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Abstract:
Periodic water impoundment and seasonal flood svesgult in a 30 m water

level fluctuation zone (WLFZ) in the Three GorgessBrvoir Region (TGRR), China.
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In order to assess the occurrence, sources andnsgasgariation of airborne
carbonaceous pollutants, a total of thirty-nine,Rsamples, twenty-two from August
2017 (summer: low water level ~135m) and sevenfemm January 2018 (winter:
high water level ~175m) were collected consecuyiala rural site in WLFZ in the
TGRR. The results showed that OC, EC, char, s®®tPAHs andn-alkanes were
higher in winter (mean: 9.17 pgim.69 pg/m, 4.25 pug/m, 0.45 pg/m, 19.8 ng/m
and 210 ng/M respectively) than in summer (mean: 6.55 g/m70 pg/m, 1.37
ng/n?, 0.32 pg/m, 6.13 ng/m and 79.1ng/m respectively). Compositional
differences suggested air-soil/plant exchange asowce for 2-3-rings PAHSs in
summer and biomass burning for 4-5-rings in winf@iagnostic ratios and PCA
suggested more vehicular emission for PAHs in sumikant waxes contributed
18.2 % and 26.2% of the-alkanes in summer and winter, respectively, imuya
relatively greater contribution from petroleum tess. The specific ratios and
relative abundance of hopanes and steranes indigai@d sources from both vehicle
exhaust and petroleum residue; and petroleum residantribute more steranes in
summer compared with winter. As revealing basionmfation on the formation
mechanism of carbonaceous aerosols, this studydcoahtribute to a further
understanding of their environmental geochemichbli®r in the WLFZ of TGRR.
Keywords. carbonaceous pollutants; RPM seasonal variationswater level
fluctuation zone; Three Gorges Reservoir

1 Introduction

Following construction of the Three Gorges Dam (TGbne of the biggest
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hydroelectric dams in the world (2309 m long and &8high), a prominent reservoir
known as the Three Gorges Reservoir Region (TGRR)} formed on a main

tributary of the Yangtze River of China (http://wvetgpc.com.cn). As one key

function of TGD is to produce electricity, the TGRRs been allowed to maintain low
water levels from May to September and higher witeels from October to April,
respectively. A water-level-fluctuation zone (WLFZhat experiences a novel
hydrological regime exposed during May to SeptenfB@mmer: minimum to ~145m
water depth) and submerged at October to April fgvinmaximum to ~175m water
depth) in the TGRR was therefore formed (Zhangl.et2808). As the TGRR has a
length of ~190 km and an area of ~350°kthe WLFZ covers a large area and has
given rise to environmental concerns since its detepmpoundment in 2006. For
example, Chen et al., (2009) compared the temppatial CH emissions among
four vegetation stands in a typical drawdown aréaWi.FZ in 2008, finding
important influence of water depth and dissolveghaic carbon (DOC) on the spatial
variations of emission flux and obvious seasonaiatians with a maximal value in
early July followed by a low and steady emissiofotee winter flooding. Ye et al.,
(2011) assessed soil heavy metal pollution stagfieré and after submergence across
12 sites in the WLFZ from 2008 to 2009, revealihgttAs and Cd were the primary
pollutants before submergence; while afterwardaas Hg, Cd, and Pb. Wang et al.,
(2013) investigated the distribution characterssti€ USEPA priority 16 PAHSs in the
water of WLFZ between late-April and early-June 2ghowing that PAH®creased

from town or counties to big industrialized citigsd therefore could be used to trace
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the water pollution status of TGR. Floehr et aRPX5) conducted a sampling
campaign on sediments and fish at several sitéeeofWVLFZ from 2011 to 2013 to
determine organic pollution levels and mutagenieptial. High PAH occurrence was
detected at sediments of two hot spots, Chonggi-433 ng/g) and Kaixian
(127-590 ng/g), conforming their key role as mgpilutant sources and sites of
eco-toxicological risk in this area. Gao et al.0X2) reported the spatiotemporal
variability of organotins (OTs) in surface wateden different water levels from 2012
to 2013 along the TGRR, highlighting the signifitanle of dynamic water level
conditions on the occurrence and compositions of.Ghng et al., (2019) evaluated
the effects of water impoundment and water-levehipidation on heavy metals,
finding apparent bioaccumulation of Cu, Fe, Zn add in fish and aquatic
invertebrates in high water levels (winter) of Il RR. While these studies refer to
the environmental behavior and ecological effe¢tenajor pollutants in the surface
waters and sediments of the WLFZ, air-surface (waeil and plant) exchange
processes and fluxes of these pollutants could laésdriven by the dynamic water
level. However, to date, the variation in concemtres, compositions and sources of
pollutants in the atmosphere between different@eaassociated with water levels in
the WLFZ have received little attention.

