
Heliyon 7 (2021) e06883
Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon
Research article
An application of aromatic compounds as alternative tracers of tsunami
backwash deposits

Siwatt Pongpiachan a,b,c,*, Vanisa Surapipith c, Muhammad Zaffar Hashmi d,
Suparerk Aukkaravittayapun c, Saran Poshyachinda c

a NIDA Center for Research & Development of Disaster Prevention & Management, School of Social and Environmental Development, National Institute of Development
Administration (NIDA), 118 Moo-3, Sereethai Road, Klong-Chan, Bangkapi, Bangkok 10240 Thailand
b SKLLQG, Institute of Earth Environment, Chinese Academy of Sciences (IEECAS), Xi'an, 710075, China
c National Astronomical Research Institute of Thailand (Public Organization) (NARIT), 260 Moo 4, T. Donkaew, A. Maerim, Chiangmai, 50180, Thailand
d Department of Chemistry, COMSATS University Islamabad, 44000, Pakistan
A R T I C L E I N F O

Keywords:
Marine sediments
Polycyclic aromatic hydrocarbons (PAHs)
Andaman sea
Diagnostic binary ratios
Chemical tracers
* Corresponding author.
E-mail address: pongpiajun@gmail.com (S. Pong

https://doi.org/10.1016/j.heliyon.2021.e06883
Received 12 February 2020; Received in revised fo
2405-8440/© 2021 The Author(s). Published by Els
nc-nd/4.0/).
A B S T R A C T

This manuscript provides some comprehensive technical insights regarding the application of polycyclic aromatic
hydrocarbons (PAHs) characterized by using Gas-Chromatography Mass Spectrometry. Although numerous
chemical species such as water soluble ionic species (e.g. Naþ, Kþ, Cl�, Ca2þ, Mg2þ) and acid leachable heavy
metal fractions (e.g. Fe, Cd, Al, Mo, Sb, As, Cu, Zn, Pb, and Mn) can be used to characterize tsunami deposits, the
knowledge of PAH congeners as alternative chemical species for identifying tsunami backwash deposits is strictly
limited. This manuscript is exclusive because it aims to find some alternative chemical proxies in order to
distinguish tsunami backwash deposits from typical marine sediments. A wide range of diagnostic binary ratios of
PAH congeners have been selected in order to characterize Typical Marine Sediments (TMS), Tsunami backwash
deposits (TBD), Onshore Tsunami Deposits (OTD) and Coastal Zone Soils (CZS). The state of the art and future
perspectives coupled with both advantages and disadvantages of above mentioned chemical tracers will be
critically reviewed and further discussed.
1. Introduction

1.1. Research background

During the past few decades, geoscientists have relied on an array of
physical evidences, such as uncommonly coarse grain size in comparison
to neighboring sediments, the complicated sources of deposits, unique
vertical and horizontal fluctuations in particle size composition, are all
regarded as typical diagnostic aspects of tsunami backwash deposits
(Bellanova et al., 2020b; Cantalamessa and Di Celma, 2005; Goto et al.,
2019; Ishizawa et al., 2020; Shi et al., 1995). Some distinctive features of
tsunami deposits can be considered as several consequences of the pro-
cesses of tsunami generation, propagation, and the sedimentary re-
sponses (Dawson and Stewart, 2007). In spite of numerous efforts on
characterizing sedimentary features of tsunami backwash deposits
offshore and historic tsunami onshore by using geophysical records,
there were only few studies using geochemical tracers such as water
soluble ionic species, heavymetals and polycyclic aromatic hydrocarbons
piachan).
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(PAHs) in order to investigate the tsunami evidences (Goto et al., 2011;
Irizuki et al., 2019; Pongpiachan et al., 2013a,b,c,d,e; Pongpiachan,
2014; Prasath and Khan, 2008; Szczuci�nski et al., 2005, 2007; Tipmanee
et al., 2012; Watanabe et al., 2020). It was found that the 2011
Tohoku-oki tsunami deposits contained comparatively high contents of
water-soluble chloride which can be applied as geochemical tracers for
investigating historic tsunami (Goto et al., 2011). According to the ap-
plications of geochemical tracers, historic tsunami (e.g. 869 AD J�ogan
earthquake and tsunami) in Sendai plain, Japan have seemingly been
miscalculated. If the 2011 and 869 AD tsunami episodes are undeniably
equivalent, the risk from tsunami in Japan is considerably larger than
formerly acknowledged (Goto et al., 2011).

Similar patterns were previously observed in marine deposits in
tsunami-inundated area triggered by the 26 December 2004 Indian
Ocean tsunami wave (Szczuci�nski et al., 2005). Some prominent features
such as the enrichment of ionic species (e.g. Naþ, Kþ, Caþ2, Mgþ2, Cl�

and SO4
�2) in water-soluble fraction, and heavy metals (e.g. Cd, Cu, Zn,

and Pb) in the bioavailable fraction were detected in all surface and
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Table 1. Chemical structures of PAHs.

Congener Abbreviation M.W. [g] Chemical Structure

Acenaphthylene Ac 152

Acenaphthene Ace 154

Fluorene Fl 166

Phenanthrene Phe 178

Anthracene An 178

3-Methyl Phenanthrene 3-MePhe 192

CH3
9-Methyl Phenanthrene 9-MePhe 192 CH3

1-Methyl Phenanthrene 1-MePhe 192 CH3

2-Methyl Phenanthrene 2-MePhe 192

CH3

1-methyl-7-isopropyl phenanthrene (Retene) Ret 234 CH3 CH3

CH3
Fluoranthene Fluo 202

Pyrene Py 202

(continued on next page)
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Table 1 (continued )

Congener Abbreviation M.W. [g] Chemical Structure

Benz[a]anthracene B[a]A 228

Chrysene Chry 228

Triphenylene Tri 228

Benzo[b]fluoranthene B[b]F 252

Benzo[j]fluoranthene B[j]F 252

Benzo[k]fluoranthene B[k]F 252

Benzo[e]pyrene B[e]P 252

Benzo[a]pyrene B[a]P 252

Perylene Per 252

(continued on next page)
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Table 1 (continued )

Congener Abbreviation M.W. [g] Chemical Structure

Indeno[1,2,3-cd]pyrene Ind 276

Benzo[g,h,i]perylene B[g,h,i]P 276

Anthanthrene Ant 276

Dibenzo[a,h]anthracene D[a,h]A 278

Coronene Cor 300
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ground waters in tsunami-inundated zone at the Southern part of
Thailand (Szczuci�nski et al., 2005). These scientific evidences indicated
that unexpectedly large tsunami inundation can cause adverse health
effects since there is a danger of transfer of heavy metals into ground
waters and potential bioaccumulation and/or biomagnification along the
aquatic food chain. However, it is also crucial to underline that these
results are site-specific and could be influenced by many anthropogenic
factors. For instance, there was exploration and mining activities in the
vicinity of Bang More village and Nam Khem village, which were care-
fully selected as sampling sites (Szczuci�nski et al., 2005). A more
comprehensive review associated with the applications of geochemistry
as markers of marine inundation for investigations of the limit of tsunami
inundation has been reported by Chagu�e-Goff et al., 2017. Several
geochemical proxies such as water-leachable ions coupled with carbon-
ates (Minoura et al., 1987; Minoura and Nakata, 1994; Minoura and
Nakaya, 1991), DNA (Somboonna et al., 2014; Szczuciński et al., 2016),
major and trace elements (Jayawardana et al., 2012), total organic car-
bon coupled with stable isotope (i.e. TOC, TN, C/N, δ13C, δ15N) (Daha-
nayake et al., 2012), elemental counts (Sakuna et al., 2012), organic
functional groups as characterized by Fourier-transform infrared
4

spectroscopy (FTIR) (Pongpiachan et al., 2013b), and μ-SXRF spectra of
elements (Pongpiachan et al., 2013c) have been introduced as promising
geochemical markers for evaluating the impacts of tsunami inundation
(Chagu�e-Goff et al., 2017). The most recent publication underlined the
importance of geochemical proxy (e.g. Ca/Ti and Sr/Ba) coupled with
diatom assemblages with grain sizes characteristics to describe the
tsunami deposits and its maximum inundation limit occurred on 27th

February 2010, at Las Caneas, Maule Region, Chile (Chagu�e-Goff et al.,
2015). Further attempts have also been focused on identifying the evi-
dence of small historical tsunamis in Lyttelton Harbour, New Zealand by
applying a multi-proxy approach comprising sedimentological,
geochemical and diatom analyses complemented by dating from 137Cs
activity profiles and historical data (Judd et al., 2017). Numerous types
of multiproxy such as anhysteretic remanent magnetization (ARM),
anisotropy of magnetic susceptibility (AMS), and X-ray fluorescence
(XRF) were used to investigate the signature of the 1755 tsunami deposit
at Boca do Rio, Algarve, Portugal (Moreira et al., 2017; Vigliotti et al.,
2019).

