in lakes in developed countries gradually
increased from around 1880, which may be consistent with
the beginning of the industrial revolution (Furlong et al.
1987; Fernandez et al. 2000). Pollution levels usually peaked
in the 1950s and the 1980s (Kannan et al. 2005; Fernandez
et al. 2000). By the 1970s and 1980s, the PAH concentra-
tions showed a declining trend, which may be related to
the adjustment of the energy structure in developed coun-
tries in recent decades (Kannan et al. 2005), where coal is
being replaced with cleaner fuels such as oil and natural gas
(Gschwend and Hites 1981; Gevao et al. 1998).

Developed countries usually completed industrialization
and urbanization before the 1980s. However, China was still
in the developing stage at this time, especially after reforms
and opening policies were implemented in 1978, at which
point the rapid development of industrialization and urbani-
zation began. Therefore, the different patterns in PAH con-
centrations as recorded in lake sediments between China
and developed countries are consistent with their different
development histories of industrialization and urbanization.

Energy utilization structure affects
the source composition and pollution level
of PAHs

The southern part of Dianchi Lake is mainly located in a
rural and mountainous area. Biomass and coal combus-
tion are the main energy sources for household cooking
and heating in this area. Some studies have shown that the
household energy utilization structure in Yunnan Province
is dominated by coal and biomass (Xu et al. 2006; Zhang
et al. 2007). In this study, the main sources of PAHs in the
sediments of southern Dianchi Lake were coal combus-
tion and biomass combustion, which also demonstrated
the accuracy of the source analysis results.

According to the risk assessment of PAHs, most of the
PAH concentrations in the sediments and pore water were
within a safe range. However, the concentration of some
4-6 ring PAHs in the pore water reached a chronic toxicity
pollution level, and some even reached the acute toxicity
pollution level. This may be related to an increase in fossil
fuel burning, such as coal and oil, caused by the develop-
ment of industrialization and urbanization since the reform
and opening up (Li et al. 2018; Ma et al. 2021b; Nemr
et al. 2007; Wang et al. 2016).

Dianchi Lake is the largest freshwater lake in Yunnan
Province and is an important source of water that sup-
ports human life and economic activities in Kunming.
The ecological environment of Dianchi Lake has a greater
impact on local residents. Therefore, it is necessary for the
government to take more effective measures and increase
investment to help control the environmental problems in
Dianchi Lake. For example, central heating in residen-
tial areas can replace small coal stove heating. Briquettes
should be selected for industrial use so that the coal can
be fully burned. Clean energy should be developed, and
natural gas should replace the use of coal and oil. In cities,
the emissions of automobile exhaust are strictly controlled,
and devices are installed to treat automobile exhaust.
Implementing these measures for pollution control may
reduce the input of PAHs to some degree in the lake.

Conclusion

The concentration of 2PAH 4 in the sediments of Dianchi
Lake ranged from 368 to 990 ng/g, with an average value
of 572 ng/g and a maximum value in 1988. The concen-
trations of 2-3, 4, and 5-6 ring PAHs in the sediments
were 240-634, 57-285, and 66182 ng/g, respectively.
Population and GDP were the main influencing factors
of 2—6 ring PAHs, and coal consumption was the main

@ Springer
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ver, population, GDP, and coal combustion have a greater
impact on HMW PAHs than on LMW PAHs. The results
of the diagnostic ratios and PCA model show that the main
sources of PAHs were coal and biomass combustion, as
well as fossil fuel combustion in a few individual years.
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PAH concentrations in the sediment were within a safe
range. In the sediment pore water, 2—-3 ring LMW PAHs
were within a safe range for the past 100 years, except
for Phe, which reached chronic toxicity pollution levels in
some years. With the development of industrialization and
urbanization, the burning of fossil fuels such as coal and
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petroleum has increased, and some 4-6 ring HMW PAHs
have reached chronic toxicity or even acute toxicity in the
sediment pore water.
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Acknowledgements We sincerely thank Yaoxin Liu, Congcong Zhou,
and Shuyan Cheng for their contributions to the experiments.

