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Abstract. In this study, we attempted to use PAHs as al Introduction

chemical proxy to trace the transport of land-derived mate-on 26 December 2004, the Indian Ocean tsunami attacked
rials caused by the tsunami backwash to better understanghe Andaman coastal zones in Thailand, especially in the
how it may have affected the distribution of sedimentary phang Nga coastal area. The powerful nature of the 2004
deposition throughout the seabed of Khao Lak coastal artsunami resulted in extensive erosion and deposition of sed-
eas. By analyzing the compositions of sedimentary PAHSment throughout near-shore portions of the seabed in the
in combination with application of the multivariate deSCI'ip— Phang Nga coastal zones. The marine and terrestrial envi-
tive statistical techniques, PAHs were proven to be a promisyonments along the coastal zones were destroyed and caused
ing chemical proxy to indicate the tsunami backwash in theyidespread introduction of contaminated materials to the sea
study area. Their spatial distribution could indicate that the(Feldens et al., 2009; Tang et al., 2006; UNEP, 2005; Zhang
tsunami backwash plays an important role in transporting anet al., 2009). Therefore, in the area which was heavily af-
thropogenic PAHs to the nearby coastal area as far as affected by the withdrawal of the tsunami wave should contain
proximately 25km from the shoreline. In addition, the re- more terrigenous sediments and thus relatively high propor-
sults from diagnostic PAH isomer ratios suggested that roadions of anthropogenic derived sediment-associated contam-
paving asphalt, originated from heavy erosion by the tsunamijnants.
wave in front of Pakarang Cape, was among the identified A number of approaches have been used to distinguish be-
sources of PAHs. Principle Component Analysis (PCA) re-tween marine and terrigenous components in marine sedi-
sults provided 2 estimated land-derived sources of PAHS ments, including polycyclic aromatic hydrocarbons (PAHS),
which were the road dust and oil burning sources. Thesenopanes and cholestanes (Mostafa et al., 2009; Takada et
estimated signature sources clearly support our hypothesig|  1991: Tolosa et al., 2004: Yunker et al., 1995, 2002).
that PAHs were transported from the potential sources orHowever, PAHs are amongst the most promising sediment-
land and deposited into the near-shore seabed during tsunamgksociated contaminants that can indicate the sedimentary
backwash. deposition which was affected by tsunami backwash. This
is due to the fact that they are known to enter aquatic en-
vironments through petroleum spills, coal and fossil fu-
els combustion, automobile exhausts, biomass burning and
from non-point sources such as street runoff and atmospheric
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fall-out (Ahrens and Depree, 2010; Jiang et al., 2009; Tolos&2 Materials and methods
etal., 2009). _
For decades, PAHs have been used as a “chemical proxy2.1 Study area and sampling methods

to distinguish the anthropogenic source and biogenic source
in marine sediment (Cantwell et al., 2007; Christensen ef-0cated on the east of the Andaman Sea, the near-shore of

al., 1996; Fang et al., 2009; Tobiszewski and Némik, Kho Lak coastal zone, Phang Nga.Province, '!'hailand was
2012). They can be categorized as anthropogenic combusticf10S€n as & study area, because it has heavily affected by
sources (i.e. oil spill, automobile exhaust, and street runoff)in€ tsunami, which inundated the coastal plain from a few
and as natural combustion sources (i.e. forest fires, volcangundréd meters up to more than one kilometer inland. The
eruption) by using PAHs diagnostic ratios (Yunker et al., Sunami runup height at the maximum inundation limit var-
2002, 2011; Yunker and Macdonald, 2003). PAHs of molec-1€d from <3m on Kho Khao Island to almost 10m at the
ular mass 178, 202 and 258 are commonly used to distinguish"@m Kem and the Pakarang Cape (Szdzskij 2011).

between pyrogenic (combustion-derived) and petrogenicThe tsunami wave height reached over 15m at the Nham

(unburned petroleum-derived) sources. In addition, Phenankém (Tsuiji et al., 2006) and the Pakarang Cape (Siripong,
threne/Anthracenen(/z 178), Fluorantene/Pyrenen(z202) ~ 2006). The sediment samples were collected in the study
and Benz[aAnthracene/Chrysema/t 258) have been pre- 2rea covering approximately 750 Rrteast-west extension:
viously used by some works (Khairy et al., 2009: Liu et al., 25 km, north-south extension: 30 km). _