With a length of over 600 km and an area of 1,084, ithe TGRR extends from
Jiangjin District of Chongqging Municipality to Yieimg City of Hubei province (Chen
et al., 2013). Approximately 80% area of the TGRRunder the jurisdiction of

Chongging Municipality. Chongging, the largest dity population (over 30 million
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in 2018), is one of the four municipalities andioa&l financial and economic centers
in southwest China. Due to rapid industrializatiand urbanization, the PM
pollution in Chongqging has deteriorated in recestatles, especially with respect to
the occurrence of atmospheric carbonaceous poltufarg., Organic Carbon: OC and
Elemental Carbon: EC) (Chow et al., 2006; Yanglet2011; Chen et al., 2014,
Zhang et al.,, 2015). Influenced by the mountaindapography and unique
meteorological conditions (low wind speeds, higtegtrency of temperature
inversions) of the TGRR, these carbonaceous polisitare readily trapped in the
WLFZ following transport from Chongqing municipgliand have a detrimental
effect on its ecosystems (Wang et al., 2016b). yitigdthe variation of carbonaceous
pollutants in PMs in different seasons could provide useful infoloraton these
pollutants and their formation mechanis®wever, to the best of our knowledge,
there has been no report on the details of carlemscspecies in the atmosphere of
WLFZ in TGRR. In this study, thirty-nine PM samples, twenty-two from August
2017 (summer: low water level ~135m) and seventeelanuary 2018 (winter: high
water level ~175m), were collected consecutivelg atral site in a typical WLFZ of
the TGRR. These samples were analyzed for carbonagmllutants, including OC,
EC, char-EC (char), soot-EC (soot), 16 USEPA prorpolycyclic aromatic
hydrocarbons (16 PAHSs)p-alkanes (26 species, 1&Css), as well as relative
abundances of hopanes (10 species:-@,) and steranes (12 speciesyC,g). The
purpose of this study was to assess the statusrbbigaceous aerosol pollution in

PM, s driven by the dynamic water level and seasonabfacThis provides important
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information on the formation mechanism of carbowaseaerosols and could also
contribute to a further understanding of their emwinental geochemical behavior in
the WLFZ of TGRR.

2 Materialsand Methods

2.1 Sampling sites and sample collection

The sampling site (31®' N, 108°3%2" E) is located at Pengxi River wetland
nature reserve in TGRR (Figure 1). With low resigd@ndensity and almost no
industrial activity nearby, this nature reserval®ut 30 km away from the center of
Kaizhou district of Chongqging. The TGR water leirethe reserve can reach ~175 m
in January and drop to ~145 m in August, formingaaea of 36 krhand a 30-m
vertical drawdown zone in the wetlands. These featmake this zone an ideal site to
compare the characteristics of carbonaceous pothtam the atmosphere between
different seasons associated with water levelSGRR.

The sampling apparatus was placed on the roof thfee-story building, 8 m
away from a roof fence and 200 m above sea |§vigh an area of approximately 500
m?, this sampling location is a ‘super’ scientific nitoring station affiliated to
Chongging Forestry Bureau and has been used psdyiby researchers to observe
atmospheric deposition of polycyclic aromatic comnpds (Tian et al., 2017) and
inorganic nitrogefNOsz and NH") (Wang et al., 2018). In this study, RMsamples
were collected on quartz filters (20x25 %Tmir2600, Pall Corporation, Port
Washington, NY, USA) using a P sampler (ASM-1, Guangzhou Mingye Huanbao

Technology Company, Guangzhou, China) at a floe ¢dt300 L mift. Each sample
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was based on 23.5-hours collection, starting aD®%nd ending at 08:30 the
following day. Two sampling campaigns, 22 Jul-13A017 (summer, n=22, average
temperature: 33°C) and 15 Jan-31 Jan 2018 (wimntdlr7, average temperature: 8°C),
were conducted to represent low and high watell,leegpectively. For each sampling
period, we obtained two parallel operational sanigéaks, which were collected by
placing filters into the sampler without pumping. &rior to sampling, the quartz
filters were wrapped in aluminum foil and bakedaimuffle furnace for 4 h at 450°C.
The filters were then sealed in valve bags andedton a desiccator. Following
exposure, all samples including the operationahkdawere stored at -20°C until
further analysis. The filters were each divideaitwo halves. One was used for PAH
andn-alkane analysis while the other half was usedEforand OC.
2.2 Sample analysisfor OC and EC

A Thermal/Optical Carbon Analyzer (Desert Resealmstitute: DRI, Model
2015) was used to analyze OC and EC by IMPROVEnthEoptical reflectance
(TOR) as suggested by Chow et al., (2007). For santple, four OC fractions (OC1,
0OC2, OC3, and OC4), three EC fractions (EC1, ECG® BC3) and a pyrolyzed
carbon fraction (OP) were analyzed by taking aga®.544 cm from the sampling
filter. The OC fractions (1-4) were analyzed ingditim atmosphere at 140 °C, 280 °C,
480°C and 580 °C respectively. The EC fractions3Ywere analyzed in a 2%
oxygen/98% helium atmosphere at 580 °C, 740 °C84td°C, respectively. OP was
used to monitor the charring of OC. OC is the sdrthe four OC fractions plus OP.