Author contributions X.H.M., T.H., and C.C.H. designed the experi-
ments. X.H.M. and S.D.L. carried out the experiments and performed
the analyses. X.H.M., H.Y., T.H., and C.C.H. contributed substantially
to interpreting the results and writing the paper.

Funding This work was funded by the Postdoctoral Science Founda-
tion of China [Grant numbers 2021M703299], the National Natural
Science Foundation of China [Grant numbers 41773097, 41673108 and
41971286], the Youth Top Talent funded by Nanjing Normal Univer-
sity, and a project funded by the Priority Academic Program Develop-
ment of Jiangsu Higher Education Institutions.

Data availability The research data are available on request:
huangchangchun_aaa@163.com.

Declarations

Ethics approval and consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

Arp HPH, Breedveld GD, Gerard C (2009) Estimating the in situ sedi-
mentporewater distribution of PAHs and chlorinated aromatic
hydrocarbons in anthropogenic impacted sediments. Environ Sci
Technol 43:5576

Baumard P, Budzinski H, Michon Q, Garrigues T, Burgeot J (1998)
Origin and bioavailability of PAHs in the Mediterranean Sea
from mussel and sediment records. Estuarine, Coastal Shelf Sci
47:77-90

Blumer M, Youngblood WW (1975) Polycyclic aromatic hydrocarbons
in soils and recent sediments. Science 188:53-55

Boehm PD, Farrington JW (1984) Aspects of the polycyclic aromatic
hydrocarbons geochemistry of recent sediments in the Georges
Bank region. Environ Sci Technol 18:845-850

Bucheli TD, Gustafsson O (2000) Quantification of the soot-water
distribution coefficient of PAHs provides mechanistic basis
for enhanced sorption observations. Environ Sci Technol
34:5144-5151

Cao HB, Chao SH, Qiao L, Jiang Y, Zeng X, Fan X (2016) Urbaniza-
tion-related changes in soil PAHs and potential health risks of
emission sources in a township in Southern Jiangsu, China. Sci
Total Environ 575:692-700

Chen YJ, Feng YL, Xiong SC, Fu JM (2011) Polycyclic aromatic
hydrocarbons in the atmosphere of Shanghai, China. Environ
Monit Assess 172:235-247

Chiou CT, Peters LJ, Freed VH (1981) Soil-water equilibria for non-
ionic organic compounds. Science 213:683-684

Colombo JC, Cappelletti N, Lasci J, Migoya MC, Speranza E, Skorupka
CN (2006) Sources, vertical fluxes, and equivalent toxicity of
aromatic hydrocarbons in coastal sediments of the Rio de la Plata
Estuary, Argentina. Environ Sci Technol 40:734-740

Donahue WF, Allen EW, Schindler DW (2006) Impacts of coal-fired
power plants on trace metals and polycyclic aromatic hydro-
carbons (PAHs) in lake sediments in central Alberta, Canada. J
Paleolimnol 35:111-128

Du LN, Li Y, Chen XY, Yang JX (2011) Effect of eutrophication on
molluscan community composition in the Lake Dianchi (China,
Yunnan). Limnologica 41:213-219

Dueri S, Castro-Jimenez J, Comenges JMZ (2008) On the use of the
partitioning approach to derive Environmental Quality Standards
(EQS) for persistent organic pollutants (POPs) in sediments: A
review of existing data. Sci Total Environ 403(1-3):23-33

Duval MM, Friedlander SK (1981) Source resolution of polycyclic
aromatic hydrocarbons in the Los Angeles atmospheres: applica-
tion of a CMB with first order decay. US EPA Report EPA-600

Fang GC, Chang CN (2004) Characterization, identification of ambient
air and road dust polycyclic aromatic hydrocarbons in central
Taiwan, Taichung. Sci Total Environ 327(1-3):135-146

Fernandez P, Vilanova RM, Carolina M, Appleby P, Grimalt JO (2000)
The historical record of atmospheric pyrolytic pollution over
Europe registered in the sedimentary PAH from remote mountain
lakes. Environ Sci Technol 34(10):1906-1913