Recent studies have highlighted the importance of anthropogenic
organic substances (e.g. PAHs, halogenated aromatics, soil derived



Table 2. Sediment sampling positions and water depths.

Sample No. Date Latitude Longitude Water depth (m)

011207–01 01.12.07 08� 50.9640 97� 58.3940 60.15

011207–02 01.12.07 08� 50.9400 98� 01.7540 53.20

011207–03 01.12.07 08� 50.9050 98� 02.1010 52.40

011207–04 01.12.07 08� 49.9750 98� 04.0020 49.20

011207–05 01.12.07 08� 50.9450 98� 03.6500 49.20

011207–06 01.12.07 08� 50.8610 98� 05.8080 39.70

011207–07 01.12.07 08� 51.0820 98� 06.0850 38.85

011207–08 01.12.07 08� 51.0500 98� 07.6380 31.30

011207–09 01.12.07 08� 50.9770 98� 09.7360 22.50

011207–10 01.12.07 08� 50.9530 98� 11.6880 18.00

021207–11 02.12.07 08� 46.9010 98� 11.5120 20.10

021207–12 02.12.07 08� 47.4590 98� 11.5280 20.10

021207–14 02.12.07 08� 50.1890 98� 11.4330 18.70

021207–15 02.12.07 08� 48.9640 98� 06.8930 35.90

021207–16 02.12.07 08� 48.1470 98� 04.6520 44.70

021207–17 02.12.07 08� 47.6070 98� 03.9690 44.40

021207–18 02.12.07 08� 49.0880 98� 02.3570 52.10

021207–19 02.12.07 08� 49.3100 98� 00.3510 56.90

021207–20 02.12.07 08� 49.2960 97� 59.8190 57.80

031207–21 03.12.07 08� 45.9890 97� 58.5490 63.40

031207–22 03.12.07 08� 46.8670 97� 59.1670 61.80

031207–23 03.12.07 08� 44.9400 98� 01.1670 56.50

031207–24 03.12.07 08� 44.9290 98� 02.5550 52.30

031207–25 03.12.07 08� 45.9780 98� 04.2800 44.10

031207–26 03.12.07 08� 47.2780 98� 07.8840 33.60

031207–27 03.12.07 08� 46.9380 98� 08.0910 26.50

031207–29 03.12.07 08� 44.9380 98� 08.1540 25.10

031207–30 03.12.07 08� 43.7140 98� 10.9570 21.60

051207–31 05.12.07 08� 47.1900 98� 11.7350 15.80

051207–32 05.12.07 08� 46.8090 98� 11.8200 14.80

051207–33 05.12.07 08� 44.9580 98� 10.9650 17.00

051207–34 05.12.07 08� 43.0000 98� 11.9160 16.70

051207–35 05.12.07 08� 43.7690 98� 11.2700 15.20

051207–36 05.12.07 08� 43.8750 98� 10.9450 17.30

051207–37 05.12.07 08� 43.7830 98� 11.0870 17.00

051207–38 05.12.07 08� 43.6820 98� 11.1680 15.10

051207–39 05.12.07 08� 43.6350 98� 10.9330 17.50

051207–40 05.12.07 08� 43.5840 98� 10.6550 17.80

051207–41 05.12.07 08� 43.4580 98� 10.7530 16.80

051207–42 05.12.07 08� 43.3190 98� 10.9080 15.70

051207–43 05.12.07 08� 43.3440 98� 10.5870 17.70

051207–44 05.12.07 08� 43.3140 98� 10.3350 18.20

051207–45 05.12.07 08� 43.1780 98� 10.4460 17.50

051207–46 05.12.07 08� 43.0400 98� 10.6390 16.90

051207–47 05.12.07 08� 43.0230 98� 10.2170 18.30

051207–48 05.12.07 08� 42.9010 98� 09.9880 17.80

071207–49 07.12.07 08� 30.2220 97� 59.1240 62.00

071207–50 07.12.07 08� 32.7530 97� 59.8650 57.90

071207–51 07.12.07 08� 32.9670 97� 59.5870 58.60

071207–52 07.12.07 08� 33.1710 97� 59.5670 59.80

071207–53 07.12.07 08� 33.4210 97� 58.4220 59.80

071207–54 07.12.07 08� 33.8040 97� 58.6740 64.30

071207–55 07.12.07 08� 33.8100 98� 00.9080 57.10

071207-56I 07.12.07 08� 32.8410 98� 04.1990 42.90

071207-56II 07.12.07 08� 32.8290 98� 04.2230 42.90

071207–57 07.12.07 08� 31.8020 98� 04.5480 40.70

071207–61 07.12.07 08� 35.8630 98� 03.6300 45.60

071207–62 07.12.07 08� 36.3200 97� 59.4920 57.50

(continued on next page)
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Table 2 (continued )

Sample No. Date Latitude Longitude Water depth (m)

071207–63 07.12.07 08� 39.8590 98� 00.6670 50.70

071207–64 07.12.07 08� 39.8610 98� 00.5100 49.50

071207–65 07.12.07 08� 42.6300 98� 03.9540 40.40

071207–66 07.12.07 08� 38.7590 98� 06.2050 35.80

081207–69 08.12.07 08� 43.1020 98� 11.2120 14.20

081207-70I 08.12.07 08� 43.0470 98� 11.0600 15.00

081207-70II 08.12.07 08� 43.0420 98� 11.0960 15.10

081207–71 08.12.07 08� 42.9280 98� 10.9060 15.80

081207-72I 08.12.07 08� 42.8730 98� 10.8920 16.10

081207-72II 08.12.07 08� 42.8480 98� 10.9180 16.30

081207–73 08.12.07 08� 42.7820 98� 11.0230 14.40

081207–74 08.12.07 08� 42.7440 98� 10.8660 16.50

081207–75 08.12.07 08� 42.6460 98� 10.7440 16.80

081207–76 08.12.07 08� 42.9500 98� 11.7910 12.70

081207–77 08.12.07 08� 42.5690 98� 11.6800 13.90

Figure 1. Sediment collecting sites at the tsunami-attacked coastal areas of Andaman Sea.

S. Pongpiachan et al. Heliyon 7 (2021) e06883
pesticides) as promising geochemical tracers to identify tsunami deposits
on the coastal region around Sendai due to its higher source specificity
and comparatively strong chemical structures (Bellanova et al., 2016).
There are numerous benefits of using PAHs as geochemical tracers for
classifying tsunami backwash deposits. Firstly, PAHs are persistent
organic pollutants and thus possess a comparatively long half-life in the
environment. Secondly, PAHs are hydrophobic chemical substances
which describes the fact that PAHs do not combine with water molecules.
Thirdly, previous studies highlight the benefits of using diagnostic binary
ratios of PAHs as geochemical tracers for classifying potential emission
6

sources (Yunker et al., 2002, 2005, 2011; Yunker and Macdonald, 2003).
A similar investigation associated with chemical characterization of
PAHs in tsunami deposits were conducted at Kahana Valley, O'ahu,
Hawaii, USA (Bellanova et al., 2020a). Geochemical identification of
tsunami deposits indicates that organic markers can be considered as
another high-resolution, multi-proxy protocol for characterizing tsu-
namis in the marine sediments (Bellanova et al., 2020a). It is also crucial
to underline that LMW PAHs (i.e. fluoranthene, pyrene, and benzo[a]
anthracene) have been detected as the most suitable organic biomarkers
for historic fire events in lake sediment (Denis et al., 2012), terrestrial



Table 3. Comparisons of diagnostic binary ratios of the sediment PAHs between this study and other world sediment samples.

