
Science of the Total Environment 727 (2020) 138690

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Spatiotemporal toxicity assessment of suspended particulate matter
(SPM)–bound polycyclic aromatic hydrocarbons (PAHs) in Lake Chaohu,
China: Application of a source-based quantitative method
Yong He, Wei He, Chen Yang, Wenxiu Liu, Fuliu Xu ⁎
MOE Laboratory for Earth Surface Processes, College of Urban and Environmental Sciences, Peking University, Beijing 100871, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
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for spatiotemporal toxicity assessment
of PAHs in lake.

• T–SNE–PAM technic revealed signifi-
cantly spatiotemporal variations of
SPM-bound PAHs in Lake Chaohu.

• 3 potential sources of SPM-bound PAHs
in Lake Chaohu were identified.

• PAH toxicity posed significantly sea-
sonal differences in Lake Chaohu.

• Diesel, straw combustion had primary
contributions to Σ19 TEQBaP in Lake
Chaohu.
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The spatiotemporal associations between the emissions and environmental toxicities of polycyclic aromatic hy-
drocarbons (PAHs) in lake still remain an issue. Here, we focused on the suspended particulate matter (SPM)–
bound PAHs in Lake Chaohu, China to quantitatively estimate their spatiotemporal toxicities from different
sources. A source–based quantitative method, positive matrix factorization (PMF)–benzo[a]pyrene–based toxic
equivalency (TEQBaP) model, was applied. Firstly, we investigated the spatiotemporal characteristics of SPM–
bound PAHs. The concentrations of Σ21 PAHs ranged from 1646 to 19267 ng·g−1. Low–ring PAHs were found
to have the highest fractions. T–distributed stochastic neighbor embedding (t–SNE)–partitioning aroundmedoid
(PAM) technic revealed significantly spatiotemporal variation characteristics of SPM–bound PAHs in Lake
Chaohu. Season, location (west or east lake zone), and sample classification (estuary or lake) together governed
the patterns. Then, their potential sources were apportioned. Our results found that diagnostic ratios did not
work perfectly. However, 3 factors were separated by PMF model. Unburned petroleum (F1), biomass, coal
and gasoline combustion (F2), and diesel, straw combustion (F3) were the main sources of PAHs, accounting
for 36.16%, 48.96% and 14.88%, respectively. The patterns of the source profiles were season–dependent. Finally,
the toxicity of SPM–bound PAHs from different sources were predicted by PMF–TEQBaP model, and the model
predictions were satisfactorily acceptable. Overall, predicted Σ19 TEQBaP of SPM–bound PAHs in Lake Chaohu
ranged from 20.8 to 947.9 ng·g−1. Benzo[e]pyrene (BeP), benzo[a]pyrene (BaP) and benzo[b]fluoranthene
(BbF) were the main toxic species. Temporally, PAH toxicity posed significantly seasonal differences. F3 had pri-
mary contributions toΣ19 TEQBaP. Cutting the diesel consumption and using cleaner energy substituteswere sug-
gested to reduce the PAH toxicity in Lake Chaohu. Overall, we expected this study could givenew insights into the
spatiotemporal associations between the sources and toxicities of SPM–bound PAHs in lake ecosystem.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of widespread
persistent toxic substances in the environment (Edwards, 1983; Lima
et al., 2005; Louvado et al., 2015; Lakhani, 2018), and have been thor-
oughly studied in almost all aspects of environmental sciences in the
last several decades (Andersson and Achten, 2015). PAHswere justified
to be carcinogenic, immunotoxic and mutagenic to organisms (Wang
et al., 2007; Srogi, 2007; Quinn et al., 2009). It was revealed that PAHs
were formed from both natural sources and anthropogenic activities
(Wang et al., 2011; Zhang et al., 2016). However, with rapid develop-
ment of global society and economy, anthropogenic activities were
demonstrated as primary contributors to their environmental presence
(Ren et al., 2015; Xu et al., 2006; Yan et al., 2017). The high toxicity of
PAHs, together with their ubiquitous emissions from anthropogenic ac-
tivities, have made the association between their emissions and envi-
ronmental toxicities an important research hotspot for several years
(Li et al., 2019a).

Prior to 1980s, 16 PAHswere listed as a part of “priority pollutants” by
United States Environmental Protection Agency (USEPA) (Keith and
Telliard, 1979). Later on, the toxicities of these famous “priority PAHs”
were well studied in 1990s (Nisbet and LaGoy, 1992), and the toxicity–
based risk assessment methods were developed and widely applied
(USEPA, 1992, 2004a, 2005). On the other hand, many source apportion-
ment technics including diagnostic ratios (Yunker et al., 2002a, 2002b),
chemicalmass balance (CMB) (USEPA, 2004b; Xue et al., 2010), principle
component analysis–multiple linear regression (PCA–MLR) (Thurston
and Spengler, 1985; Shi et al., 2011), positive matrix factorization
(PMF) (USEPA, 2014; Wang et al., 2020), Unmix (USEPA, 2007; Li et al.,
2014) and multilinear engine 2 (ME2) (Paatero, 1999; Xu et al., 2016),
were successively developed and applied to identify the potential sources
of PAHs. Currently, a source apportionment method, PMF model, and a
toxicity assessment approach, benzo[a]pyrene–based toxic equivalency
(TEQBaP), have been combined together to quantitatively evaluate the
toxicities of atmospheric PAHs from different sources and were success-
fully applied inmany studies (e.g.: Callén et al., 2014; Gao et al., 2015; Liu
et al., 2015; Yan et al., 2017; Taghvaee et al., 2018; Han et al., 2019; Gadi
et al., 2019; Wang et al., 2020). Moreover, the PMF–TEQBaP model were
also successfully extended to the PAHs in soils (Chen et al., 2013; Lang
et al., 2015; Ding et al., 2018), road dusts (Zhang et al., 2017) and aquatic
sediments (Zhang et al., 2012, 2016; Li et al., 2016, 2019b; Wang et al.,
2018).