Freeman DJ, Cattell FC (1990) Woodburning as a source of atmos-
pheric polycyclic aromatic hydrocarbons. Environ Sci Technol
24:1581-1585

Furlong ET, Cessar LR, Hites RA (1987) Accumulation of polycyclic
aromatic hydrocarbons in acid sensitive lakes. Geochim Cosmo-
chim Acta 51:2965-2975

Gevao B, Hamilton-Taylor J, Jones KC (1998) Polychlorinated biphenyl
and polycyclic aromatic hydrocarbon deposition to and exchange
at the air—water interface of Esthwaite Water, a small lake in
Cumbria, UK. Environ Pollut 102:63-75

Gogou A, Bouloubassi I, Setephanou EG (2000) Marine organic geo-
chemistry of the Eastern Mediterranean: 1. Aliphatic and pol-
yaromatic hydrocarbons in Cretan Sea surficial sediments. Mar
Chem 68:265-282

Gregg T, Prahl FG, Simoneit BRT (2015) Suspended particulate mat-
ter transport of polycyclic aromatic hydrocarbons in the lower
Columbia River and its estuary. Limnol Oceanogr 60:1935-1949

Gschwend PM, Hites RA (1981) Fluxes of polycyclic aromatic hydro-
carbons to marine and lacustrine sediments in the northeastern
United States. Geochim Cosmochim Acta 45:2359-2367

Gu YG, Li HB, Lu HB (2017) Polycyclic aromatic hydrocarbons
(PAHs) in surface sediments from the largest deep plateau lake
in China: occurrence, sources and biological risk. Ecol Eng
101:179-184

Guo Z, Lin T, Zhang G, Zheng M, Zhang ZY, Hao YC, Fang M (2007)
The sedimentary fluxes of polycyclic aromatic hydrocarbons in
the Yangtze River Estuary coastal sea for the past century. Sci
Total Environ 386:33-41

Guo JY, Wu FC, Luo XJ, Zhang L, Liao H, Zhang R, Wen L, Zhao
X, Chen S, Mai B (2010) Anthropogenic input of polycyclic
aromatic hydrocarbons into five lakes in Western China. Environ
Pollut 158:2175-2180

Guo J, Liang Z, Liao H, Tang Z, Zhao X, Wu F (2011) Sedimentary
record of polycyclic aromatic hydrocarbons in Lake Erhai, South-
west China. J Environ Sci 08:80-87

Guo GH, Wu FC, He HP, Zhang RQ, Li HX, Feng CL (2012) Distri-
bution characteristics and ecological risk assessment of PAHs
in surface waters of China. Sci China Earth Sci 55(6):914-925

Hafner WD, Carlson DL, Hites RA (2005) Influence of local human
population on atmospheric polycyclic aromatic hydrocarbon con-
centrations. Environ Sci Technol 39(19):7374-7379

@ Springer


https://doi.org/10.1007/s11356-022-18497-4

33440

Environmental Science and Pollution Research (2022) 29:33427-33442

Han YM, Bandowe BAM, Wei C, Cao JJ, Wilcke W, Wang GH, Ni HY,
Jin ZD, An ZS, Yan BZ (2015) Stronger association of polycyclic
aromatic hydrocarbons with soot than with char in soils and sedi-
ments. Chem 119:1335-1345

Han YM, Chen LWA, Huang RJ, Chow JC, Watson JG, Ni HY, Liu SX,
Fung KK, Shen ZX, Wei C, Wang QY, Tian J, Zhao ZZ, André
SHP, Cao JJ (2016) Carbonaceous aerosols in megacity Xi’an,
China: implications of thermal/optical protocols comparison.
Atmos Environ 132:58-68

Han J, Liang Y, Zhao B, Wang Y, Xing F, Qin L (2019) Polycyclic
aromatic hydrocarbon (PAHs) geographical distribution in
China and their source, risk assessment analysis. Environ Pollut
251:312-327

Han B, Liu A, Gong JW, Li Q, He XP, Zhao J, Zheng L (2021) Spa-
tial distribution, source analysis, and ecological risk assessment
of polycyclic aromatic hydrocarbons (PAHs) in the sediments
from rivers emptying into Jiaozhou Bay, China. Mar Pollut Bull
168:112394