EC is the sum of the three EC fractions minus GiReed on the identification of two
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EC fractions provided by Han et al., (2009), chauld be calculated as EC1 minus
OP and soot as the sum of EC2 and EC3.
2.3 Sample analysisfor PAHs, n-alkanes

In order to extract PAHs anatalkanes, dichloromethane (DCM) was used for
Soxhlet extraction lasting 48 hours. Before extoagta known PAHs standard sample
consisting of deuterated naphthalene (Ngp-oh/z 136) (200 ng), deuterated
acenaphthene (Acergl m/z 164) (200 ng), deuterated phenanthrene (Phentz 188)
(200 ng), deuterated chrysene (Chs-dn/z 240) (200 ng) and deuterated perylene
(Per12, m/z 264) (200 ng) was added to DCM to monitoreffeciency of extraction.
After extraction, the mixed DCM was rotary evapedato about 5 mL at 40°C and 50
rpm/min in a vacuum rotary evaporator. The extrawtse transferred into 22 mL
glass bottles and evaporated down to about 2 mNbwith a purity of 99%. The
concentrates were then purified on chromatogramyntns (8 mm in diameter, 20
cm in length), which, from bottom to top, wereddl with 3 cm deactivated ADs, 3
cm SiQ and 1 cm Ng5Oy. Subsequently, the columns were eluted three timitds
20 mL dichloromethane/hexane (1:1, v: v). BeforeHPAnalysis, the eluate was
further concentrated to about 500 pL under genglstiéam.

The targeted PAHs were 16 USEPA priority PAHs. Tdllewing are the number
of rings, names and acronyms of thesel6 PAHs.@-naphthalene (Nap); 3-ring:
acenaphthylene (Ac), acenaphthene (Ace), fluoreRB, (phenanthrene (Phe),
anthracene (Ant); 4-ring: fluoranthene (Flu), pye€Ryr), benzo[a]anthracene (BaA),

chrysene (Chr); 5-ring: benzo[b]fluoranthene (BbBgnzo[k]fluoranthene (BkF),
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benzo[a]pyrene (BaP), dibenzo[a,h]anthracene (DBA)ng: indeno[1,2,3-cd]pyrene
(IP), benzo[ghi]perylene (BghiP). The molecular niotae of the 26 targeted
n-alkanes are {gHzo, Cr1H24, CroH26, CraHz2g, CraHzo0, CisHaz, CreHza, Cr7Hze, CrgHazs,
CioHao, CooHaz, CoiHag, CooHas, CosHas, CosHso, CosHsz, CogHsa, CorHse, CagHss,
CaoHeo, CaoHs2, CaiHea, CaoHes, CasHes, CasH7o, CasHzz.

For GC-MS analysis, hexamethylbenzene (HMB) wasntjaively (200ng)
added to the samples as an internal standard. T¥ED (Agilent GC 6890 N
coupled with 5975C MSD) was equipped with DB5-M3uomn (30 m x 0.25 mm x
0.25 um) and highly purified helium (carrier ga9%® in purity). The GC-MS
operation is as follows: The temperature is sdiaifly at 60°C for 2 min, further
ramped to 290°C at 3 °C/min and held for 20 mine Shmples were injected with the
split-less mode at 290°Che post-run time was 5 min at 310 °C.

Authentic standards of the 16 PAHs (Nap, Ac, AdePRe, Ant, Flu, Pyr, BaA,
Chr, BbF, BkF, BaP, DBA, IP, BghiP) and 14 even benedn-alkanes (G, Ci2, Cia4,
Ci6 Cis, Coo, Coz, Cog, Cog, Cog, Cgo, Cso, C34 and Gg) were used to determine the
concentration of PAHs andtalkanes respectiveliPAHs were quantified by the ions
of m/z 128 for Nap, 152 for Ac, 153 for Ace, 166 fd, 178 for Phe and Ant, 202 for
Pyr and Flu, 228 for BaA and Chr, 252 for BbF, Bkid BaP, 276 for IP and BghiP,
278 for DBA. N-alkanes were quantified by the ions at m/z 57 ahdFor the odd
alkanes, we use the close even alkanes to calctiiateabundance based on the
retention times and mass spectra (Wang et al., )20Ifie target component

identification was based on the charge-mass ratid eetention times of the
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chromatographic peaks with the standards.
2.3 Sample analysisfor hopanes and steranes

The pretreatment process and GC-MS analysis ofrtegpand steranes was the
same as those for PAHs andlkanes. The 10 targeted hopanes and 12 steraves w
detected by separating the characteristic ions:Ifizfor hopanes, m/z 217 foa5
140- and 174-steranes and m/z 218 foa-5 143- and 1B-steranes. Without authentic
standard samples (i.e., reference material) oftahgeted hopanes and steranes, we
still can present their relative abundances ratti@n concentration data. The
abbreviation and forms of the 10 targeted hopandsla steranes are shown in Table
S1 in Supporting Information.

2.4 Quality Assurance/ Quality Control (QA/QC)

The Thermal/Optical Carbon Analyzer was calibratgth known quantities of
sucrose every day. One replicate analysis was oeefb for every 10 samples. The
difference determined from replicate analyses wa%3Jor OC and EC, 4.5% for TC
(total carbon) and 8.6% for char and soot. Resuktse corrected relative to the
average blank concentrations.

The purity of organic solvent used in this studC{®, Hexane) was 95% HPLC
grade. Prior to pretreatment, all containers wesaked and washed with hot
potassium dichromate and sulfuric acid immersiohese were then rinsed with
de-ionized water (18.2 M Milli-Q), wrapped in aluminum foil and baked atGf&
for 4 hours in a muffle furnace. Before use, altteiners were rinsed three times with

DCM.
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For PAHSs, the average surrogate recoveries weret8394or Nap-d, 73%+5%
for Ace-dio, 91%+7% for Phe-@, 91%+4% for Chr-¢b and 94%+5% for Perg
respectively. The reported PAHs concentrations wecevery corrected in this study.
The QA/QC forn-alkanes was based on the recovery rate of Phesdti Chr-gb
according to Guo et al., (2009). Nominal detectiomts for individual PAHs ranged
from 8 to 80 pg/n and from 10 to 100 ngfirfor the 20n-alkanes. Procedural blanks
and standard-spiked blanks were analyzed and theltseare within QA/QC
requirements. Sample results were corrected byamtlitg the average blank.