Lakes, with extraordinary benefits to humanity, provided abun-
dantly profound ecosystem services for their catchments (Stener et al.,
2020). However, lakes have suffered lots of waste discharges and their
ecosystem services have been threatened in the last century (Bhateria
and Jain, 2016). In China, most lakes were contaminated by PAHs (Li
et al., 2017; He et al., 2020), and anthropogenic activities were proved
to have strongly associations to their presence in lake ecosystem (Ren
et al., 2015; Zhang et al., 2016, 2019). However, studies on the associa-
tion between their emissions and toxicities in lake environment were
rare, and were just limited to sediments (Zhang et al., 2012, 2016). To
the best of our knowledge, therewere no studies focusing on spatiotem-
poral associations between the sources and toxicities of PAHs in lakes.

Lake Chaohu (117°17′–117°51′ E, 31°25′–31°43′ N), the fifth largest
shallow freshwater lake in China, was considered as a typically PAH–
polluted lake (He et al., 2016a, 2019a, 2020). Two metropolitan cities,
Heifei and Chaohu, are located on the west and east lakeshore of Lake
Chaohu respectively, and the other lakeshore are surrounded by farm-
land (Fig. 1). Ten main rivers carried a lot of PAHs from urban and
rural areas to the lake, especially for Nanfei River (Ren et al., 2015;
Zhang et al., 2016). Thus, Lake Chaohu is a great example for the study
on PAHs. In this paper, suspended particulate matter (SPM) collected
from Lake Chaohu in all seasons was studied, and the objectives of this
paper are: (1) to investigate spatiotemporal characteristics of SPM–
bound PAHs in Lake Chaohu, (2) to identify potential sources of SPM–
bound PAHs, and (3) to quantitatively estimate the toxicity of SPM–
bound PAHs from different sources. It is expected that this paper
would give new insights into the spatiotemporal associations between
the sources and toxicities of SPM–bound PAHs in lake ecosystem.

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 pesticide grade acetone (ACE) were all pur-
chased from Thermo Fisher Scientific, Waltham, Massachusetts, USA.
Anhydrous sodium sulfate, silica and alumina were all purchased from
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Their pretreat-
ments were the same as our previous study (He et al., 2019a). Florisil
(60–100 mesh) were purchased from J&K Scientific Co., Ltd., Beijing,
China. It was baked at 650 °C for 6 h and then deactivated by 5% ultra-
pure water before use. All glassware was cleaned in an ultrasonic
cleaner (KQ–500B, Kunshan Ultrasonic Instrument, Jiangsu, China)
and then dried at 450 °C for 6 h (He et al., 2019a).

21 PAHmixtures (AccuStandard Inc., NewHaven, Connecticut, USA)
including naphthalene (Nap), acenaphthylene (Acy), acenaphthene
(Ace), fluorene (Flu), phenanthrene (Phe), anthracene (Ant), fluoran-
thene (Fla), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr),
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]
pyrene (BaP), indeno[1,2,3–cd]perene (IcdP), dibenz[a,h]anthracene
(DahA), benzo[g,h,i]perylene (BghiP), Benzo[e]pyrene (BeP), benzo[c]
phenanthrene (BcP), perylene (Per), coronene (Cor) and retene (Ret),
were concerned in this study. According to the number of aromatic
rings, Nap, Acy, Ace, Flu, Phe, Ant, Fla and Ret were categorized as
low–ring PAHs, Pyr, BcP, BaA, Chr, BbF and BkF were categorized as
middle–ring PAHs, and the other species were categorized as high–
ring PAHs (Liao et al., 2019; He et al., 2020). 5 deuterated PAHs
(AccuStandard Inc., New Haven, Connecticut, USA) including
nanphthalene–d8, acenaphthene–d10, phenanthrene–d10, chrysene–
d12 and perylene–d12 were selected as internal standards (IS). 2–
Fluorobiphenyl and 4–terphenyl–d14 were selected as surrogate stan-
dards (SS).

2.2. Sampling, pretreatment and instrument analysis

SPM samples were collected from 20 sampling sites (Fig. 1) in Au-
gust (summer), November (autumn) 2011, and February (winter),
May (spring) 2012 in Lake Chaohu by filtering two–liter water samples
through 142–mm glass fiber filters (GFFs, baked at 450 °C for 6 h and
weighted before use). The coordinates of the sampling sites are the
same with our previous study (He et al., 2019a). Please see Table S1
for detailed information. GFFs were dried at ambient temperature,
packed in aluminum foil, taken back to the laboratory, and stored in a
desiccator before weighing. The dry weight of the SPM was obtained
by the weight difference of GFF before and after sampling (He et al.,
2019a).