Harrison RM, Smith DJT, Luhana L (1996) Source apportionment of
atmospheric polycyclic aromatic hydrocarbons collected from
an urban location in Birmingham, UK. Environ Sci Technol
30(3):825-832

Hawthorne SB, Grabanski CB, Miller DJ (2010) Measured partition
coefficients for parent and alkyl polycyclic aromatic hydrocar-
bons in 114 historically contaminated sediments: part 2. Testing
the K(OC)K(BC) two carbon-type model. Environ Toxicol Chem
26:2505-2516

He J, Xu XM, Yang Y, Wu X, Wang L, Li S, Zhou HB (2015) Problems
and effects of comprehensive management of water environment
in Lake Dianchi. J Lake Sci 27(2):195-199 (in chinese)

Huang CC, Zhang LL, Li YM, Lin C, Huang T, Zhang ML, Zhu AX,
Yang H, Wang XL (2018) Carbon and nitrogen burial in a plateau
lake during eutrophication and phytoplankton blooms. Sci Total
Environ 616-6(17):296-304

Hwang HM, Wade TL, Sericano JL (2003) Concentrations and source
characterization of polycyclic aromatic hydrocarbons in pine
needles from Korea, Mexico, and United States. Atmos Environ
37:2259-2267

Jia T, Guo W, Xing Y, Lei RR, Liu, Wu XL, Sun SR, He YC, Liu
WB (2021) Spatial distributions and sources of PAHs in soil
in chemical industry parks in the Yangtze River delta, china.
Environ Pollut 283:117121

Kannan K, Johnson-Restrepo B, Yohn SS, Giesy JP, Long DT (2005)
Spatial and temporal distribution of polycyclic aromatic hydro-
carbons in sediments from Michigan inland lakes. Environ Sci
Technol 39(13):4700-4706

Karina SM, Rubens CLF, Lilian CC, Sandro F, Cristovdo VSF, Paulo
ALF (2014) Sedimentary record of PAHs in the Bangui River
and its relation to the socioeconomic development of Curitiba,
Brazil. Sci Total Environ 482-483:42-52

Kim EJ, Oh JE, Chang YS (2003) Effects of forest fire on the level and
distribution of PCDD/Fs and PAHs in soil. Sci Total Environ
311:177-189

Li CK, Kamens RM (1993) The use of polycyclic aromatic hydrocar-
bons as source signatures in receptor modeling. Atmos Environ
A Gen Top 27:523-532

Li A, Jang JK, Scheff PA et al (2003a) Application of EPA CMB8.2
model for source apportionment of sediment PAHs in Lake Calu-
met, Chicago. Environ Sci Technol 37:2958-2965

Li YM, Peng YA, Wang YC, Xu J (2003b) The pollution feature of
Dianchi Lake and its control countermeasure. Yunnan Geogr
Environ Res 15(4):32-38

Li GL, Lang YH, Gao MS et al (2014) Carcinogenic and mutagenic
potencies for different PAHs sources in coastal sediments of
Shandong Peninsula. Mar Pollut Bull 84(1-2):418-423

@ Springer

Li X, Hou L, Li Y, Liu M, Lin X, Cheng L (2016) Polycyclic aro-
matic hydrocarbons and black carbon in intertidal sediments
of China coastal zones: concentration, ecological risk, source
and their relationship. Sci Total Environ 566-567:1387-1397

Li Y, Zhou SL, Zhu Q, Li BJ, Wang JX, Wang CH, Chen L, Wu SH
(2018) One-century sedimentary record of heavy metal pollu-
tion in western Taihu Lake, China. Environ Pollut 240:709-716

Li Y, Wang GM, Wang JX, Jia Z, Zhou Y, Wang C, Li Y, Zhou
S (2019) Determination of influencing factors on historical
concentration variations of PAHs in West Taihu Lake, China.
Environ Pollut 249:573-580