3 Results and discussion
3.1 Concentrations of OC, EC, char, soot, PAHs and n-alkanes

Table S2 in Supporting Information presents thétefgactions of OC, EC, 16
PAHs and 26 n-alkanes concentrations in all BM samples. The average
concentrations and some indices of carbonaceoligtgmutls in winter and summer are
presented in Table 1. The average concentratioof9.17 + 5.03 pg/fhin winter
were higher than those of summer (6.55 + 2.27 f)g/frhis difference was more
apparent for EC, 4.69 + 3.40 pg/rim winter and 1.70 + 0.71 pghin summer,
respectively. Similar results were observed fohbaitar and soot: 4.25 + 3.09 pg/m
for char and 0.45 + 0.47 pghfor soot in winter and 1.37 + 0.5 pgffor char and
0.32 + 0.21 for soot in summer, respectively. Feglt shows the individual
concentrations of OC, EC, char and soot in ord@réeide a better direct comparison.
It could be seen that apart from soot, the diffeesnbetween OC, EC and char are
very similar and distinct during the sampling pdrid\s regard PAHs and-alkanes,

11
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the average concentrations of PAHs was 19.8 + 8g18° in winter and 6.13 + 1.27
ng/nt in summer; fom-alkanes, they were 210 + 147 nd/and 79.1 + 17.7 ng/in
respectively. These large differences indicate thate may be specific sources of
high carbonaceous pollutants between summer anemwin

Table 2 provides a comparison of the carbonaceollistants, including OC, EC,
char, soot, PAHs and-alkanes in PMs measured in this study with other studies
worldwide. The OC and EC concentrations in2Mt WLFZ (7.86 and 3.20g/m’,
respectively) were lower than a rural site at Skaafhina (38.1 and 4.91,
respectively) (Zhu et al., 2012), comparable tokigemund/rural sites at Dongguan,
Lin’an and Haikou (Feng et al., 2015; Liu et aD,1Z; Wang et al., 2015d), but higher
than a remote site at Yulong mountain, China (la8d 0.55ug/m’, respectively)
(Zhang et al., 2018) and a rural site at Simcoena@a (1.30 and 0.64g/m’,
respectively) (Jeong et al., 2013). With regardhar and soot, the concentrations of
PM,s at WLFZ (2.81 and 0.39g/m’, respectively) were lower than a rural site in
Shaanxi, China (4.05 and 0.86/m°, respectively) (Zhu et al., 2012), comparable to a
rural site at Suthep Mountain in Chiangmai, Indoehi(2.97 and 0.3Gig/m’,
respectively) (Chuang et al., 2013), but highentha Qinghai Lake in China (0.16
and 0.22ug/m, respectively) (Li et al., 2013). For PAHs andilkanes, the total
concentrations of these two compounds in,PMt WLFZ (12.1 and 145 ngfin
respectively) were much higher than at Yulong maimt(0.97 and 6.53 nghn
respectivelyZhang et al., 2018), Qinghai Lake (0.69 and 6.4/fm) respectively)
(Li et al., 2013), Singapore (0.76 and 25.5 riy/raspectively) (Zhang et al., 2017)

12
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and Qatar (0.56 and 8.53 ng/ntespectively) (Javed et al., 2019). However, at
Lin'an, China, concentrations of PAHs were 26.9 nmg/while n-alkanes
concentrations were 62.2 nglifireng et al., 2015). These results demonstratehba
concentrations of-alkanes in PMs at WLFZ of TGRR are up to ten times higher
than those elsewhere (Table 2). It may be infettnatithesan-alkanes may be derived
from specific sources, such as epicuticular waassociated with higher plants in the
TGRR.
3.2 SOC estimation and sources from OC/EC and char/soot ratios

EC is essentially a primary pollutant while OC esulted from both primary
emitted sources (primary organic carbon: POC) awbrsdary transformation from
gaseous precursors (secondary organic carbon: S@i@n the OC/EC ratios exceed
2.0, the relationship of OC and EC can be usedtimate the SOC as (Turpin et al.,
1995):