In the laboratory, GFFs were folded and transferred into
polytetrafluoroethylene (PTFE) microwave tubes, soaked in 20 mL
hexanes–acetone (HEX:ACE, 1:1, v/v) mixtures. 100 ng SS were added.
Then the vessels were capped and aged for 48 h. PAHs were extracted
using a microwave accelerated reaction system (MARSXPRESS, CEM
Co., North Carolina, USA). The microwave power was set at 1200 W,
and the temperature was ramped to 100 °C in 10 min, held at 100 °C
for 10 min, and then cooled down in 30 min. After filter pressing,
PAHs were extracted again with 20 mL dichloromethane–acetone
(DCM:ACE, 1:1, v/v) mixtures under the same condition. Merged ex-
tracts were concentrated into approximately 1 mL by rotary evapora-
tion at 30 °C. 5 mL HEX was added for solvent exchange. Then, the
solution was concentrated into approximately 1 mL again and



Fig. 1. Location of the sampling sites in Lake Chaohu.
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transferred to an anhydrous sodium–Florisil–silica–alumina (1 cm,
1 cm, 10 cm, 10 cm from top to bottom, respectively) chromatogra-
phy column for clean–up. The initial eluate of 14 mL HEX was
discharged, and then PAHs were eluted by 70 mL DCM. The eluate
of PAHs was concentrated into approximated 1 mL by rotary evapo-
ration at 35 °C. 5 mL HEX was added for solvent exchange, and then
concentrated into approximately 1 mL again. 200 ng IS was added
before the solution was transferred into a 2 mL brown vial. The solu-
tion was concentrated into approximately 200 μL and then trans-
ferred into a glass insert (baked at 450 °C for 6 h) for instrument
analysis.

The instrument, analysis procedure and quantitation method of
PAHs were all the same with our previous study (He et al., 2020).

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

Before analysis, solvent blanks were tested. Target compounds
were not detected in HEX, DCM and ACE. The R–square values of
the linear calibration curves for each compound were all over
0.97. During pretreatment, up to 10% blank GFFs per batch were
set as negative control. Standardmixture in 100 ng·mL−1 wasmon-
itored when 20 samples were analyzed. The result showed that the
total ion chromatographs (TICs) were overlaid together, indicating
the sample quantity results were accurate and comparable (Fig. S1).
The method recoveries for target compounds were listed in
Tables S2. SS was added to the samples and blanks to monitor the
pretreatment and analysis processes. The recoveries of SS were
77.3% ± 9.5% (arithmetic mean (AM) ± standard deviation (S.D.))
and 79.2% ± 6.1% for 2–fluorobiphenyl and 4–terphenyl–d14, re-
spectively. Chromatography peak was integrated only when the
retention time drift was within 0.010 min and the signal–to–noise
(S/N) ratio was ≥ 3. The instrument detection limits (IDLs) ranged
from 0.2 to 10 ng·mL−1 (Table S2).

2.4. Data processing

2.4.1. PMF model
In this study, PMF model was applied to quantitatively determine

the source profiles of SPM–bound PAHs in Lake Chaohu following the
user guide of PMF 5.0 (USEPA, 2014). This multivariate receptor
model was designed to decompose the data matrix xij into a factor
contribution matrix gik and a factor profile matrix fkj with a residue
error matrix (Paatero and Tapper, 1994):

xij ¼
Xp
k¼1

gik f kj þ eij ð1Þ

where xij and eijwere amatrix of i by j dimensions, gikwas amatrix of
i by k dimensions, fkj was a matrix of k by j dimensions. Here, i re-
ferred to the measured sample, j referred to the PAH species, k re-
ferred to the decomposed source factor, p was the number of
source factors. The model was optimized by minimizing the objec-
tive function Q (Paatero, 1997):

Q ¼
Xn
i¼1

Xm
j¼1

eij
uij

� �2

¼
Xn
i¼1

Xm
j¼1

xij−∑k¼1
pgik f kj

uij

 !2

ð2Þ

where n and m indicated the numbers of measured samples and
studied PAH species, respectively. uij was the uncertainty matrix in
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the xij measurement calculated by the following equations (USEPA,
2014):

uij ¼
5
6
�MDLij ; xij ≤MDLijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EFij∙xij
� �2 þ 0:5�MDLij

� �2q
; xijNMDLij

8><
>: ð3Þ

whereMDLij and EFij were the method detection limit matrix and the
error fraction matrix, respectively. In this paper, EFij was regarded as
a constant of 10% (Wang et al., 2020), and MDLij was calculated by
Eq. (4):

MDLij ¼
IDL j

R j∙CF ∙wi
ð4Þ

where IDLj referred to the instrument detection limit of compound j,
Rj referred to the method recovery of compound j at 10 ng standard
added level (Table S2), CF referred to the concentration factor
(equals to 5 according to Sections 2.2 to 2.3 and the notes of
Table S2), and wi referred to the dry weight of sample i.

The model was run at the platform of EPA PMF version 5.0.14
(freely available at https://www.epa.gov/air–research/positive–
matrix–factorization–model–environmental–data–analyses). 21
PAH species were firstly categorized into strong, weak and bad fol-
lowing the recommended rules of USEPA: strong for species with S/
N ≥ 1, weak for species with S/N between 0.5 and 1, and bad for spe-
cies with S/N b 0.5 (USEPA, 2014). The results were listed in Table S3.

To choose the optimal number of factors, themodelwas runwith dif-
ferent number of factors ranging from2 to 6 and the number of runswas
set at 100 for each number of factors. The bootstrap–displacement (BS–
DISP) method was employed for integrated error estimation (USEPA,
2014; Zheng et al., 2020; Qi et al., 2020) and the result was shown in
Table S4. According to Table S4, as the number of factors increased, the
determination coefficient (R2) of observed to predicted values slightly
increased from 0.950 to 0.982, but the percentage of accepted cases rap-
idly decreased from 3 to 6 factors. It indicated higher factor number
would lead to less robustness. Therefore, the optimal number of factors
was selected as 3with the highest robustness. The optimal results of ob-
served/predicted regression and residue test for each PAH species were
summarized in Table S3 and Fig. S2.