Reference This study a b c d e f g h i j k l l l l m n

Year 2014 2012 2010 2009 2014 2014 2012 2011 2013 2013 2016 2020 2020 2020 2020 2020 2020

Country Thailand Malaysia China China China China China China China China China East Baltic North Bohai Yellow Hormozgan Nigeria

Area Khao Lak
oastal
Sediments

West
Port

Liaohe
Estuarine
Wetland

Bohai Bay
Intertidal
Zone

Yellow
River
Estuary

Jiaozhou
Bay
Wetland

Guan
River
Estuary

Chongming
Wetland

Quanzhou
Bay

Baguang
Wetland

Ramsar
Swamp of
Hongkong

Antarctica
Prydz Bay

Sea Sea Sea Sea Persian
Gulf

Niger Delta
Bonny Estuary

Unit μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1 μg kg�1

ΣPAHs(3,4)/ΣPAHs(5,6) 1.35 2.20 3.53 24.40 2.00 2.00 0.21 2.94 1.58 2.67 1.55 3.47 1.57 1.36 1.42 1.00 2.82 0.89

An/Σ178 0.11 0.69 0.11 0.04 0.15 0.06 0.55 0.13 0.00 0.13 0.45 0.05 0.12 0.18 0.11 0.09 0.24 0.32

Fluo/Σ202 0.35 0.21 0.57 0.69 0.51 0.56 0.59 0.57 0.39 0.54 0.43 0.50 0.56 0.52 0.58 0.59 0.52 0.42

B[a]A/Σ228 0.49 0.92 0.37 0.38 0.40 0.07 0.48 0.37 0.85 0.64 1.00 0.28 0.41 0.36 0.28 0.24 0.24 0.51

a Adapted from Sany et al. (2014).
b Adapted from Lang et al. (2012).
c Adapted from Jiao et al. (2010).
d Adapted from Yamei et al. (2009).
e Adapted from Yang et al. (2014).
f Adapted from He et al. (2014).
g Adapted from Wang et al. (2012).
h Adapted from Zhuang et al. (2011).
i Adapted from Zeng et al. (2013).
j Adapted from Cai et al. (2013).
k Adapted from Xue et al. (2016).
l Adapted from Wang et al. (2020).
m Adapted from Jahromi et al. (2020).
n Adapted from Anyanwu et al. (2020).
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Table 4. Binary ratios of PAHs in marine sediments collected at the Khao Lak coastal sediments in comparison with numerous potential sources.

Ratios This Study Petroleum Mixed Sources Combustion References

LMW/HMW 1.29 >1 <1 Grass, Wood and Coal Sicre et al. (1987)

Budzinski et al. (1997)

Cardellicchio et al. (2007)

Phe/An 8.15 >10 <10 Grass, Wood and Coal Baumard et al. (1998a)

Fluo/Pyr 0.54 <1 >1 Grass, Wood and Coal Baumard et al. (1998b)

Fluo/(FluoþPyr) 0.35 <0.4 0.4–0.5 >0.5 Grass, Wood and Coal Yunker et al. (2002)

An/(AnþPhe) 0.11 <0.1 >0.1 Combustion Yunker et al. (2002)

B[a]A/(B[a]AþChry) 0.49 <0.2 0.2–0.35 >0.35 Combustion Yunker et al. (2002)

Ind/(IndþB[g,h,i]P) 0.34 <0.2 0.2–0.5 >0.5 Grass, Wood and Coal Wang et al. (1999)
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soils (Kim et al., 2003; Sojinu et al., 2011; Vergnoux et al., 2011), and
marine deposits (Olivella et al., 2006; Stout et al., 2001; Vila-Escal�e et al.,
2007). Furthermore, previous studies indicate the role of volcanic dust in
the atmospheric transport and deposition of PAHs (Stracquadanio et al.,
Table 5. Aerosol sampling site descriptions.

Site Source Type Description

PSU Urban Residential Zone The site was situated at about 3 m ab
University, and about 550 m away fro
PSU1 and PSU2 represent the samplin
respectively. This site is considered as

TI Traffic The station was located at the traffic i
approximately 2.5 km far away from t
zone. The air samples were collected

CI Timber This station is a part of Kor-Hong tem
were generally used as fuel for corpse
This site represents the sampling peri

CPF Crude Oil This site was situated inside the fish c
conglomerate in Thailand. As crude oi
crude oil-burning. The monitoring wa

SL Rural Background This station was located at the south of
also situated about 14 km away from
emission sources including chemical a
background sampling station. SL1 and
22nd October, 2007) respectively.

RMF1 Timber This monitoring site was located at Tu
treated with steam of high temperature
rubber trees were used as fuel for this
and sulfuric acid aerosols. The air sam

RMF2 Timber This station was situated at Tumbol Ta
rubber trees burning, latex fragments

BT Diesel Engine This site was located at the south-wes
selected as a source of diesel emission
from 5th – 7th August 2007.

WI Solid Waste þ Crude Oil This site was situated at the city cente
heterogeneous mixture of solid wastes
diesel exhaust emission. The air samp

BF Charcoal This site was located inside the PSU ca
annual tradition that is held on the sec
2007. This site can be considered as a
2007.

PR Traffic This station was located at the heart o
congestions with the mixture of diese
2007.

KHH Urban Background This site was situated at the radio stat
station was considered as a mixture o
monitoring site. The sampling was co

RSB Biomass Burning The rice straw burning has been the m
disease organisms. Although the optio
pollution. The station was situated at
burning. The sampling was conducted

BB Biomass Burning As a part of soil preparation process, t
was adjacent to the unused land, and lo
of biomass burning. The sampling wa

PTB Biomass Burning This station is located Namom district,
The air samples were collected on 18t

8

2003), particularly in the aquatic ecosystem (Kozak et al., 2017). As a
consequence, it appears reasonable to assume that PAHs possess high
potential as organic markers to investigate the impacts of historic
ove ground level in the Faculty of Environmental Management of Prince of Songkla
m the main traffic road that leads to the city center of Hat-Yai. It is important to note that
g period of June (28th -30th June, 2007) and October (24th -26th October, 2007)
an urban residential zone.

ntersection in front of the main gate of PSU. It is situated on the eastern side and
he Hat-Yai city center. This station is regarded as a traffic area closed to urban residential
on 5th – 7th July, 2007.

ple, located at the northern side and about 1.5 km far way from TI. Since timbers and tires
incineration, this site is considered as an emission source of both timbers and tires-burning.
od of 19th - 21st July 2007.

an manufacturing factory of Charoen Phokphand group, which is the largest business
l was used for the fish can production, this station can be regarded as an emission source of
s conducted on 24th – 26th July 2007.

Songkhla Lake and approximately 13 km far away from the northern side of PSU. This site is
the western side of the Gulf of Thailand. Since there are not many industrial and/or traffic
nd metallurgy factories, power plants, and etc in this district, we consider this site as a rural
SL2 represent the monitoring period of July (27th – 29th July, 2007) and October (20th –

mbol Tungwan, Hat-Yai district. As a part of manufacturing process, the rubber sheet was
and high pressure coupling with the purification by using sulfuric acid solution. Since Para

process, this site represents an emission of mixed Para rubber trees burning, latex fragments
ples were collected from 30th July to 1st August 2007.

chang, Banglum district. Both RMF1 and RMF2 are regarded as an emission of mixed Para
and sulfuric acid aerosols. The air samples were collected from 2nd – 4th August 207.

tern side of PSU and approximately 1.4 km far away from the campus. This station was
because the majority of these buses are diesel-fueled. The air sample collection was started

r and belongs to the municipality of Hat-Yai city. Since the municipal waste incinerated is a
and burning fuels, this site can be recognized as a combination of solid waste burning and
les were collected from 28th – 30th August, 2007.

mpus on the top roof of Faculty of Natural Resources. The barbeque festival has become an
ond week in August. The 40th Annual Barbecue Festival is set for Wednesday, August 15th,
n emission of charcoal burning. The air samples were collected from 15th – 18th August,

f Hat-Yai city. The air mass collected at this area reflected the heaviest burden from traffic
l and benzene exhaust emissions. The monitoring was conducted on 27th – 29th August,

ion on the top of Kor-Hong hill with the elevation of 356 m. The air mass passed over the
f all emission sources in urban area, and thus can be regarded as an urban residential zone
nducted on 3rd – 5th November, 2007.

ajor practice for removing rice straw because it is fast, economical and practical in removing
ns for the disposition of rice straw are limited, this practice leads to unacceptable air
rice field in Satingpra district, Songkhla Province and considered as a represent of biomass
on 16th November, 2007.

he biomass must be disposed of in order to make way for the plantation. The sampling site
cated at Namom district, Songkhla Province. This site can be regarded as an emission source
s conducted on 17th November, 2007.

Songkhla Province and can be recognized as an emission source of Para rubber tree burning.
h November, 2007.



Table 6. Diagnostic binary ratios of PAHs in Andaman marine sediments in comparison with those of particulate PAHs from other locations in Thailand.