SOC=0C- POC

POC=EC*(OC/EG)im

where (OC/ECin is thethe minimum ratio of OC/EC. This equation has been
used by researchers to identify source categoneseatimate levels of secondary
organic carbon (SOC) (Chow et al., 1996; Castral.et1999; Cao et al., 2005; Feng
et al.,, 2009). However, the ratio of char to samtaf/soot) may also be a valuable
indicator to imply source variations since there distinct changes between different
emission sources (Han et al., 2010; Wang et all9R0rable 1 summarize the SOC
concentrations, 2.47 + 1.3&/m’in winter and 3.11 + 2.0Q@g/m®in summer, and
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their relative contribution to OC (SOC/OC in %),.833 22.3 in winter and 44.6 +
22.2 in summer, respectively. Higher SOC conceiotmat (mean 3.1jug/m’) and
SOC/OC (mean 44.6%) were observed in summer comhpeite winter, 2.47ug/m’
for SOC and 33.0% for SOC/EC, respectively. In s@mrthe air temperature could
be as high as 40 °C with a high frequency of suienys, generating more intense of
solar radiation. Under these meteorological coadgj there could be much higher
photochemical activity resulting in enhanced forioratof SOC (Castro et al., 1999).
In winter, the temperature fluctuated around 10with a high frequency of rain,
providing suitable meteorological conditions togaere POC (Safai et al., 2014). As
a consequence, carbonaceous pollutants could atateniu the water and sediments
of WLFZ in winter; while in summer, the conditio$ high temperature, intensive
solar radiation and oxygen availability in the es@o surface sediments could result
in the re-emission of these carbonaceous pollutantise atmosphere. Therefore, the
difference between SOC and SOC/OC inRMf WLFZ at TGRR between summer
and winter could be due to the distinct seasondkanelogical conditions enhanced
by air-water, air-sediment and air-plant exchamgenis region.

Table 1 also presents the mean OC/EC and charitsd®il, s between winter
and summer. The OC/EC was 2.47 = 1.11 in winter «2d + 1.67 in summer,
respectively. For char/soot, these were 14.3 + 15.@inter and 4.69 + 2.12 in
summer, respectively, displaying a much more praoned variation than OC/EC.
According to Schauer et al., (2002) and Wang e{(20.15a), higher OC/EC (e.g., >4)
are associated with wood/coal burning or SOC; wiSkarikoski et al., (2008)
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suggested that lower OC/EC (e.g., <4) could charaet the dominance of fossil-fuel
burning sources, such as vehicle emissions. Theretbe OC in PMs in summer
could be from wood/coal burning and SOC; while E@svsolely from wood/coal
burning. Fossil-fuel combustion could be the maiontdbutor to these two
carbonaceous pollutants in winter. As regards sbat/ ratios of 0.60 for motor
vehicle exhaust, 1.31 for coal combustion and 2@rébiomass burning have been
suggested by Chow et al., (2004); while ratios @&f far biomass burning/coal
combustion and <1.0 for motor vehicle exhausts Wieund by Han et al., (2010).
The higher char/soot ratio in winter indicated doeamice of biomass burning and
could be associated with the burning of agricultsteaw or firewood. In rural China,
these materials are often burned in stoves for iogoand indoor heating in winter.
The lower char/soot in summer indicates a majoluamfice from fossil-fuel
combustion, and could be explained by vehicle donssas a result of intensive
agricultural cultivation on the large exposed aseéthe WLFZ. Source identification
from char/soot could be more reliable than thatnffi@C/EC as it is not influenced by
secondary organic formation processes and therefolle maintain the source
fingerprints of the fuel type.
3.3 Compositions of PAHs and n-alkanes

Figure 3 shows the relative percentages of 16 PAhts concentrations of 26
n-alkanes in PMs between winter and summer. Distinct differences tie
percentages of Nap (2-ring), Phe, Ant (3-ring) &hd Pyr, BaA, Chr (4-ring) in total
PAHs between these two seasons could be obsenvedinter, Phe, Ant, Flu, Pyr,
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BaA and Chr contributed 36.4% to the 16 PAHs; winlsummer it was only 17.4%.
BbF, BkF, BaA, DBA, IP, and BghiP (5~6-ring) domiied, and contributed 61.0% in
winter and 74.0% in summer, respectively. Nap, Ad Ace accounted for 2.21% in
winter and 9.23% in summer, respectively. It hasnbeeported that 4-ring PAHs are
derived from both from coal combustion and biomlassiing while 5-6-ring PAHs
could originate from diesel and gasoline vehiclessions (Harrison et al., 1996).
Natural mineral dusts are also found to contain,Mege, Fl, and Phe (Moon et al.,
2008). The higher contribution from Nap, Ac and Aoesummer compared with
winter indicates a possible “volatilization” fronxmosed surfaces (e.g., soils and
plants) in WLFZ. The volatilization here was acld@dwy re-emission of aged PAHs
from contaminated sediments that received high Isevaf pollutants during
impoundment. Nap, Ac and Ace are emitted in theegas phase and then perhaps
adsorbed onto P4 in the atmosphere (Wang et al., 2014). Furthatysthat focuses
on the air-soil/plant exchange of individual PAHsdar different seasons associated
with water levels are therefore needed and sugdie$tee higher contribution from
Phe, Ant, Flu, Pyr, BaA and Chr in winter indicataganic pollutants emitted as a
result of coal combustion and biomass burning sischgricultural straw or firewood.
The compositions of 2@-alkanes (Go-Czs) were similar between these two
seasons. However, differences in their concentrati@specially for &-Cgs, were
clearly observed. In order to distinguish the biageand anthropogenic origins of
n-alkanes, the carbon preference index (CPI) has hewed to assess source
information (Simoneit, 1986). The CPI in this studgs calculated as the sum of the
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concentrations of the odd carbon-numfeg., G;, Ci3, Cis...) divided by the even
carbon-number (e.g., 16 Cis, Cis...), i.e.: CPI=C (C11—Cas)/ X (C10-Cag). The CPI
was similar for the two seasons, averaging 1.241¥ ih winter and 1.27 + 0.15 in
summer, respectively (Table 1). The CPI values ratoil.00 were also observed at
TSP in a small town of Linzhi on the southeastdabeian Plateau, China (Chen et al.,
2014) and PM;s of a remote island in East China Sea (Wang e@l5b). A CPI of
1.2 in PMy s of December, 2011 in urban Shanghai, China waspakssented by Wang
et al., (2016a). According to Simoneit, (1986), Bl @quivalent to 1.0 suggests a
dominance of sources from anthropogenic activityjuchs as gasoline
emissions/petroleum residues). Therefore, anthmpiog sources substantially
contributed to th@-alkanes in PMs of WLFZ in TGRR.
3.4 Sources of PAHs and n-alkanes