Li SD, Lu LF, Wu YF, Zhao ZL, Huang CC, Huang T, Yang H, Ma XH,
Jiang QL (2021) Investigation on depth-dependent properties and
benthic effluxes of dissolved organic matter (DOM) in pore water
from plateau lake sediments. Ecol Indic. 125(1):107500

Li YS (2016) The occurrence level, source and influence factors of
polycyclic aromatic hydrocarbon in lake sediments from the mid-
dle and lower reaches of Yangtze River region based on temporal
and spatial changes. U.C.A.S. Nanjing. (In chinese)

Lima A, Lucia C, Farrington JW (2005) Combustion-derived polycy-
clic aromatic hydrocarbons in the environment-a review. Environ
Forensic 6(2):109-131

Liu WX, Chen JL, Lin XM, Tao S (2007) Spatial distribution and spe-
cies composition of PAHs in surface sediment from the Bohai
Sea. Mar Poll Bull 54:97-116

Liu GM, Liu ZW, Li YL, Chen FZ, Gu BH, Smoak JM (2008) Effects
of fish introduction and etrophication on the cladceran commu-
nity in Lake Fuxian, a deep oligotrophic lake in southwest China.
J Palelimnol 42(3):427-435

Liu S, Xia X, Yang L, Shen M, Liu R (2010) Polycyclic aromatic
hydrocarbons in urban soils of different land uses in Beijing,
China: distribution, sources and their correlation with the city’s
urbanization history. J Hazard Mater 177:1085-1092

Liu LY, Wang JZ, Wei GL, Guan YF, Zeng EY (2012) Polycyclic
aromatic hydrocarbons (PAHs) in continental shelf sediment
of China: implications for anthropogenic influence on coastal
marine environment. Environ Pollut 167:155-162

Liu Y, Yan CQ, Ding X, Wang X, Fu QY, Zhao QB, Zhang YH, Duan
YS, Qiu XH, Zheng M (2017) Sources and spatial distribution of
particulate polycyclic aromatic hydrocarbons in Shanghai, China.
Sci Total Environ 584-585:307-317

LuM, Zeng DC, Liao Y, Tong B (2012) Distribution and characteriza-
tion of organochlorine pesticides and polycyclic aromatic hydro-
carbons in surface sediment from Poyang Lake, China. Sci Total
Environ 433:491-497

Liicker S, Espeldoorn A, Kerkum L (2003) Responses in sediment
bioassays used in The Netherlands: can observed toxicity be
explained by routinely monitored priority pollutants? Water Res.
37:1691e1710

Ma XH, Han XX, Jiang QL, Huang CC, Huang T, Yang H (2018) His-
torical records and source apportionment of polycyclic aromatic
hydrocarbons over the past hundred years in Dianchi Lake, a
plateau lake in Southwest China. Arch Environ Contam Toxicol
75:187-198

Ma XH, Yang H, Li SD, Huang CC, Huang T, Wan HB (2021a) Trends
in the impact of socioeconomic developments on polycyclic aro-
matic hydrocarbon concentrations in Dianchi Lake. Environ Sci
Pollut Res. https://doi.org/10.1007/s11356-021-15690-9

Ma XH, Wan HB, Zhao ZL, Li Y, Li SD, Huang CC, Huang T, Zhang
ZG, Yang H (2021b) Source analysis and influencing factors of
historical changes in PAHs in the sediment core of Fuxian Lake,
China. Environ Pollut. 288(1):117935

Ma XH, Wan HB, Zhou J, Luo D, Huang T, Yang, Hao, Huang CC
(2020) Sediment record of polycyclic aromatic hydrocarbons in
Dianchi Lake, southwest China: influence of energy structure


https://doi.org/10.1007/s11356-021-15690-9

Environmental Science and Pollution Research (2022) 29:33427-33442

33441

changes and economic development. Chem. https://doi.org/10.
1016/j.chemosphere.126015

Mastral AM, Callen MS (2000) A review on polycyclic aromatic hydro-
carbon (PAH) emissions from energy generation. Environ Sci
Technol 34:3051-3057