Khao Lak Coastal Area,
Andaman Sea (Sediment
Samples; n ¼ 70; see Table 3)

Phuket (PM2.5; n ¼ 61;
ChooChuay et al., 2020a)

Bangkok PM2.5; n ¼ 72;
ChooChuay et al. (2020b)

Chiang-Mai PM2.5;
n ¼ 65;
ChooChuay et al. (2020c)

Various Emission
Sources (PM10; n ¼ 17;
see Tables 4 and 5)

ANOVA-Test

An/(AnþPhe) 0.106 � 0.0340 0.16 � 0.025 0.15 � 0.15 0.14 � 0.10 0.130 � 0.114 S

Fluo/(FluoþPyr) 0.352 � 0.0906 0.54 � 0.058 0.45 � 0.47 0.52 � 0.48 0.495 � 0.0533 S

B[a]A/(B[a]AþChry) 0.545 � 0.0929 0.87 � 0.060 0.55 � 0.46 0.84 � 0.65 0.508 � 0.0983 S

B[a]P/(B[a]PþB[e]P) 0.374 � 0.0959 0.52 � 0.084 0.58 � 0.59 0.55 � 0.65 0.411 � 0.152 S

Ind/(IndþB[g,h,i]P) 0.293 � 0.109 0.48 � 0.072 0.40 � 0.36 0.47 � 0.50 0.455 � 0.0744 S

B[k]F/Ind 1.04 � 0.763 0.71 � 0.92 0.66 � 0.66 0.47 � 0.52 0.217 � 0.164 S

*S: Significant (p < 0.05), **NS: Non-Significant.

Table 7. Statistical descriptions of meteorological parameters and sampling positions.

Site Site Full Name Sampling Period Latitude Longitude Average T1

[�C]
Average RH2

[%]
Average AP3

[mbar]

PSU Prince of Songkla University 28/06/07–30/06/07 7�00021.2800N 100�29053.2700 30 � 3 66 � 20 1007.8 � 1.5

TI Traffic Intersection 05/07/07-07/07/07 7�00030.8100N 100�29039.2100E 27 � 3 79 � 12 1008.1 � 1.0

CI Corpse Incinerator 19/07/07–21/07/07 7�01017.5500N 100�29041.4400E 32 � 3 61 � 13 1007.4 � 0.6

CPF Charoen Pokapan Factory 24/07/07–26/07/07 6�54016.3800N 100�28005.1500E 32 � 1 65 � 6 1007.8 � 0.6

SL Songkhla Lake 27/07/07–29/07/07 7�10002.9200N 100�35011.3600E 29 � 2 68 � 10 1006.8 � 0.6

RMF1 Rubber Manufacturing Factory 1 30/07/07–01/08/07 7�03019.9700N 100�37058.9000E 30 � 1 69 � 9 1008.1 � 1.0

RMF2 Rubber Manufacturing Factory 2 02/08/07–04/08/07 7�03006.2800N 100�24007.7700E 32 � 1 57 � 10 1008.8 � 0.6

BT Bus Terminal 05/08/07-07/08/07 6�59042.7800N 100�28058.0200E 33 � 1 53 � 3 1008.1 � 1.0

WI Waste Incinerator 08/08/07–10/08/08 6�57015.4300N 100�24000.4600E 31 � 1 64 � 8 1007.8 � 0.6

BF Barbeque Festival 15/08/07–17/08/07 7�00023.0900N 100�30000.5400E 32 � 2 60 � 2 1007.8 � 0.6

PR Pekrasem Road 27/08/07–29/08/07 7�00052.9900N 100�28020.5000E 28 � 3 73 � 19 1007.1 � 2.0

KHH Kor Hong Hill 03/11/07–05/11/07 7�00057.9200N 100�31012.7600E 28 � 2 73 � 11 1008.1 � 0.0

RSB Rice Straw Burning 16/11/07 7�27000.5200N 100�25019.0200E 31 79 1007.1

BB Bush Burning 17/11/07 6�57040.4500N 100�33006.6800E 31 66 1007.1

PTB Para Rubber Three Burning 18/11/07 6�57040.4500N 100�33006.6800E 27 79 1006.1

1 T: Temperature.
2 RH: Relative Humidity.
3 AP: Air Pressure.
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tsunami particularly in the volcanic regions and/or heavily forest-fire
affected coastal sediments.

Some particular concerns with respect to the contaminations of
polycyclic aromatic hydrocarbons (PAHs) and other chemical com-
pounds in tsunami-inundated area were subsequently investigated in
Phang Nga province, Thailand (Pongpiachan et al., 2013a,b,c; Pongpia-
chan, 2014; Prasath and Khan, 2008; Tipmanee et al., 2012). Twelve PAH
congeners (i.e., phenanthrene (Phe), anthracene (An), fluoranthene
(Fluo), pyrene (Pyr), benz[a]anthracene (B[a]A), chrysene (Chry), benzo
[b]fluoranthene (B[b]F), benzo[k]fluoranthene (B[k]F), benzo[a]pyrene
(B[a]P), indeno[1,2,3-cd]pyrene (Ind), dibenz[a,h]anthracene (D[a,h]
A), and benzo[g,h,i]perylene (B[g,h]P) were comprehensively charac-
terized in marine deposits at the 26 December 2004 Indian Ocean
tsunami affected coastal area (Pongpiachan et al., 2013a). According to
the report,

P
12PAHs in this study were remarkably under other values

detected in coastal deposits around the world. In spite of comparatively
low

P
12PAH contents detected in the tsunami-inundated zone, some

unique accomplishments are worthy enough to be discussed. Further
efforts towards the application of chemical proxy to clarify the sediment
transport mechanism triggered by successive tsunami run-up and back
wash phenomena had been conducted by analysing PAH congeners in
coastal deposits coupled with the employment of several multivariate
descriptive statistical techniques (Tipmanee et al., 2012). Some other
levels of efforts to elucidate the depositional processes after tsunami back
wash phenomena were made by comprehensively characterize the
spectrum of functional groups in tsunami sediments by using Fourier
9

Transform Infrared (FTIR) and micro-beam synchrotron X-ray fluores-
cence (μ-SXRF) (Pongpiachan et al., 2013b,c).

Recognizing the processes and spatial distributions of tsunami inun-
dation and sediment transport needs some innovative concepts to
distinguish between terrigenous and marine deposits of aromatic com-
pounds. Besides, the role of the continental shelf as an emission source of
aromatic compounds should theoretically be discriminated from those of
sea floors, as sink areas and the combination between the two should also
be carefully investigated. Numerous techniques have been applied to
discriminate between marine and terrigenous components in coastal
deposits by aromatic compounds such as PAHs, hopanes and cholestanes
(e.g. 17 α(H) -22,29,30-Tris (Tm), 17 β(H), 21 β (H) -hopane, 17 β (H), 21
α (H) -30-northpane (Isoadiatane), 17 β (H), 21 α (H) -hopane (Mor-
etane), 17 α (H), 21 β (H) –hopane, 18 α (H), 22,29,30-Trisnorneohopane
(Ts)) (Westerholm et al., 1992; Yunker et al., 2002; Yunker and Mac-
donald, 2003; Kalaitzoglou et al., 2004). By computing aromatic com-
pound contents against natural background concentrations, the
geographical expansion of tsunami backwash deposits can roughly be
evaluated.

There are several benefits to use aromatic compounds as chemical
tracers. Firstly, aromatic compounds have some preferences that they are
both intentionally and unintentionally emitted into the environment by
incomplete ignitions of fossil fuels and biomasses and hence can be
employed as tracers to characterize anthropogenic ignition origins (e.g.
vehicular exhausts, power plants, factories etc) from natural burning
sources (e.g. biomass burnings, agricultural waste burnings, and volcano



Table 8. Principal component analysis of PAHs in marine sediments.