The molecular diagnostic ratios (MDRS), such as/(Phe+Ant), Flu/(Flu+Pyr),
BaA/(BaA+Chr) and IP/(IP+BghiP), have been widebed to identify PAH sources
(Guo et al., 2009; Wang et al., 2014; Wang et24l15b). However, the use of these
ratios was based on a number of assumptions (Raviedal., 2008). First, each
emitting sources always release individual PAHthatsame ratios. Second, PAHs of
the same molecular weight have similar environniefatizs, i.e., the concentration
ratio of PAH A against PAH B always remains constauring their entire
environmental lifespan. These assumptions make M@Rsseful tools especially on
the determination or speciation of the “fresh” esiwa sources around mixed
combustion sources such as urban atmosphere. RecHarrison, et al., (2018)
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revealed the mechanism of distinct reactivity ofH&Aduring atmospheric transport
and found OH and NQradicals responsible for the gas phase oxidatiohow
molecular weight PAHs (fluoranthene and pyrenekr&foreuse of diagnostic ratios
at remote locations could be misleading since thergld be aged process associated
with re-emission from re-suspended soil or plamtame. In this study, we combined
MDRs with principal component analysis (PCA) to apportion B#eHs sources as to
improve the ability of discrimination.

Figure 4 compares the Phe/(Phe+Ant), Flu/(Flu+P®3A/(BaA+Chr) and
IP/(IP+BghiP) between summer and winter. Phe/(Pm#j+avas 0.89 in winter and
0.92 in summer, indicating a dominant source fraal combustion/biomass burning.
However, Flu/(Flu+Pyr) was 0.53 in winter and Oid8summer, respectively. This
discrepancy suggests that, in winter, grass, woodl, combustion dominated; while
in summer fossil fuel combustion contributed thesm®&aA/(BaA+Chr) was 0.36 in
winter and 0.45 in summer, both characterizing sgllar emission. The values of
IP/(IP+BghiP) in winter and summer were 0.54 ar@R0Qrespectively, indicating an
origin from coal, wood and grass combustion.

PCA using SPSS 16.0 (SPSS Inc., Chicago, IL, US&9 performed on datasets
containing eight MDRs PAHs (Phe, Ant, Flu, Pyr, Bar, IP, and BghiP). Table 3
presents two extracted PCs, PC1 and PC2, for biotiermand summer. PCs explained
95.8% (53.2 and 42.6%, respectively) of the totalance for winter and 89.0% (62.1
and 26.9%, respectively) for summer. PC1 in wittad high loadings of Phe, Ant,

Flu and Pyr, whereas PC1 in summer was dominatdedlyyPyr, BaA, IP and BghiP.
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Therefore, PC1 in winter was associated with coatlsustion/biomass burning; PC1
in summer was more associated with vehicular epmssin addition with coal
combustion/biomass burning (Harrison, et al., 19&put, et al., 2011; Wang et al.,
2014). PC2 in winter had high loadings of IP andhiBgwhereas PC1 in summer was
dominated by Phe and Ant. Hereby, PC2 in winter wlaaracterized as vehicular
emissions and PC2 in summer was assigned as ciludakage or refined petroleum
release (Zakaria et al., 2002). The sources appeadi using these MDRs therefore
complement each other, generating a more compreeenmderstanding of the
sources of PMs-bound PAHs in WLFZ in TGRR.

Simoneit et al., (1991) suggested that the sourEesalkanes could be mainly
divided into plant waxes (natural) and petroleursidees (anthropogenic). The
n-alkane with the highest concentration, namely,Ovas Ge-alkanes or gr.alkanes
in winter and Goalkanes or gzalkanes in summer, characterizing a source from
epicuticular waxes of higher plants. Table 1 ligte relative contribution of plant
waxes which was calculated as: Wax=C[C,—(Cn+1+C,-1)/2]/C,. The contribution
from plant wax was 26.2 + 13.6% in winter and 182 90% in summer, respectively.
In order to adapt to the periodic flooding condigpthe artificial cultured trees (e.qg.,
Aeschynomene indica, Cyperus) could lose theirdsasr these could be abraded,
possibly emitting more epicuticular waxes to the@déphere. In summer, there could
be petroleum leakage due to fuel handling and/éwelmg of the vehicles that
undertake intensive agricultural cultivation on éxposed areas. The slight difference
in percentage of plant waxes between the two seaswlicates that anthropogenic
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activity contributes most of the total 26 P¥boundn-alkanes in WLFZ of TGRR.
Actually, there have been some studies that albma&te the contribution from plant
wax to totaln-alkanes at other places. For example, as to the SEénples that were
collected from Lulang on the southeastern TibetateRu, China, the percent of plant
wax to totaln-alkanes was higher in winter than that in summarich was 27.9%
and 18.5%, respectively (Chen et al., 2014). Wiml&M, s of East China Sea, the
percent of plant wax to totatalkanes in winter was only 3.30% and in summerais
9.00% (Wang et al., 2015a). With a CPI value of &.2atio of 8.20% from plant wax
to total n-alkanes was observed in Ryof winter in urban Shanghai (Wang et al.,
2016). These differences between these studiesesuggatial-temporal variations
and uncertainties associated with the sample nurabdrsampling apparatushd
further research is required.
3.5 Relative abundances of hopanes, steranes, and their sourceimplications