Meyer T, Lei YD, Wania F (2011) Transport of polycyclic aromatic
hydrocarbons and pesticides during snowmelt within an urban
watershed. Water Res 45:1147-1156

Morillo E, Romero AS, Maqueda C, Madrid L, Ajmone-Marsan F,
Greman H, Davidson CM, Hursthouse AS, Villaverde J (2007)
Soil pollution by PAHs in urban soils: a comparison of three
European cities. J Environ Monit 9:1001-1008

Motelay-Massei A, Ollivon D, Garban B, Tiphagne-Larcher K,
Zimmerlin I, Chevreuil M (2007) PAHs in the bulk atmos-
pheric deposition of the Seine river basin: source identifi-
cation and apportionment by ratios, multivariate statistical
techniques and scanning electron microscopy. Chemosphere
67(2):312-321

Mouhri A, Motelay-Masei A, Masei N, Fournier M, Laignel B (2008)
Polycyclic aromatic hydrocarbon transport processes on the scale
of a flood event in the rural watershed of Le Bebec. France Chem
73:443-450

Neff JM, Stout SA, Gunster DG (2005) Ecological risk assessment
of polycyclic aromatic hydrocarbons in sediments: identify-
ing sources and ecological hazard. Int Environ Assess Manag
1:22-33

Nemr AEL, Said TO, Khaled A, El-Sikaily A, Abd-Allah AMA (2007)
The distribution and sources of polycyclic aromatic hydrocarbons
in surface sediments along the Egyptian Mediterranean coast.
Environ Monit Assess 124:343-359

Qian X, Liang BC, Fu WJ, Liu XH, Cui BS (2016) Polycyclic aromatic
hydrocarbons (PAHs) in surface sediments from the intertidal
zone of Bohai Bay, Northeast China: spatial distribution, com-
position, sources and ecological risk assessment. Mar Pollut Bull
112:349-358

Qiao M, Wang C, Huang S, Wang D, Wang Z (2006) Composition,
sources, and potential toxicological significance of PAHs in the
surface sediments of the Meiliang Bay, Taihu Lake, China. Envi-
ron Int 32(1):28-33

Ramdahl T (1983) Retene-a molecular marker of wood combustion in
ambient air. Nature 306(5943):580-582

Ravindra K, Sokhi R, Van Grieken R (2008) Atmospheric polycyclic
aromatic hydrocarbons: source attribution, emission factors and
regulation. Atmos Environ 42:2895-2921

Rinawati, Koike T, Koike H, Kurumisawa R, Ito M, Sakurai S, Togo
A, Saha M, Arifin Z, Takada H (2012) Distribution, source
identification, and historical trends of organic micropollutants
in coastal sediment in Jakarta bay, Indonesia. ] Hazard Mater
217-218:208-216

Rockne KJ, Shor LM, Young LY, Taghon GL, Kosson DS (2002) Dis-
tributed sequestration and release of PAHs in weathered sedi-
ment: the role of sediment structure and organic carbon proper-
ties. Environ Sci Technol 36(12):2636-2644

Sanders G, Jones KC, Hamilton-Taylor JA (1993) simple method to
assess the susceptibility of polynuclear aromatic hydrocarbons to
photolytic decomposition. Atmos Environ 27:139-144

Sandro F, Juliane R, Maria VL, Juan S (2018) PAHs in water, sediment
and biota in an area with port activities. Arch Environ Contam
Toxicol 75:236-246

Sofowote UM, Mccarry BE, Marvin CH (2008) Source apportion-
ment of PAH in Hamilton Harbour suspended sediments: com-
parison of two factor analysis methods. Environ Sci Technol
42(16):6007-6014

Sprovieri M, Feo ML, Prevedello L, Manta DS, Sammartino S, Tam-
burrino S, Marsella E (2007) Heavy metals, polycyclic aromatic

hydrocarbons and polychlorinated biphenyls in surface sediments
of the Naples harbour (southern Italy). Chem 67(5):0-1009

Sun L, Zang S (2013) Relationship between polycyclic aromatic
hydrocarbons (PAHs) and particle size in dated core sedi-
ments in Lake Lianhuan, Northeast China. Sci Total Environ
461-462(1):180-187