PAH Congeners Principal Component (PC)

PC 1 PC 2 PC 3 PC 4 PC 5

Phe 0.031 0.080 0.943 0.234 -0.058

An 0.174 0.040 0.927 0.262 -0.111

Fluo 0.070 0.385 -0.191 0.592 0.592

Pyr -0.029 0.011 -0.076 0.171 0.973

B[a]A -0.091 -0.150 0.390 0.867 0.151

Chry -0.065 -0.148 0.360 0.893 0.143

B[b]F 0.880 0.233 0.360 0.045 -0.054

B[k]F 0.846 0.210 -0.018 -0.252 0.088

B[e]P 0.973 0.011 -0.042 0.037 -0.059

B[a]P 0.833 0.486 0.111 0.004 0.031

Ind 0.842 0.483 0.018 -0.009 -0.015

D[a,h]A 0.299 0.913 0.038 -0.092 0.098

B[g,h,i]P 0.384 0.889 0.086 -0.105 0.015

Initial Eigenvalues
Total of Variance (%)

41.80 % 24.90 % 15.17 % 8.69 % 3.80 %

Probable Source Type Biomass Wood Diesel Oil Fugitive

Burning Combustion Emission Combustion Emission

Bold represents the value of correlation coefficient larger than 0.5.
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activities) by adopting certain diagnostic binary ratios (Pongpiachan,
2013a,b,c; Pongpiachan et al., 2013d,e; Tipmanee et al., 2012; Yunker
et al., 2002). Secondly, PAHs has generally long atmospheric lifetime as a
consequence of its comparatively strong aromatic ring structure (Pong-
piachan, 2010). Earlier studies have also revealed that OH radicals are
the most reactive oxidant for PAHs, followed by NO3 and O3 (Atkinson
and Arey, 1994; Atkinson and Aschmann, 1987). Since PAHs are gener-
ally well-preserved in marine sediments with strictly limited level of
lighting, it appears reasonable to assume that photodecomposition, het-
erogeneous and homogeneous reactions are not the main sinks of PAHs.
Thirdly, PAHs has extremely low aqueous solubility due to its relatively
high hydrophobicity in comparison with other organic compounds. As a
consequence, it seems rationale to conclude that PAHs can be considered
as alternative chemical tracer for investigating tsunami backwash
deposits.

Overall, the principle aims of this manuscript is to provide contextual
information and state-of-the-art of applying PAHs coupled with FTIR and
μ-SXRF to discriminate tsunami backwash deposits from typical marine
sediments. One of the main success key factors in tsunami mitigation
strategies is to identify historic tsunami deposits which relies on the
advancement of applying numerous analytical techniques. This manu-
script is unique because it contains detailed information of analytical
methods of chemical tracers as well as applications of advanced statistical
techniques to characterize tsunami backwash deposits.
1.2. General hypothesis

After achieving its maximum run-up height, the backwash phenom-
enon took place and resulting for channelized and erosions in certain
areas. As a consequence, it is most probably that offshore tsunami
backwash deposits possess both crustal components and re-deposited
maritime sediments. Previous studies have shown that tsunami back-
wash deposits contained suspended material, while deposits caused by
runoff following monsoon/cyclone/storm are generated by bed load
transport (Dawson and Shi, 2000; Dawson and Stewart, 2007; Yoshii
et al., 2018). Based on the assumption of non-extreme event conditions, it
appears rationale to consider that terrestrial debris may be transferred to
the marine floor as well. This normal condition will theoretically
consume relatively longer time than the “tsunami backwash phenome-
non”, and thus the "crustal set of PAH distinctive patterns" might be
hypothetically recorded. While previous investigations have assumed
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that deposits detected farther inland than the possible inundation limit of
storm surges were tsunami deposits, a recent study related with tsunami
and storm events on the Sendai Plain, Japan highlighted that the coastal
topography also plays an important role in governing inundation dis-
tances of both tsunami and storm deposits (Watanabe et al., 2018). It is
also crucial to underline that topographic features played a crucial role in
onshore sediment transport (Sugawara et al., 2014). In these unique
situations, two categories of hypothesis can be proposed. Please note that
these ideas are merely speculative but that no data are provided to prove
it is true or not.

Hypothesis I. (Dissimilarity in transportation process)
It seems reasonable to assume that different molecular weight of PAH

congeners present in different particulate sizes (Kukkonen and Landrum,
1996; Wang et al., 2001). It is well known that PAHs tend to rather to be
adsorbed to organic matter (e.g. black carbon), which is more common in
fine sediments rather than to just sediment (e.g. sand) of different sizes
(Cornelissen et al., 2005; Lohmann et al., 2005). It is also crucial to un-
derline that sediment of different sizes possess various organic matter
contents (Christensen, 1992; Kukkonen and Landrum, 1996.). Since
tsunami waves can transfer all particle sizes of terrigenous debris, it is
therefore most probably that tsunami backwash debris will possess a
different "distribution pattern of PAHs" in comparison with those of
monsoon originated deposits.

Hypothesis II. (Dissimilarity in erosion period)
While tsunami backwash took place in comparatively fast within time

scale of minutes, the flooding of monsoon extended for numerous hours.
Dissimilarities in the "inundation period" responsible for the fractioni-
zation of PAH congeners as a consequence of its dissimilarities under the
context of "water solubility". For example, Phe is relatively more hy-
drophilic than B[a]P (Lu et al., 2008). In the case of prolonged inunda-
tion, the greater quantity of Phe will naturally dissolve into backwash
water in comparison with B[a]P. Generally, n-octanol/water partition
coefficients (Kow) have been widely used as indicators for evaluating
aqueous solubilities of PAHs (de Maagd et al., 1998; Kamlet et al., 1988;
May et al., 1978). The log Kow values for PAHs ranged from 3.32 (Naph)
to 6.30 (Ind) (Sahu and Pandit, 2003). It is well known that the aqueous
solubility of PAHs is negatively correlated with its molecular weight.
Hence, the monsoon originated sediments will theoretically possess Phe
more than B[a]P. On the contrary, this unique phenomenon will not
occur in the case of tsunami backwash deposit. Since the tsunami wave



Figure 2. Scheme of fractionation using the flash chromatography method.
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occur comparatively in short time scale of minutes, both LMW PAHs (e.g.
Phe) and HMW PAHs (e.g. B[a]P) will hypothetically be transferred into
sea floor by tsunami wave simultaneously without giving any time for the
fractionization effect. However, it is crucial to underline that this hy-
pothesis cannot be applied to all cases. For instance, the first results of a
geological survey following the 2011 Tohoku-oki tsunami found some
brackish ponded water on land and still recorded seven months after
tsunami (Chagu�e-Goff et al., 2012, 2014; Goto et al., 2011).
11
The concept of source profile represents the unique chemical infor-
mation of several potential sources of the marine deposits obtained at any
receptor sites. Since diagnostic binary ratios of two or three PAH con-
geners are still vulnerable to both photo-decomposition, homogeneous/
heterogeneous reaction coupled with microbiological degradation and
thus may be not sufficient enough to categorize PAH emission sources at
any fixed observatory sites. One of more appropriate strategies is to



Figure 3. Diagnostic binary ratios of PAHs (i.e. Fluo/(FluoþPyr), An/(AnþPhe)) in Tsunami backwash deposits, typical marine deposits, various emission sources,
Songkla Lake sediments, and Terrestrial soils of Phang Nga Province.
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Figure 4. Three dimensional plots of PCA using PAH contents in all marine sediment samples collected in Andaman Sea.
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evaluate the influence of backwash tsunami wave with the application of
the overall PAH fingerprints.

2. Physico-chemical properties and degradation mechanisms of
PAHs

2.1. Physico-chemical properties

PAH congeners are a group of comparatively persistent organic
compounds consist of only carbon and hydrogen and comprise two (e.g.
naphthalene) to eight benzene rings (e.g. phenanthro-5,4,3,2-[e,f,g,h,i]
perylene) (see Table 1). There is a large variation in vapour pressure of
subcooled liquid of PAH congeners starting from 9.16 � 10�8 atm (i.e. D
[a,h]A) to 4.14 atm. Similarly, Henry Law's constants range from 3.00 �
10�3 (i.e. Per) to 12.2 (Ace). A previous study highlighted the importance
of water temperature as a major factor influencing water solubility of An,
Pyr, Chry, and Per at temperatures ranging from 298 K to 498 K and
pressures from 30 bar to 60 bar in subcritical (superheated) water while
pressure had a minimal impacts (Miller et al., 1998). Enhancing water
temperature up to 498 K can significantly elevated water solubilities by
five orders of magnitude. For example, increasing the temperature from
298 K to 498 K increased the mole fraction solubility of chrysene from
(0.63 � 0.08) � 10�9 to (75 800 � 4000) � 10�9 (Miller et al., 1998). It
is also worth mentioning that the apparent water solubility of PAHs can
be increased in the presence of humic substances (Pongpiachan, 2009;
Tanaka et al., 1997). Structural and compositional variations of humic
and fulvic acids can play a major role on water solubility of PAHs (Chiou
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et al., 1986; Gauthier et al., 1987). Significant water solubility
enhancement of other POPs such as p,p0-DDT, 2,4,5,20,50-PCB, 2,4,40-PCB,
1,2,3-trichlorobenzene, and lindane under the presence of dissolved
humic and fulvic acids from soil and aquatic origins were previously
reported (Chiou et al., 1986).