The ratios of Ts/Tm,apC31 S/(S+R), andnaoC29 S/(S+R) are common
parameters used to identify anthropogenic sour€ees( et al., 2000; Alves et al.,
2008). As summarized in Table 1, Ts/Tm was 1.5236 @ winter and 1.33 + 0.48 in
summer, respectivelyfC31 S/S+R was 0.57 + 0.02 in winter and 0.57 £ OrD7
summer. With regard teaaaC29 S/(S+R), it was 0.49 + 0.08 in winter and Gt3%06
in summer. According to Feng et al., (2005), aorati Ts/Tm < 1.0 indicates the
influence of less thermally mature fuels (e.g.,nméss and coal). Ts/Tm was >1.0 in
both seasons, implying an impact from vehicle eshalhe ratios ofifC31S/(S + R)
both averaged 0.57, indicating a dominant sourma firaffic emissions (Fraser et al.,
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1998). ThenoaC29 S/(S+R) was 0.49 + 0.08 in winter and 0.55@60n summer.
The relatively highnoaC29 S/(S+R) suggests more mature petroleum residubg
atmosphere in summer (Zaghden et al., 2007), densisvith the suggestion of
agricultural activity at this time.

The relative abundance diagrams of 10 hopanes astefanes between summer
and winter are shown in Figure 5. These abundamem®e calculated based on
18u(H)-22,29,30-trisnorneohopane (Ts: where Ts = 1 &P7-wm(H), 14a(H),
170(H)-steranes (C2ka(20S): where C2uoo(20S) = 1). It could be seen that the
dominant hopanes in winter were GB0 followed by C28a; while the dominant
hopanes in summer were @80 and C2Ba. Non-catalytic converter equipped
gasoline-powered vehicles could emit particle-bo@8Mup (Schauer et al., 2002).
The dominant species of steranes during the twsossawere C28p(20S) and
C2%BB(20R). These two species were found to be aburidahie particulate phase
of non- catalytic converter equipped gasoline-p@derehicle tailpipes (Schauer et al.,
2002). Similar patterns, namelydbeing more abundant thans@nd G; steranes,
was also found in surface sediments of the Bohaj Saina, where it was attributed
to crude oil leakage (Hu et al., 2009).

The ratios of Ts/TmppC31 S/(S+R) (Table 1) and the relative abundance of
hopanes (Figure 5) indicate mixed sources fromolelixhaust and mature petroleum
residues to the PM-bound hopanes in WLFZ of TGRR. The rationsoafiC29
S/(S+R) (Table 1) and the relative abundance afases (Figure 5) also indicate
vehicle exhaust and petroleum residues are the rnsgarces of steranes and
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petroleum residues contribute more of steraneanmser compared with winter.
4 Conclusions

This study provides the first datasets on the coimagons, sources and seasonal
variations of carbonaceous pollutants inR2Mf two distinct water levels, ~175 m in
winter and 145 m in summer, at WLFZ of TGRR. Akttarbonaceous pollutants had
higher concentrations in winter with respect to swen The seasonal SOC and
SOC/OC ratio between summer and winter differs fgaas a result of distinct
air-water, air-soil and air-plant exchange in tl@gion. The different compositions of
16 PAHs in the two sampling periods implies tha dominant sources were distinct,
with air-soil/plant exchange contributing 2~3-rifAHs in summer and biomass
burning associated with agricultural straw or fioed contributing 4-5-ring PAHS in
winter. The results obtained by MDRs and sourceodmmment using PCA
complemented each other wdtighlighting a prominent contribution from traffic
emissions to PMsbound PAHs in summer. The contribution of plantxes to
n-alkanes in winter (26.2 £ 13.6%) was higher thaat in summer (18.2 + 8.90%),
possibly due to the loss or abrasion of leaves fi@®s (e.g., Aeschynomene indica,
Cyperus) under periodic flooding conditions. Petooh residues are the dominant
source of steranes in summer, likely due to agudcal vehicles, while vehicle
exhaust was the most common source of hopanedenatiess in both seasons.
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average = stdev).
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Table 3 Correlation factor loading matrix of sedstteight PAHS in Pl (" - "
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Figure captions

Figure 1 Sampling site at WLFZ of TGRR.

Figure 2 Comparisons of OC, EC, char and soot in fiMdtween summer and winter
associated with water levels.

Figure 3 The compositions of PAHs aneblkanes in PMs between summer and
winter.

Figure 4 The diagnostic ratios of Phe/(Phe+Ant)/Hu+Pyr), BaA/(BaA+Chr) and
IP/(IP+BghiP) of PM s between summer and winter.