Sun HW, Tateda M, Ike M, Fujita M (2003) Short- and long-term
sorption/desorption of polycyclic aromatic hydrocarbons onto
artificial solids: effects of particle and pore sizes and organic
matters. Water Res 37(12):2960-2968

Tang Z, Guo JY, Liao HQ, Zhao XL, Wu FC, Zhu YR, Zhang L,
Giesy JP (2015) Spatial and temporal distribution and sources
of polycyclic aromatic hydrocarbons in sediments of Taihu
Lake, eastern China. Environ Sci Pollut Res 22:5350-5358

Tao YQ (2021) Eutrophication-induced regime shifts reduced sedi-
ment burial ability for polycyclic aromatic hydrocarbons: evi-
dence from lake Taihu in China. Chem 271:129709

Tao Y, Liu D (2019) Trophic status affects the distribution of poly-
cyclic aromatic hydrocarbons in the water columns, surface
sediments, and plankton of twenty Chinese lakes. Environ Pol-
lut 252:666-674

Tian YZ, Chen JB (2017) Source profiles and contributions of bio-
fuel combustion for PM 2.5, PM 10 and their compositions, in
a city influenced by biofuel stoves. Chem 189:255-264

Tsai PJ, Shih TS, Chen SL, Lee WJ, Lai CH, Liou SH (2004) Assess-
ing and predicting the exposures of polycyclic aromatic hydro-
carbons (PAHs) and their carcinogenic potencies from vehicle
engine exhausts to highway toll station workers. Atmos Envi-
ron 38:333-343

Van Metre PC, Mahler BJ, Furlong ET (2000) Urban sprawl leaves
its PAH signature. Environ Sci Technol 34:4064-4070

Viguri J, Verde J, Irabien A (2002) Environmental assessment of poly-
cyclic aromatic hydrocarbons (PAHs) in surface sediments of
the Santander Bay, Northern Spain. Chemosphere 48:157-165

Walker SE, Dickhut RM, Chisholm-Brause S, Sylva S, Reddy CM
(2005) Molecular and isotopic identification of PAH sources in a
highly industrialized urban estuary. Org Geochem 36(4):619-632

Wang DG, Yang M, Jia HL, Zhou L, Li YF (2009a) Polycyclic aromatic
hydrocarbons in urban street dust and surface soil: comparisons
of concentration, profile, and source. Arch Environ Con Tox
56(2):173-180

Wang D, Tian F, Yang M, Liu CL, Li YF (2009b) Application of posi-
tive matrix factorization to identify potential sources of PAHs in
soil of Dalian, China. Environ Pollut 157:1559-1564

Wang XP, Yang HD, Gong P, Zhao X, Wu GJ, Turner S, Yao TD
(2010) One century sedimentary records of polycyclic aromatic
hydrocarbons, mercury and trace elements in the Qinghai Lake,
Tibetan Plateau. Environ Pollut 158:3065-3070

Wang CL, Zou XQ, Gao JH, Zhao YF, Yu WW, Li YL (2016) Qiaochu
Song Pollution status of polycyclic aromatic hydrocarbons in sur-
face sediments from the Yangtze River Estuary and its adjacent
coastal zone. Chemosphere 162:80-90

Wang WW, Qu XL, Lin DH, Yang K (2021) Octanol-water partition
coefficient (logKow) dependent movement and time lagging of
polycyclic aromatic hydrocarbons (PAHs) from emission sources
to lake sediments: A case study of Taihu Lake, China. Environ
Pollut 288:117709

Xu S, Liu W, Tao S (2006) Emission of polycyclic aromatic hydrocar-
bons in China. Environ Sci Technol 40:702-708

Yan B, Abrajano TA, Bopp RF, Chaky DA, Benedict LA, Chillrud S
(2005) Molecular tracers of saturated and polycyclic aromatic
hydrocarbon inputs into Central Park Lake, New York City. Envi-
ron Sci Technol 39:7012-7019

Yan B, Abrajano TA, Bopp RF, Benedict LA, Chaky DA, Perry E,
Song J, Keane DP (2006) Combined application of 813C and
molecular ratios in sediment cores for PAH source apportionment