2.2. Degradation mechanisms of PAHs

2.2.1. Chemical reaction with OH radical
Multiple mechanisms are responsible for degradations of PAHs in

different environmental compartments. It is crucial to note that the at-
mospheric lifetime, τ [s], of PAH congeners with respect to photolysis
triggered by trace gaseous species such as OH, O3 and NO3 radicals in-
fluences the kinetics of tropospheric photochemistry of SVOCs in both
vapour and aerosols. Previous studies in chamber experiments have
underlined that OH radicals are the most influential oxidant for PAHs,
followed by NO3 and O3 (Kamens et al., 1985, 1988, 1990, 1994). Aro-
matic compounds typically react immediately with OH radicals so that
the general atmospheric lifetimes of PAHs are in the range of hours to
days (Calvert et al., 2002). Although NO3 radicals govern night-time
homogeneous and heterogeneous reactions of PAHs, it is also crucial to
highlight that certain PAHs have different photolysis rate constants and
thus responsible for various atmospheric lifetimes. In general, the rela-
tionship between atmospheric lifetime of PAHs and other trace gaseous
contents can be described as follows. Firstly, the predictions of τ were
computed based on the formula.



Figure 5. Three dimensional plots of PCA using PAH contents in typical marine sediment samples.
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Life time estimations were calculated based on the equation recom-
mended by Millet et al. (2004) (Eq.1)

τ¼ 1
KOH ½OH� þ KO3 ½O3� þ J

Equation 1

Where KOH and KO3 are the rate constants (dimensionless) for the reac-
tion with OH and O3 (Sander, 2000), and J is the photolysis rate
(dimensionless). The OH concentration [molec cm�3] can be calculated
from the seasonal cycle equation (Eq.2):

½OH� ¼ 7� 105
�
1� β cos

�
2πd
365

��
Equation 2

In this study, OH, d, and β stand for OH radical concentration [molec
cm�3], sampling interval represented in days, and a dimensionless
adjustable factor, respectively. It is also crucial to note that the value of
7�105 molec cm�3 is representative of the annual mean OH concentra-
tions in northern mid-latitude (Goldstein et al., 1995; Spivakovsky et al.,
1990). When attempting to estimate the atmospheric lifetime for PAHs
by applying the Millet equation, there is a crucial assumption to bear in
mind that PAH content gradients are principally influenced by both
heterogeneous and homogeneous chemical reactions rather than emis-
sion source variability and mixing. For most of site specific conditions,
the majority of air quality observatory sites are tend to be governed by air
masses of various emission sources and ages. This indicates that great
care should be taken when pursuing further to elucidate the mechanisms
governing chemical lifetime of PAH congeners.

2.2.2. Impacts of meteorological parameters on photo-decomposition
On the contrary, it has been reported that the initial photo-induced

loss of PAHs on airborne wood soot particles can be predicted from an
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expression that is first order in PAHs (Kamens et al., 1985; Fan et al.,
1996; Cimberle et al., 1983). This has made it possible to compute
pseudo-first-order decay constants of particulate PAHs at a given solar
intensity, humidity, and temperature. Kamens et al. (1988) computed the
first order rate constants of eight species of high MW PAHs as a function
of humidity, solar intensity and temperature by using Multiple Regres-
sion Analysis (Eq.3):

ln k¼ const þ a1

�
1
T

�
þ a2 ln I þ a3 ln½H2O� Equation 3

Where k, const, T, I and H2O are a first order decay rate constant
(dimensionless), constant (dimensionless), temperature (�C), solar in-
tensity (W m�2) and absolute humidity (g m�3) respectively. In addition
a1; a2; a3 are coefficients (dimensionless) of temperature, light and water
vapour in that order.

In the tropospheric atmosphere, the main degradation mechanisms
for those three-ring-PAHs is considered to be by vapour-phase homoge-
neous reaction with OH radicals (Atkinson and Arey, 1994; Atkinson and
Aschmann, 1987). Previous investigations underlined that an atmo-
spheric lifetime of Ph and MePh group can be predicted by applying only
first-order OH radical reaction rate constants (Lee et al., 2003). Since the
chemical reactions between PAH congeners and NO3 radicals coupled
with O3 are generally too slow to be of importance (Ellis et al., 2003), it
seems rationale to assume that the direct photodecomposition is insuf-
ficiently rapid to affect loss rates and it is the homogeneous reactions
with OH radical, which is presumably to be crucial. On the basis of the
computed atmospheric lifetimes of Ac, Ace, Ph and MePh congener with
respect to OH radical homogeneous reaction, significant decomposition
of these LMW PAHs should take place on a numerous hour timescale,
depending on the specific OH radical reaction rate constants. In addition,
the comparative susceptibilities of 11 PAH congeners in solution to



Figure 6. Three dimensional plots of PCA using PAH contents in mixture between typical marine sediments and tsunami deposits.
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photodegradation under artificial sunlight were previously investigated
(Sanders et al., 1993). Detected aquatic half-lives ranged by a factor of
25, from <2 h for An to 50 h for Fluo (Sanders et al., 1993).

Over the past few years, numerous studies have concentrated on the
elucidations of microbiological degradation mechanisms of PAH conge-
ners (Cerniglia, 1993). It is well known that bioremediation methods
have been applied to clean up PAH contaminated terrestrial soils and
sediments. As a consequence, some exceptional improvements and/or
clarification of the metabolism, enzyme mechanisms, and genetics of
polycyclic aromatic hydrocarbon degrading microorganisms is extremely
crucial for the optimization of these bioremediation processes. Based on
the literature reviews, which subsequently summarized by Cerniglia and
Heitkamp (1989), some typical statements associated with the microbial
degradation of PAHs can be described as follows:

(i) There are many species of bacteria, fungi, and algae that possess
the capability to metabolize PAH congeners.

(ii) Hydroxylation of unsubstituted PAH congeners perpetually in-
volves the incorporation of molecular oxygen.

(iii) High molecular weight (HMW) PAHs (i.e. > 3 rings) do not act as
substrates for microbial growth, and thus they may be subject to
cometabolic transformations.

(iv) LMW PAHs decay immediately, whereas HMW PAHs are
comparatively persistent to microbial attack.
15
(v) Most instant microbial decay of PAH congeners take place at the
water/sediment interface and decay rates can be largely governed
by numerous aquatic conditions (e.g. pH, conductivity).

3. Research methodology

3.1. Study sites and sampling methods

Situated on the eastern coastal area of the Andaman Sea, the near-
shore of Kho Lak coastal zone, Phang Nga Province, Thailand was
deliberately selected as an investigation site due to severe impacts caused
by tsunami waves, which flooded along a coast up to more than one
kilometer inland. Numerous previous studies reported the tsunami
inundation distance ranged from less than 3 km on Kho Khao Island to
approximately 10 km at the Nham Kem and the Pakarang Cape (Szczu-
ci�nski, 2012), coupled with the tsunami wave height reached over 15 m
at the Nham Kem (Tsuji et al., 2006) and the Pakarang Cape (Siripong,
2006). The marine deposit samples were obtained in the research area
covering roughly 750 km2 (See Table 2). Andaman sea floor topography
was intensively investigated with some assistances of Multibeam, Side
Scan Sonar and a Boomer system for characterizing tsunami backwash
sedimentary features at the target locations. All sampling sites were
chosen on the basis of the data obtained from above mentioned
hydro-acoustic mapping instruments (Feldens et al., 2009). Surface



Figure 7. Three dimensional plots of PCA using PAH contents in tsunami deposit samples.
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marine deposits were obtained along the Khao Lak coastal area in order
to chemically characterize the distributional pattern of 13 PAH conge-
ners namely Phe, An, Fluo, Pyr, B[a]A, Chry, B[b]F, B[k]F, B[e]P, B[a]P,
Ind, D[a,h]A, and B[g,h,i]P (Pongpiachan, 2014; Tipmanee et al., 2012).
In addition, the sediment sampling locations are clearly shown in
Figure 1. The Van Veen Grab Sampler was employed to gather the 70
surface marine deposits during the period from 1st to 8th of December,
2007. All collected marine deposits were delicately covered in
pre-cleaned aluminum foil, preserved in a glass bottle, and kept frozen at
�20 �C. Collected sediments were freeze-dried prior to being grounded
and sieved to homogenize the samples, and subsequently preserved in the
cooler at �4 �C until chemical characterization.