Figure 5 Abundance distribution diagrams of relathopane and sterane of PM
between summer and winter.

(Ts:18a(H)-22,29,30-trisnor nechopane; Tm: 17a(H)-22,29,30-trisnor hopane; Cooup: 17a(H),21
B(H)-nor hopane; Cyopa: 17p(H),21a(H)-nor hopane; Cxof: 17a(H),218(H)-hopane; Caopa: 17B(
H),21a(H)-hopane;C3;S:22S-17a(H),218(H)-homohopane; C3;R: 22R-17a(H),218(H)-homoho
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Table 1 Concentrations and some indices of carlmmecpollutants in Ppk between summer and winter in WLFZ (n=22 and 18ummer

and winter, respectively, average * stdev).

_ _ Seasons oC EC SOC Char Soot OC/EC Char/Soot SOC/OC (%)
Sampling period
(water level) ug/nt
2017/07/22-08/25 summer (145 m) 6.55+2.27 1.70+0.71 3.11+2.00 1.37+0.57 0.32+0.21 .24#41.67 4.69+2.12 44.6+22.2
2018/01/15-01/31 winter (175 m) 9.17+5.03 4.69+3.40 2.4741.32 4.25+3.09 0.45+0.47 2.47+1.11  14.3+£15.6 33.0£22.3
16 PAHs n-alkanes (G-Css, 26 species) hopanes steranes
ng/mt  vyield (ng/nf) CPI Grax  Waxed (%) Ts/Tm  ofC31 S/S+R 0aaC29 S/S+R
2017/07/22-08/25 summer (145 m) 6.13+1.27 79.1+17.7 1.27£0.15 4Cz;;  18.248.90 1.33+0.48  0.57+0.07 0.55+0.06
2018/01/15-01/31 winter (175 m)  19.849.18 2104147 1.24+0.17 4£/C,;  26.2+13.6 1.52+0.36  0.5740.02 0.49+0.08




Table 2 Comparisons of the carbonaceous pollutarf®vl, s measured this study with other places worldwid€ (BC, Char, Soot in pgfn

PAHSs anch-alkanes in ng /).

Sample

Location Type of site Time number oC EC Char Soot >XPAHs ZXn-alkanes Reference
WLFZ in TGRR rural Jul., 2017-Jan., 2018 n=39 7.86 3.20 2.81 0.39 12.1 145 This study
Sanya, China suburban Jan., 2012-Jul., 2013 n=42 30 3. 1.10 0.95 0.15 6.85 14.8 Wang et al. (2015c)
Dongguan, China rural Feb.,2010-Dec., 2012 n=156 410 2.68 - - 8.97 44,7 Wang et al. (2015d)
Shaanxi, China rural Nov., 2007-Dec., 2008 n=53 138. 491 4.05 0.86 - - Zhu et al. (2012)
Lin‘an, China background Apr., 2008-Jan., 2009 =11 10.3 1.54 - - 26.9 62.2 Feng et al. (2015)
Haikou, China background Jan., 2015-Sep., 2015 - 705. 240 210 0.30 - - Liu et al. (2017)
Mt. Yulong, China remote Mar., 2012-Apr., 2012 n=30 1.84 0.55 - - 0.97 6.53 Zhang et al. (2018)
Qinghai Lake, China remote Jul., 2010-Aug., 2010  561= 1.58 0.37 0.16 0.22 0.69 6.47 Li et al. (2013)
Singapore background Nov., 2015-Feb., 2016 n=24 934 1.06 - - 0.76 25.5 Zhang et al. (2017)
Simcoe, Canada rural Feb., 2005-Nov., 2007 n=143 301. 0.64 0.07 0.57 - - Jeong et al. (2013)




West Midlands, UK

Chiangmai, Indochina

Doha, Qatar

Jeju Island, South Korea

rural

rural

suburban

coastal

May., 2007-Apr., 2008

Mar., 2010-Apr., 2010

May. 2015-Dec., 2015.

Aug., 2007-S@082

n=60

18=

n=105

n=41

2.50

18.6

78 1.

4.00

1.10

3.33

2.61

1.70

2.97

1.30

- 1.49

0.36 -

- 0.56

0.40 -

Harrison et al.
(2010)

Chuang et al.
(2013)

23.4

8.53 Javed et al. (2019)

- Lim et al. (2012)




Table 3 Correlation factor loading matrix of selected eight PAHs in PMgs (" - "

indicate values of the factor loading below zero).

PM5 s winter summer
8 species PC1 PC2 PC1 PC2
Phe 0.979 0.120 - 0.721
Ant 0.791 0.442 0.007 0.821
Flu 0.911 0.386 0.927 0.064
PAHs Pyr 0.849 0.508 0.958 0.001
BaA 0.668 0.720 0.939 -
Chr 0.722 0.668 0.741 -
IP 0.288 0.952 0.961 -
BghiP 0.263 0.960 0.908 -

explained variance % 53.2 42.6 62.1 26.9
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. Char/soot revealed dominance of biomass burning in winter and a major influence
from fossil-fuel combustion in summer.

. Air-soil/plant exchange contributed 2~3-ring PAHs in summer and biomass
burning contributed 4-5-ring in winter.

. Vehicle exhaust was the most common source of hopanes and steranes both in

summer and winter.
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