@ Springer


https://doi.org/10.1016/j.chemosphere.126015
https://doi.org/10.1016/j.chemosphere.126015

33442

Environmental Science and Pollution Research (2022) 29:33427-33442

in the New York/New Jersey harbor complex. Org Geochem
37(6):674-687

Yang RQ, Xie T, Li A, Yang HD, Turner S, Wu GJ, Jing CY (2016)
Sedimentary records of polycyclic aromatic hydrocarbons
(PAHSs) in remote lakes across the Tibetan Plateau. Environ Pol-
lut. 214:1-7

Yim UH, Hong SH, Shim WJ, Oh JR, Chang M (2005) Spatio-tempo-
ral distribution and characteristics of PAHs in sediments from
Masan Bay, Korea. Mar Pollut Bull 50:319-326

Yong Y, Jian X, Ping W, Sun H, Dai S (2009) Sediment-porewater
partition of polycyclic aromatic hydrocarbons (PAHs) from Lan-
zhou reach of yellow river, China. J] Hazard Mater 165:494-500

Yunker MB, Macdonald RW, Vingarzan R, Mitchell RH, Goyette D,
Sylvestre S (2002) PAHs in the Fraser River basin: a critical
appraisal of PAH ratios as indicators of PAH source and compo-
sition. Org Geochem 33:489-515

Yunnan, statistical bureau (2015) Yunnan statistical Yearbook. China
Statistical Publishing House, Yunnan

Zeng HA, Wu JL (2009) Sedimentary records of heavy metal pollution
in Fuxian Lake, Yunnan Province, China: intensity, history, and
sources. Pedosphere 19:562-569

Zhang Y, Tao S (2009) Global atmospheric emission inventory of poly-
cyclic aromatic hydrocarbons (PAHs) for 2004. Atmos Environ
43(4):812-819

Zhang YX, Tao S, Cao J, Coveney RM (2007) Emission of polycyclic
aromatic hydrocarbons in China by County. Environ Sci Technol
41(3):683-687

@ Springer

Zhang R, Zhang F, Zhang TC (2013) Sedimentary records of PAHs in
a sediment core from tidal flat of Haizhou Bay, China. Sci Total
Environ 450-451:280-288

Zhang YD, Su YL, Liu ZW, Chen XC, Yu JL, Di XD, Jin M (2015)
Sediment lipid biomarkers record increased eutrophication in
Lake Fuxian (China) during the past 150 years. J Great Lakes
Res 41:30-40

Zhang QQ, Xia ZH, Wu MM, Wang LP, Yang H (2017) Human health
risk assessment of DDTs and HCHs through dietary exposure in
Nanjing, China. Chemosphere 177:211-216

Zhang Y (2018) Study on the sedimentary records of polycyclic
aromatic hydrocarbons and their influencing factors in typical
Chinese lakes. Xi'an University of Science and Technology. (In
chinese)

Zhao S, Wang B, Wang D, Li XM, Huang B, Hu P, Zhang LW, Pan
XJ (2014) Environmental behavior of PAHs in Dianchi Lake
distributions, sources and risk assessment of polycyclic aromatic
hydrocarbons in surface sediments from Dianchi Lake, China. Int
J Environ Res 8:317-328

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	One-century sedimentary record, sources, and ecological risk of polycyclic aromatic hydrocarbons in Dianchi Lake, China
	Abstract
	Introduction
	Materials and methods
	Sampling and experimental analysis

	Sediment core dating
	Microwave extraction and analysis by GC–MS
	Calculation of PAH concentrations in pore water
	Statistical analysis
	Results
	Historical sedimentary records of PAHs and their correlation with human activities

	Source apportionment and identification of PAHs
	Diagnostic ratios of PAHs
	Principal component analysis for source apportionment

	Ecological risk assessment of PAH contamination
	Discussion
	Different economic development models cause different growth characteristics of PAHs

	Energy utilization structure affects the source composition and pollution level of PAHs
	Conclusion
	Acknowledgements 
	References