2.4.2. Toxicity assessment
The toxic equivalency factors (TEFs) were applied to calculate the

toxic concentrations of SPM–bound PAHs in Lake Chaohu. BaP was se-
lected as the reference species because it was the most studied PAHs
for carcinogenic properties (Collins et al., 1991; Samburova et al.,
2017) and was the only PAHs been listed into Group 1 Agents by Inter-
national Agency for Research on Cancer (IARC, 2019). The toxicity as-
sessment of different sources identified by PMF model was carried out
by BaP–based TEFs and predicted concentrations of SPM–bound PAH
species from each source using the following equation:

TEQik
BaP ¼

Xm
j¼1

cikj ∙TEF j ð5Þ

where TEQBaP
ik indicated the total BaP–based toxic equivalency of factor

k from sample i, cjik indicated the predicted concentration of species j
of factor k from sample i by PMF model, and TEFj indicated the BaP–
based TEF of species j recommended by previous studies (Nisbet and
LaGoy, 1992; Samburova et al., 2017, see Table S5 for details).

2.4.3. Statistical analysis
All statistical analyses were performed using R 3.6.2 (R Core Team,

2019). Data distribution of individual PAHs was described and tested
following our previous procedure (He et al., 2019a, 2019b). The results
were shown in Table S6. According to Table S6, two thirds of species
were lognormally distributed and one third of species were neither
normally distributed nor lognormally distributed. Therefore, the occur-
rence of SPM–bound PAHs in Lake Chaohu were described by percen-
tiles, AMs and geometric means (GMs). T–distributed stochastic
neighbor embedding (t–SNE) coupledwith partitioning aroundmedoid
(PAM) was employed to explore the spatiotemporal variations of SPM–
boundPAHs in Lake ChaohubyRpackages of “Rtsne” (Krijthe, 2015) and
“cluster” (Maechler et al., 2019). The optimal perplexity and iterations
were set at 4 and 10000, respectively. The other parameters of “Rtsne”
function were set as default values. Euclidean distances were used for
calculating dissimilarities between t–SNE observations. Two non–
parametric methods, Wilcoxon test and Kruskal–Wallis rank sum test
(K\\W test), were applied to compare the spatiotemporal differences
of PAHs and their isomer ratios. Their significant levels were both set
at p = 0.05 with null hypotheses of no true location shift (He et al.,
2019b).

3. Results and discussion

3.1. Occurrence and profiles of SPM–bound PAHs

The occurrence of SPM–bound PAHs in Lake Chaohu was summa-
rized in Table 1. In addition to Nap, the detection frequency (DF) of
other PAH species were all above 90%, indicating awidespread presence
of SPM–bound PAHs in Lake Chaohu. The concentrations of Σ21 PAHs
ranged from 1646 to 19267 ng·g−1 with GM and median of 4167 and
3603 ng·g−1, respectively. Phewas the predominant PAH species rang-
ing from 692.1 to 6682.4 ng·g−1 with a median of 1738.2 ng·g−1, ac-
counting for 44.1% ± 10.3% (AM ± standard deviation (S.D.)) of Σ21

PAHs on average. It was followed by Fla, Nap and Pyr, totally accounting
for 27.5% ± 9.4% of Σ21 PAHs on average.

Overall, low–ring PAHs accounted for averagely 76.7% ± 8.5% of
SPM–bound PAHs, which was followed by middle–ring PAHs (15.9% ±
5.1% on average). High–ring PAHs had the lowest fractions in SPM–
bound PAHswith anAMof 7.8%±4.3%. Our resultswere similar to a pre-
vious investigation (Qin et al., 2014). The multiple environmental media
comparison of PAHs in Lake Chaohu revealed that the profiles of PAHs in
aquatic phases such as water body and pore water were dominated by
low–ring PAHs, but the profiles in solid phases like surface sediments
were dominated by high–ring PAHs (Fig. S3). Our results showed that
PAH profiles in SPM had higher similarities with those in water body
(Qin et al., 2014), pore water (He et al., 2016b), aquatic products (Qin
et al., 2013b) and ambient gas phase (Qin et al., 2013a); PAH profiles in
SPM differed from those in solid phases such as surface sediments
(Wang et al., 2011; Qin et al., 2014; He et al., 2016b) and atmospheric
particles (Qin et al., 2013a).

3.2. Spatiotemporal variations of SPM–bound PAHs

To explore the spatiotemporal variations of SPM–bond PAHs in Lake
Chaohu, t–SNE–PAM technic was applied (Fig. 2A). The Σ80 samples
from 20 sites collected per season were clustered into 6 groups opti-
mally. The mappings of sample class, location, season and t–SNE–PAM
cluster were presented in Fig. 2B, and the occurrence of individual
SPM–bound PAHs was shown in Fig. 2C.

Cluster 1 (C1)mainly included lake samples from thewest lake zone
collected in summer and autumn. The Σ21 PAHs in this cluster ranged
from 2408 to 3841 ng·g−1 with a median of 2792 ng·g−1. Cluster 2
(C2) was completely constituted by lake samples from the east lake
zone collected in summer with the Σ21 PAHs ranging from 1665 to
3193 ng·g−1 (median: 2792 ng·g−1). The estuary samples in summer
were all categorized in Cluster 4 (C4) except the estuary sample of
Nanfei River (8–R1). The Σ21 PAHs in this cluster ranged from 1951 to
11622 ng·g−1 with amedian of 4264 ng·g−1. For Cluster 3 (C3), the ob-
servations were mainly composed by the samples collected in winter,

https://www.epa.gov/air-research/positive-matrix-factorization-model-environmental-data-analyses
https://www.epa.gov/air-research/positive-matrix-factorization-model-environmental-data-analyses


Table 1
The occurrence of SPM–bound PAHs in Lake Chaohu (N = 80, unit: ng·g−1).