3.2. Principal component analysis (PCA)

Over the past few decades, PCA has been widely used for classifying
the potential sources of PAHs in numerous environmental samples
completed by a rotation technique (Liu et al., 2009; Simcik et al., 1999;
Tipmanee et al., 2012). For instance, PCA was successfully identified five
major potential sources of PM2.5 in ambient air of Bangkok, which were
traffic emissions (44%), agricultural waste combustions (24%), maritime
16
aerosols (11%), electric power plants (6.5%), and manufacturing sectors
(4.5%) (ChooChuay et al., 2020b). The other two comparative studies
with the assistance of PCA also highlight the importance of vehicle ex-
hausts as the most crucial source of PM2.5 collected in ambient air of
Chiang-Mai and Phuket, Thailand (ChooChuay et al., 2020a,c). PCA was
also applied for source apportionment of PAHs in coastal soils collected
around Koh Samed Island after the 2013 Rayong oil spill incidence
(Pongpiachan et al., 2018). Similar studies were also employed PCA for
quantitative analysis of potential sources of PAHs in terrestrial soils of
Antarctica, Chile and Pakistan (Deelaman et al., 2020; Pongpiachan
et al., 2020). In the current study, 13 parameters and 70 marine sediment
samples were taken into accounts for computing PCA. Varimax rotated
factor analysis was chosen for conducting PCA. In addition, all statistical
analysis was carried out using the software “SPSS version 13”.

4. Chemical extraction and instrumental analysis of aromatic
compounds

A cocktail of 13-PAHs Norwegian Standard (NS 9815: S-4008-100-T)
are carefully detected in this study. These include Phe, An, Fluo, Pyr, B[a]
A, Chry, B[b]F, B[k]F, B[e]P, B[a]P, Ind, D[a,h]A, and B[g,h,i]P. The
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exceedingly low quantify of PAHs in marine sediments request their
enrichment chemical extraction and interference removal prior to their
both qualitative and quantitative computation on a Shimadzu GCMS-
QP2010 Ultra system comprising a high-speed performance system
with ASSP function. More detailed GC/MS analytical protocol was
mentioned in previous publications and will not be explained here
(Pongpiachan et al., 2009, 2011). The analytical method used in this
study and associated technical details have been discussed in our previ-
ous articles and will not be described here (Pongpiachan, 2013a,b,c;
Pongpiachan et al., 2013d,e; Tipmanee et al., 2012). Briefly, the solvent
extraction of PAH congeners is conducted by applying HPLC grade of
dichloromethane (DCM) purchased from Fisher Scientific. It is also
crucial to underline that all the Soxhlet extraction, and the fractiona-
tion/clean up processes of PAH congeners were carried on based on the
protocol (Gogou et al., 1996, 1998). Standard reference material
(SRM-NIST1941b-Marine Sediment) was applied to conduct both quality
control and quality assurance (QC/QA) of target compounds. Average
recoveries, which are fundamentally relied on chemical extraction of
matrix-matched certified SRM-NIST1941b-Marine Sediment, (n ¼ 8) was
in range of 78–107%. In addition, the analytical precision of the protocol,
which can be computed as relative standard deviation on the duplicate
samples, was less than 15%.

5. Application of PAHs as geochemical tracers to characterize
tsunami backwash deposits

5.1. Application of diagnostic binary ratios

As previously mentioned, PAH congeners can be emitted into
different environmental compartments from both anthropogenic and
natural emissions. Over the past few decades, several molecular diag-
nostic binary ratios of PAH congeners have been applied as geochemical
tracers to classify its probable origins (Yunker et al., 2002, 2005, 2011;
Yunker and Macdonald, 2003). For instance, Fluo/(FluoþPyr), B[e]P/(B
[e]PþB[a]P), B[b,j,k]F/B[g,h,i]P, Ind/B[g,h,i]P, B[a]P/B[e]P, B[a]
A/Chry, B[a]P/B[g,h,i]P and Ind/(IndþB[g,h,i]P), have been employed
as distinctive binary ratios to discriminate their potential origins for
many decades (Tsapakis and Stephanou, 2005; Yunker and Macdonald,
2003). In particular, diagnostic binary ratios of Fluo/(FluoþPyr) and
Ind/(IndþB[g,h,i]P) were comprehensively applied as geochemical
tracers to distinguish fossil combustions from other agricultural waste
burnings and/or forest fires, with comparatively low ratios (i.e. <0.40
and <0.20, respectively) highlighting petrogenic source, intermediate
ratios (i.e. 0.40–0.50 and 0.20–0.50) underlining vehicular exhausts,
whereas values greater than 0.50 can be interpreted as indications of
wood or coal combustion (Yunker and Macdonald, 2003).

In spite of its popularity as a part of source apportionment techniques,
numerous concerns on applications of diagnostic binary ratios of PAH
congeners were critically reviewed by Galarneau (2008). Diagnostic bi-
nary ratios of PAH congeners display considerable intra-source vari-
ability and inter-source similarity, particularly with the source
identifications of aerosols. For instance, the diagnostic binary ratios of B
[a]A/(B[a]AþChry) obtained from coal combustion ranged from 0.18 to
0.49 while those of oil combustion varied from 0.12 to 0.44 (Yunker
et al., 2002). The behaviour, transport and reduction of PAH congeners
by wet and dry deposition phenomenon are considerably affected by the
gas-particle partitioning and thus comparative PAH congeners are not
well preserved in the ambient air (Birgül et al., 2011; Junge, 1977;
Ollivon et al., 2002).

5.2. Impacts of gas-particle partitioning on diagnostic binary ratios of
PAHs

During the early stages of gas-particle partitioning investigations, the
following formula has predominantly been employed for the estimation
using adsorption theory connecting the fraction on particles (ϕ) to the
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vapour pressure of the solid substance (P
�
S) (N m�2), the particle's surface

(θ) (m2), and a constant (c) (dimensionless) (Junge, 1977) (Eq.4):

ϕ¼ cθ
ðp�

S þ cθÞ Equation 4

To assess the comparative significance of Junge adsorption model
(Eq.5), the estimated particulate fraction ϕ can be computed as

ϕ¼ KpTSP�
KpTSPþ 1

� Equation 5

When the gas-particle partitioning is overwhelmed by adsorption, Kp
can be displayed by (Eq.6):

Kp ¼ Cp

CgTSP
¼ NsaTSPTeðQl�QvÞ=RT

16PL
� Equation 6

where Cp and Cg are the gas and particle phase concentrations (ng m�3).
Ns is the number of adsorption sites (sites cm�2), aTSP is the surface area
of TSP (m2 g�1), T is the temperature (K), R is the universal gas constant
(8.3 10�3 kJ K�1 mol�1), Ql and Qv are the enthalpies of desorption and
volatilisation (kJ mol�1), respectively, and P

�
L is the compounds' sub-

cooled liquid vapour pressure (Torr). P
�
L can be calculated by applying

various protocols, and furthermore, many of the variables (e.g. Ns, aTSP,
Ql and Qv) are unascertained for fine particles. As a consequence, it ap-
pears problematic to obtain an actual Kp prediction based on Eq.17. On
the contrary, log Kp–log P

�
L correlations displayed steadily preferable

regression outcomes than those applying P
�
S(Eq.7):

LogKp ¼mrLogP
�
L þ br Equation 7

Depended on logical examinations and empirical data from previous
publications, gas-particle partitioning of PAHs (Kp) can be investigated
by using Eq. 18 as a function of P�

L including both adsorptive and
absorptive partitioning processes. Based on Eq.18, mr and br are experi-
mental values, in spite of the partitioning phenomena. For equilibrium
gas-particle partitioning, mr is expected to have a value close to -1
(Pankow, 1994). Finizio et al (1997)(2021) reported an equation to es-
timate Kp values of PAHs by applying only octanol/air partition coeffi-
cient (KOA) assuming that absorption is the major sorption phenomena
(Eq.8).