PAHs Range DFa Statisticsb

25th percentile Median 75th percentile AMc GMd

Nap N.D.e – 5377.4 75% 149.1 295.4 703.0 601.7 294.3
Acy N.D. – 90.8 99% 10.6 14.7 22.1 19.4 15.0
Ace N.D. – 342.9 96% 27.8 42.5 59.1 55.2 37.8
Flu N.D. – 675.2 99% 146.0 181.6 247.8 225.7 191.9
Phe 692.1 – 6682.4 100% 1218.8 1738.2 2477.2 2047.1 1790.3
Ant 10.5 – 236.2 100% 26.5 37.3 73.7 59.2 43.7
Fla 138.7 – 4842.7 100% 273.3 422.8 911.2 801.8 536.0
Pyr 44.8 – 1195.1 100% 149.0 221.4 430.1 318.0 237.6
Ret 23.1 – 1108.7 100% 63.6 115.9 277.3 202.6 131.2
BcP N.D. – 195.6 99% 7.0 11.6 27.3 23.5 14.7
BaA 4.5 – 394.3 100% 19.4 36.5 56.4 55.1 35.4
Chr 39.6 – 1190.3 100% 75.4 131.6 331.2 237.4 154.5
BbF 14.9 – 699.3 100% 51.0 93.8 164.8 144.5 97.6
BkF 4.6 – 297.8 100% 19.7 36.0 56.1 51.0 34.3
BeP 12.1 – 498.2 100% 31.4 59.5 93.0 87.5 59.6
BaP 1.8 – 209.6 100% 9.5 18.2 34.5 27.5 17.5
Per N.D. – 140.2 93% 14.4 22.1 34.6 27.6 21.1
IcdP N.D. – 459.3 95% 35.9 61.8 103.6 94.0 59.5
DiBahA 1.0 – 128.1 100% 7.3 14.8 23.6 20.7 13.9
BghiP N.D. – 706.9 95% 36.0 73.9 118.8 107.2 66.4
Cor N.D. – 298.5 95% 18.0 31.3 47.7 46.3 31.5

a DF: detection frequency.
b Reported values were calculated by removing N.D.
c AM: arithmetic mean.
d GM: geometric mean.
e N.D.: not detected.
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accounting for over 75% of the total observation number. This cluster
had the highest residue level of the Σ21 PAHs ranging from 5584 to
19267 ng·g−1 (median: 8122 ng·g−1), which was significantly dif-
fered from other clusters (p = 1.839 × 10−11). Cluster 5 (C5) was a
mixed group containing 17 observations from all seasons except
summer. The observations in Cluster 5 included 10 samples collected
in autumn (9 east lake zone samples and 1 estuary sample of
Baishitian River), 4 estuary samples collected in autumn and 3 east
lake zone samples (2 lake samples and 1 estuary sample). The Σ21

PAHs in this cluster ranged from 2712 to 4262 ng·g−1 with a median
of 3575 ng·g−1. Cluster 6 (C6) were completely grouped by the sam-
ples collected in spring, accounting for 75% of the total spring sam-
ples. The residues of the Σ21 PAHs in this cluster were at the same
level with C2, ranging from 1646 to 3903 ng·g−1 with a median of
2270 ng·g−1.

According to Fig. 2C, the PAHs concerned excluding Napwas catego-
rized into three groups of high, moderate and low PAH residues. The
high residue group contained species of Flu, Pyr, Ret, Chr, Phe and Fla,
while the low residue group included species of Acy, BcP, DiBahA, BaP
and Per. The residual species were categorized into the moderate resi-
due group. Our results revealed significantly cluster–specific residue
patterns of SPM–bound PAHs (K\\W test, p b 0.05). C3 posed the
highest residue level, while C2 and C6 presented the lowest residue
level in all PAH groups. For high–residue PAH species, their total con-
centrations in C3 were significantly higher than C4 and C5 (p b 0.05).
For moderate–residue PAH species, it posed a cluster–specific pattern
of C3 N C1 N C5 N the other clusters (p b 0.005). For low–residue species,
however, a significant difference was only found between C1, C3 and
the other four clusters (p b 0.05).

As one of manifold learning technics, t–SNEwas successfully applied
in many studies for data dimension reduction in recent years due to its
high performance of preserving both local and global structures of raw
data (van der Maaten, 2014; van der Maaten and Hinton, 2008; Kobak
and Berens, 2019). In this paper, our results revealed significantly spa-
tiotemporal variation characteristics of SPM–bound PAHs in Lake
Chaohu using t–SNE–PAM technic. Season, location, and sample classifi-
cation together governed the patterns. The characteristics in each clus-
ter were well parsed, indicating this technic was successfully applied
to reveal the spatiotemporal variations of SPM–bound PAHs in Lake
Chaohu.

3.3. Source apportionment

3.3.1. Diagnostic ratios
The diagnostic ratios of PAH isomers were widely applied for tracing

the potential sources of PAHs due to the specific finger–print of PAHs
fromdifferent emissions (Wang et al., 2011; Liu et al., 2019). Here, four di-
agnostic ratios of Ant/(Ant+Phe), BaA/(BaA+Chr), Fla/(Fla+Pyr) and
IcdP/(IcdP+BghiP) were employed to characterize their potential
sources. It was reported that Ant/(Ant+Phe) and BaA/(BaA+Chr) ratios
below 0.1 and 0.2 suggested a petroleum source, whereas above 0.1 and
0.35 associated with combustion sources, respectively; Fla/(Fla+Pyr)
and IcdP/(IcdP+BghiP) ratios below 0.4 and 0.2 indicated a petroleum
source, between 0.4 to 0.5, and 0.2 to 0.5 presented the combustion of liq-
uid fossil fuel, and both above 0.5 revealed the combustion of grass, wood
and coal (Yunker et al., 2002a, 2002b; Zheng et al., 2014; Dashtbozorg
et al., 2019; Yang et al., 2019).

The diagnostic ratios of Ant/(Ant+Phe), BaA/(BaA+Chr), Fla/
(Fla+Pyr) and IcdP/(IcdP+BghiP) were investigated with ranges of
0.01–0.06, 0.04–0.35, 0.45–0.91 and 0–1, respectively in present study
(Fig. 3). K\\Wtests revealed significantly temporal differences for all di-
agnostic ratios (p b 10−4), whereas only the ratio of BaA/(BaA+Chr)
posed a significantly spatial differences (p b 0.05). 100% of samples
were found with Ant/(Ant+Phe) ratios b 0.1, 52.5% of samples were
found with BaA/(BaA+Chr) ratios b 0.2, indicating the SPM–bound
PAHs in Lake Chaohu were mainly from petroleum. However, none of
samples were found with the ratio of Fla/(Fla+Pyr) b 0.4 and only
7.5% of samples were found with the ratio of IcdP/(IcdP+BghiP) b 0.2.
The results of these two diagnostic ratios were in conflict with another
two ratios. Actually, over 90% of samples were regarded as a source of
grass, wood and coal combustion,whereas over 70% of sampleswere di-
agnosed as a source of liquid fossil fuel combustion.

The inconsistent results of different diagnostic ratios occurred in this
study, and were also reported in many studies (Orazi et al., 2020; Qi
et al., 2020; Jafarabadi et al., 2017; Wang et al., 2010). It was potentially
due to the similar PAH profiles from different emission sources, and the



Fig. 2. Spatiotemporal variations of SPM–bound PAHs in Lake Chaohu. (A) Clusters of samples collected at all seasons using t–distributed stochastic neighbor embedding (t–SNE) coupled with partitioning around medoid (PAM). Individual PAH
residues were scaled before t–SNE–PAM analysis. The optimal perplexity and iterations were set at 4 and 10000, respectively. The other parameters of “Rtsne” function were set as the default values (Krijthe, 2015). Euclidean distances were
used for calculating dissimilarities between t–SNE observations, and the number of clusters was optimized at 6. (B) Mappings between manual classifications and t–SNE–PAM clusters of each SPM sample. (C) Heatmap of the occurrence of
SPM–bound PAHs. Clustering method of individual PAHs was “ward.D2”, and the clustering distance was measured by “manhattan” in package “pheatmap” of R 3.6.2 (Kolde, 2019; R Core Team, 2019).
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Fig. 3.Diagnostic ratios based on PAH isomers for source identification in SPMof Lake Chaohu. Abbreviations: BaA, benzo[a]anthracene, Chr, chrysene, Ant, anthracene, Phe, phenanthrene,
IcdP, indeo[1,2,3–cd]pyrene, BghiP, benzo[g,h,i]perylene, Fla, fluoranthene, Pyr, pyrene.
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mixture of PAHs from different sourcesmay also lead to an averaged re-
sult that differed from their original features (Wang et al., 2020;
Semenov et al., 2017). Lake Chaohu is surrounded by farmland and cities
(Fig. 1), and industry and agriculture are two main contributors of the
local economy (Wang et al., 2011). Therefore, the complicated emission
sources of PAHs in this area might make the source apportionment
method of diagnostic ratios do not work perfectly. Moreover, the varia-
tion of different isomers during their transport processes may also ele-
vate the uncertainty of diagnostic ratios (Katsoyiannis and Breivik,
2014).

3.3.2. PMF model
Considering the limitations of diagnostic ratios, PMF model was

employed to separate and quantify the contributions of possible PAH
sources. In this study, 3 factors were separated and their source profiles
of SPM–bound PAHs were shown in Fig. 4. Factor 1 (F1), accounting for
Fig. 4. Source profiles of SPM–bound PAH
36.16% of the total PAHs, was predominated by Phe, Flu, Fla and Pyr.
Low–ring PAHs had relatively higher percent loadings in this factor. It
was reported that volatile PAHs were found to have higher presence
in unburned petroleum (Khairy and Lohmann, 2013; Li et al., 2014).
Comparing to other factors, F1 contained more volatile species, and
was, therefore, identified as theunburned petroleum. Factor 2 (F2), con-
tributing 48.96% of the total PAHs, had the highest fractions of most
PAHs such as Nap, Fla, Pyr, Ret, Chr, BbF, IcdP, BghiP and Cor. According
to literatures, Fla, Pyr, BaA and Chr were signed asmarkers of coal com-
bustion (Larsen and Baker, 2003; Zhang et al., 2011; Qin et al., 2014);
IcdP, BghiP and Cor were considered to be derived from gasoline com-
bustion (Stocks et al., 1961; Qi et al., 2020; Qin et al., 2014), and Pyr
was also used as an tracer of gasoline vehicle emissions (Khairy and
Lohmann, 2013; Li et al., 2014). In addition, Ret was identified as the
marker ofwood combustion (Shen et al., 2012; Ramdahl, 1983) and bio-
mass burning (Li et al., 2019c; Gabos et al., 2001). Thus, F2 was selected
s in Lake Chaohu using PMF model.
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as the representative of a mixed source of biomass, coal and gasoline
combustion. Factor 3 (F3), explaining 14.88% of the total PAHs, was
mainly loaded with Acy, Ace, BaA, and the high–ring PAHs such as
BaP. PAH profile pattern in F3 was more similar to the diesel motor ve-
hicles in the Hudson River Airshed (Lee et al., 2004) than other factors,
and it was also found to bewith higher similarity to the source profile of
diesel combustion identified by PMF model on the sediments of Lake
Chaohu (Li et al., 2014). Notably, the high loadings of Acy and Ace in
F3 indicated a significant straw combustion source since Acy was
regarded as a marker of straw burning (Oanh et al., 2015; Wei et al.,
2014). Therefore, F3 was explained as a mixed source of diesel and
straw combustion.