KP ¼ fOM
MWoctγoct

MWOMγOM109ρoct
Koa Equation 8

Where ρoct(820 kg m�3 at 20 �C) is the density of the octanol and γ are
the activity coefficients of the PAHs in OM (OM) and octanol (oct),
respectively. Assuming that absorption is the dominant sorption process
andMWoct=MWOM ¼ γoct=γOM ¼ 1, Eq. (8) can then be simplified to

LogKp ¼LogKOA þ Logfom � 11:91 Equation 9

In opposition to absorption partitioning (Eq.9), numerous in-
vestigations focused on a remarkable role of EC (Elemental Carbon)
adsorption in the ambient air. Dachs and Eisenreich (2000) reported
evidence for adsorption to EC dominating the partitioning in the New
Jersey atmosphere. Based on the assumption that EC is a representative
for the particulate phase, the comprehensive gas-particle partition coef-
ficient that explains for both the absorption and adsorption mechanisms
are given by (Eq.10):

KP ¼ fOMMWOCTζOCT
ρOCTMWOMζOM1012

KOA þ fEC
aEC

1012aAC
KSA Equation 10

wherefEC is the fraction of elemental carbon in the aerosol (dimension-
less), aAC is the surface area of the activated carbon (m2) and aEC is the
specific surface area of the elemental carbon (m2) (Dachs and Eisenreich,
2000). When the gas-particle partitioning is overwhelmed by both OM
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and EC partitioning mechanisms, Kp can be precisely estimated by
applying the Dach-Eisenreich model (Eq. 21). Apart from several con-
cerns associated with the reliability of applying diagnostic binary ratios
of PAHs, previous studies have shown some promising results for char-
acterizing tsunami backwash deposits (Pongpiachan, 2014; Tipmanee
et al., 2012). In this manuscript, eight diagnostic binary ratios namely,
Fl/(FlþPyr), B[e]P/(B[e]PþB[a]P), B[b,j,k]F/B[g,h,i]P, Ind/B[g,h,i]P, B
[a]P/B[e]P, B[a]A/Chry, B[a]P/B[g,h,i]P and Ind/(IndþB[g,h,i]P), were
employed as geochemical tracers to classify their potential origins of
sediments collected at the 2004 tsunami affected coastal areas, where
sampling positions were clearly described in Table 2 (Tsapakis and Ste-
phanou, 2005; Yunker andMacdonald, 2003). Diagnostic binary ratios of
PAHs obtained from this study were also compared with other marine
sediments as clearly described in Table 3.

As illustrated in Table 4, the diagnostic binary ratios of Ind/(IndþB
[g,h,i]P), B[a]A/Chry, B[a]P/B[g,h,i]P, Fluo/(FluoþPyr), B[k]F/Ind and
An/(PheþAn) of Khao Lak Coastal Sediments (KLCS), the 2004 tsunami
affected area, were computed and compared with other PAH profiles
obtained from numerous source types. It appears reasonable to interpret
that the average value of Ind/(IndþB[g,h,i]P) (0.34) detected in KLCS can
be attributed to mixed sources with binary ratios ranged from 0.2 to 0.5
(Wang et al., 1999). Furthermore, B[a]A/(B[a]AþChry) (0.49), Fluo/(-
FluoþPyr) (0.35) and An/(PheþAn) (0.11) underlined the impact of
crude oil consumptions over KLCS (see Table 4). Although some diag-
nostic binary ratios show crucial results for characterizing probable ori-
gins of PAH congeners, this technique alone coupled with the application
of fingerprint should theoretically be applied with the highest attention
as numerous processes such as heterogeneous and homogeneous chem-
ical reactions, photodegradation, and microbiological activities can play
a significant role in the variations of PAH contents in sediment samples.
Therefore, it is also important to find some alternative methods to
attenuate the previously discussed ambiguities. In this particular case,
the two-dimensional (2D) plots of diagnostic binary ratios can to some
extent increase the reliability of binary ratio approach and hence seems
rationale to apply for characterization of tsunami backwash deposits.

Additional efforts were performed with the application of 2D plots of
An/(AnþPhe) and Fluo/(Fluo þ Pyr), which exhibits for X-axis and Y-
axis, respectively. Diagnostic binary ratios of PAHs in tsunami affected
coastal area were compared with those in PM10 collected from various
emission sources adjacent to the study sites (see Table 5 and Table 6). The
most obvious patterns as illustrated in Figure 3 are: (i) 2D plots of Non-
Pakarang group (i.e. none-tsunami affected area) and other marine de-
posits were positioned close to each other; (ii) there are different PAH
sources in Pakarang group (i.e. tsunami affected area) sediments, prob-
ably highlighting the impact of Tsunami backwash; (iii) 2D plots of Non-
Pakarang group were positioned in comparable locations as those of
PM10 collected from rubber manufacturing factory (RMF), fish can
manufacturing factory (CPF), corpse incinerator (CI), para rubber tree
burning (PTB) and bush burning (BB) (see Table 7) indicating that PAH
congeners were transferred from potential sources in Songkhla province
to Khao Lak coastal area then finally to sediments; and (iv) 2D plots of
Pakarang group is greatly varied from other plot components, which can
be interpreted as the deposition of PAH fingerprints buried in terrestrial
components triggered by Tsunami backwash in Pakarang area (see
Figure 2).

5.3. Application of principal component analysis (PCA)

Five components were identified from the principal component ma-
trix each representing 41.80 %, 24.90 %, 15.17 %, 8.69 % and 3.80 % of
the variance, thus accounting for 94.36 % of the total variance (Table 8).
PC1 shows high loading on high molecular weight PAHs (i.e. B[b]F, B[k]
F, B[e]P, B[a]P and Ind). These compounds are typical biomarkers of
biomass burning. Thus, it is reasonable to assume that the forest fire
govern the spatial distribution of PAHs in this coastal region and
explained for 41.80 % source contribution. The relatively high loadings
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of D[a,h]A and B[g,h,i]P can be attributed to wood combustion in PC2.
On the other hand, PC3 has high loading of Phe and An, followed by the
relatively high abundances of Fluo, B[a]A, Chry found in PC4 indicating
the signature of “diesel emissions” and “oil combustions” plausibly
delivered to the sampling sites via long range transportation and/or the
“wash back” of terrestrial components triggered by tsunami. Three
dimensional plots of PC1, PC2, and PC3 successfully discriminated the
potential tsunami deposit group from the typical marine sediment group
as displayed in Figures 4, 5, 6, and 7. In this study, the typical marine
sediment group (i.e. 5D, 7, 8D, 9D, 10D, 11D, 14D, 17D, 26D, 39D, 45D,
49D, 53D, 56, 2D, 65D, 74D, 75D) were observed as a “horizontal laid
down position”, whereas the potential tsunami deposit group (i.e. 31A,
32, 32D, 34D, 35D, 36D, 41D, 42C, 44D, 69D, 70D, 71D, 72-2D, 72bD,
73D) were found as a “horizontal laid up position”. Other sediment
samples laid down between these two layers were considered as mixture
the typical marine sediments and tsunami deposits.

6. Research constraints/limitations and future works

There are many research constraints/limitations and future works
that need to be discussed. Firstly, there is some missing elements in the
existing research literature associated with the impacts of humic and
fulvic acids extracted from tsunami backwash deposits on the apparent
water solubility enhancement of PAH congeners. In spite of numerous
studies highlight the effects of humic and fulvic acids as natural surfac-
tants that increased the solubility of PAH compounds (Cho et al., 2002;
Danielsen et al., 1995; Tanaka et al., 1997), the majority of reports
contain results of only modern sediments. According to our best knowl-
edge, there is no studies connected with humic substances and the sol-
ubility of PAH congeners in historic tsunami sediments. Secondly, several
concerns associated with the application of diagnostic binary ratios for
characterizing emission sources of PAH congeners have been previously
discussed and thus the application of this approach for characterizing
tsunami backwash deposits need to be conducted with great caution
(Galarneau, 2008). It is well known that PAH source characteristics are
not specific by emission source type. Furthermore, diagnostic binary
ratios of PAHs demonstrate substantial intra-source variability and
inter-source similarity. For instance, a review (Yunker et al., 2002)
highlights binary ratios for Fluo/(FluoþPyr), of �0.5 for burnings of
various types of grass, wood and coal, and finalizes that emission sources
are difficult to discriminate even when numerous binary ratios are
investigated together. It is also crucial to underline that relative PAH
contents are not well preserved in the atmosphere. Several processes such
as homogeneous/heterogeneous chemical reaction, gas-particle parti-
tioning, meteorological conditions and wet/dry depositions can
dramatically alter PAH contents in the atmosphere (Birgül et al., 2011;
Dachs and Eisenreich, 2000; Golomb et al., 2001; Kamens et al., 1988,
1990, 1994; Zhang et al., 2010, 2013). Thirdly, numerous microbiolog-
ical activities can significantly decrease PAH contents in marine sedi-
ments and thus one should interpret diagnostic binary ratios of PAHs
with great cautions (Guo et al., 2010; Heitkamp and Cerniglia, 1989;
Moody et al., 2004). In this manuscript, the author had reviewed some
advantages and disadvantages of using aromatic compounds as an
alternative geochemical proxy for characterizing tsunami backwash de-
posits. The application of PAHs as aromatic tracers assist in an exceeding
insights connected with tsunami inundation, sediment transport, and
deposition process of tsunami deposits, which can be subject to erosion
by tsunami waves and surface runoff by heavy rain in the
tsunami-affected coastal areas of Andaman Sea, Thailand.
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