Based on the PMF model, the sources of SPM–bound PAHs in Lake
Chaohu were predicted, and the spatiotemporal variations in PAH con-
centrations from different sources were presented in Fig. 5. For PAHs
from unburned petroleum (F1 in PMF model), significant spatial differ-
ences of Σ19 PAHs between estuary and lake were investigated in sum-
mer and winter (p b 0.005), and no significant spatial differences were
observed in spring and autumn (p N 0.43). Temporally, the seasonal dif-
ferences of Σ19 PAHs derived from unburned petroleum were inappar-
ent (K\\W test, p = 0.2263). Annually, F1–derived PAHs ranged from
Fig. 5. Spatiotemporal variations of SPM–bound PAHs from different sources predicted by PMF
temporal variations.
N.D. to 6161.3 ng·g−1 with a median of 1291.3 ng·g−1. The emission
of F1 in Lake Chaohu catchment might be related to the fishery activities
and shipping transportation on the whole lake all year round. For PAHs
from F2, they posed a highly significant temporal difference (K\\W
test, p b 10−10). The highest occurrence of F2–derived PAHs was found
in winter ranging from 1033.9 to 16064 ng·g−1 with a median of
4580.1 ng·g−1.Moreover, their occurrences in estuary sites in spring, au-
tumn and winter were significantly higher than lake sites (p b 0.05), in-
dicating a terrestrial source of combustion–formed PAHs. It should be
noted that the estuary of Nanfei River was observed to have the highest
F2–derived PAH residues in spring, summer and autumn, especially in
summer (Fig. 5). Nanfei River, flowing through the downtown area of
Hefei (Fig. 1), was important discharge loading of PAHs from the metro-
politan city of Hefei, several industries such as iron–steel manufacturing
plant distributed along the river (Ren et al., 2015; Zhang et al., 2016).
Thus, the high residue level of F2–derived PAHs reflected that anthropo-
genic activities in Hefei had important contributions to the combustion–
derived PAHs in Lake Chaohu (Wu et al., 2019). In winter, the highest
residue level of F2–derived PAHs was, however, found at the estuary of
Hangbu River, a river flowing through rural areas, and was followed by
the estuary of Zhegao River, another rural river near Chaohu City. It
model in (A) spring, (B) summer, (C) autumn, (D) winter, and (E) the summary of their



Fig. 6. Spatiotemporal variations of SPM–bound Banzo[a]pyrene–based toxic equivalency (TEQBaP) from different sources in (A) spring, (B) summer, (C) autumn, (D)winter, and (E) the toxicity profiles based on PMFmodel. Pie size refers to the total
SPM–bound TEQBaP. Factors were obtained by PMF model. Factor 1: unburned petroleum. Factor 2: biomass, coal and gasoline combustion. Factor 3: diesel, straw combustion.
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might be related to the biomass or coal burning for heating supply in
rural area along the rivers. For PAHs from F3, their spatial and temporal
distribution patterns were similar to PAHs from F2. Significant temporal
differences were observed (K\\W test, p b 0.01), and the estuary of
Nanfei River was also found to have the highest PAH residues in spring,
summer and autumn with total concentrations of 5906.6 ng·g−1,
2959.0 ng·g−1 and 4731.1 ng·g−1, respectively (Fig. 5).

Overall, the patterns of the source profiles were season–dependent
(Fig. 5E). Unburned petroleum was the main source of SPM–bound
PAHs in spring, summer and autumn, accounting for 55.2% ± 23.0%
(AM ± S.D.), 62.6% ± 22.5% and 38.8% ± 21.0% of the Σ19 PAHs pre-
dicted by PMF model respectively. However, the main source of SPM–
bound PAHs was replaced by biomass, coal and gasoline combustion
in winter (70.9% ± 19.3%). Diesel, straw combustion was investigated
to have the least contributions to the Σ19 PAHs with proportions of
16.0% ± 23.0%, 20.6% ± 14.1%, 25.5% ± 15.1% and 8.7% ± 6.6%, respec-
tively in spring, summer, autumn and winter.

In recent years, the gross domestic product (GDP) in the prefecture
of Heifei posed an elevating trend, and firstly exceeded 400 billion
yuan in 2012 with industrial product of over 180 billion yuan (NBS
Survey Office in Hefei, 2013). Although the energy consumption indices
continuously decreased in 2011 and 2012 (NBS Survey Office in Hefei,
2012, 2013), anthropogenic activities still made considerable contribu-
tions to the occurrence of PAHs in Lake Chaohu (Fig. 4). It was justified
that local social and economic activities had strong impact on the pollu-
tion of PAHs (Ren et al., 2015). Thus, the industrial structure in the
catchment still needs to be further optimized for reducing the emissions
of PAHs.

3.4. Toxicity assessment

The toxicity assessment of SPM–bound PAHs in Lake Chaohu from
different sources was carried out by the application of PMF–TEQBaP

model. The model predictions were well agreed with observations
with a regression R2 of 0.896 (Fig. S4A). However, the slope of predic-
tion to observation were found to be significantly higher than 1 (F sta-
tistic: 2.279, p value of t–test: 0.0254), indicating a considerable
overestimation of the model predictions. Error analysis revealed that
90% of predictions were within relative error of 35% or within absolute
error of 40 ng·g−1 (Fig. S4B). Therefore, themodel predictionswere sat-
isfactorily acceptable. The spatiotemporal variations of Σ19 TEQBaP from
different sources identified by PMF model were presented in Fig. 6A to
D, and the toxicity profiles of each source were shown in Fig. 6E.

Overall, predicted Σ19 TEQBaP of SPM–bound PAHs in Lake Chaohu
ranged from 20.8 to 947.9 ng·g−1 with a median of 122.4 ng·g−1. Σ19

TEQBaP contributed by F1, F2 and F3 ranged from N.D. to 13.6 ng·g−1,
N.D. to 628.7 ng·g−1 and N.D. to 729.6 ng·g−1 with medians of
2.85 ng·g−1, 31.5 ng·g−1 and 60.5 ng·g−1, respectively. As shown in
Fig. 6E, 98.1% of the total PAH toxicity were contributed by combustion
source, where biomass, coal and gasoline accounted for 48.5% and die-
sel, straw explained 49.6%. Toxicity profiles revealed Phe and BeP
were the dominant species, accounting for 29.1% and 26.4% of the
total toxicity in the source of F1. For F2 and F3, it was found that BeP,
BaP, BbF and IcdP were the main toxic species, accounting for 56.8%
and 46.8%, 16.3% and 33.0%, 10.2% and 6.6%, 6.1% and 5.0%, respectively.

Temporally, the toxicity of SPM–bound PAHs posed significantly
seasonal differences (K\\W test, p=1.654 × 10−8). Σ19 TEQBaP ranged
from 20.8 to 473.7 ng·g−1 (median: 55.7 ng·g−1), 27.9 to 791.0 ng·g−1

(74.8 ng·g−1), 43.5 to 947.9 ng·g−1 (144.7 55.7 ng·g−1) and 108.4 to
796.4 ng·g−1 (265.5 55.7 ng·g−1), respectively in spring, summer, au-
tumn and winter. In spring, diesel and straw combustion was the
main contributor to total PAH toxicity in lake zone (74.8% ± 21.8%,
AM ± S.D.), whereas biomass, coal and gasoline combustion was the
main contributor to total PAH toxicity inmost estuaries. During summer
and autumn, diesel and straw combustion was the chief contributor to
total PAH toxicity in both lake and estuary zones, accounting for
73.2% ± 12.1% and 63.9% ± 16.9% on average, respectively. However,
the dominant contributor shifted to biomass, coal and gasoline combus-
tion in winter for the whole lake (72.0% ± 18.9%), especially for the es-
tuaries of Baishitian River (100%), Zhaohe River (99.1%) and Tongyang
River (99.6%).

Spatially, no significant differences of the Σ19 TEQBaP were observed
between lake and estuary zones in spring, summer and autumn
(p N 0.19). The spatial differencewas only found inwinter that estuaries
had higher Σ19 TEQBaP than lake area (p = 0.035 b 0.05). However, the
estuary of Nanfei River was estimated to have the highest Σ19 TEQBaP

in spring, summer and autumn. The estuaries of Shuangqiao River and
Yuxi River were also estimated to have higher Σ19 TEQBaP. Even though
the highest Σ19 TEQBaP in winter was found at the estuary of Hangbu
River, the estuaries of riversflowing through urban areas still had higher
values of Σ19 TEQBaP. It revealed that the PAH toxicity in Lake Chaohu
was primarily due to anthropogenic activities, especially urban indus-
trial manufactures. According to statistics, the diesel consumption of
major industrial enterprises in Heifei reached 69.8 thousand tons in
2012, which was approximately 40% higher than in 2009 (NBS Survey
Office in Hefei, 2013). Therefore, we suggest cutting the diesel con-
sumption and using cleaner energy substitutes to reduce the PAH toxic-
ity in Lake Chaohu.

It should be pointed out that, in the TEF-based toxicity assess-
ment of SPM-bound PAHs, the bioavailability of SPM-bound PAHs is
ignored. However, some studies showed that only a part of PAHs
bound with SPM might be bioavailable to organisms, and the bio-
availability is also related with the particle size and composition of
SPM (Zhang et al., 2015; Xia et al., 2016). So, in the further study
on the toxicity of SPM-bound PAHs, the bioavailability of SPM-
bound PAHs related with the particle size and composition of SPM
should be considered.

4. Conclusion

In this paper, we focused on the suspended particulate matter
(SPM)–bound PAHs in Lake Chaohu, China to quantitatively estimate
their spatiotemporal toxicities from different sources by applying
PMF–TEQBaP model. 3 factors were separated by PMF model: (1) un-
burned petroleum, (2) biomass, coal and gasoline combustion, and
(3) diesel, straw combustion. The patterns of the source profiles were
season–dependent. BeP, BaP and BbFwere themain toxic species. Tem-
porally, PAH toxicity posed significantly seasonal differences. Diesel,
straw combustion had primary contributions to Σ19 TEQBaP. Cutting
the diesel consumption and using cleaner energy substitutes were sug-
gested to reduce the PAH toxicity in Lake Chaohu.
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