2009; Wang et al., 2006). Because of their usefulness in 1he sampling stations were selected on the basis of the
source identification, the use of PAHs as a chemical proxydat@ acquired from hydroacoustic mapping using equip-
may provide better understanding of huge terrigenous sediMent, which consisted of Multibeam, Side Scan Sonar and a

ments caused by the rare events such as the withdrawal Jgpoomer system to investigate the sedimentary deposition on
tsunami waves. the near-shore seabed (Feldens, et al., 2009). Surface sedi-

Like many newly developed coastal tourist places, inten-MeNt samples were collected along the Khao Lak coastal area
sive economic-related activities, including the steadily in- in order to analyze the distribution of 13 individual PAHSs.
creasing number of houses, hotels, restaurants, rapid urba

{Jhe sampling stations are shown in Fig. 1.
ization along the coast, are major contributions for the sig-. 1he Van veen Grab Sampler was used to collect the 70 sur-
nificant accumulation of anthropogenic PAHSs to the marine

face sediment samples during 1-8 December 2007. Sediment
environment in the Khao Lak coastal area. Motor vehicle S28MPples were wrapped in clean aluminum foil, placed in a

emissions, leakage of used oil, vehicle tire and asphalt road'@ss bottle, and kept frozen a20°C. They were freeze-
surfaces are typically diffuse sources of the anthropogenidfied prior to being grounded and sieved to homogenize the
PAHSs in the coastal areas (Brown and Peake 2006; Kose et@MPles, and then kept in the refrigerator-4t C until anal-
al., 2008). ysIS.
During the tsunami backwash, severe damages occurre .
including coastal shoreline erosion and destructive infras%'2 PAHs analysis
tructures such as buildings, road networks, bridges, fishingy|| solvents were HPLC grade, purchased from Fisher
vessels, as well as the near-shore environment. As a CONS&gjantific. A mix standard solution of 15 native PAHs
guence, the anthropogenic PAHs were believed to be trang\orwegian Standard (NS 9815; S-4008-100-T): phenan-
ported from the potential sources on land and deposited intQnane (Abbreviation : Phe), anthracene (An), fluoranthene
the near-shore seabed. Moreover, their spatial distributiortHuo), pyrene (Pyr), 11 H-benzo[a]fluorene (11H-B[a]F),
should provide the extinctive patterns (concentration profileq H-benzob]fluorene (11H-B[b]F), benz[a]anthracene
from shoreline to off-shore, compositions and concentrations(B[a]A)’ chrysene (Chry), benzo[b]fluoranthene (B[b]F),
of transporting PAHSs) different from the normal transporting benzo[kfluoranthene (B[k]F), benzo[a]pyrene (B[a]P),
mechanisms such as those associated with the annual reVe§fenzolelpyrene  (B[e]P), indeno[1,2,3-cd]pyrene (Ind),
sals_ of monsoons ar_ld hydro—meteorologlcal extreme eventgineanz[a, hjanthracene (D[a,h]A), and benzo[g,h,ijperylene
or high precipitation in rainy season. . (B[g,h,iP)] and a mix of recovery internal standard (IS)
In this study, we attempt to use PAHs spatial distribu- papg [cho-perylene (do-Per) and do-fluorene (do-FI)]
tion to trace the transport and fate of land-derived materialg, oo purchased from Chiron AS (Stiklestadveine 1, N-
caused by the tsunami backwash to better understand hown,1 Trondheim, Norway). Standard stock solutions of
it may have affected the distribution of sedimentary depo-yq terated and native PAHs were prepared in nonane.

sition throughout the seabed in the Khao Lak coastal areasyorking solutions were obtained by appropriate dilution in
In addition, the composition of the sedimentary PAHs of the cyclohexane.

Khao Lak coastal areas was analyzed using PAH diagnostic
ratios in combination with the multivariate descriptive sta-
tistical techniques to distinguish among different sources of
PAHSs.
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Fig. 1. Sampling site locations at Khao Lak coastal areas, Phang Nga Province, Thailand. (The study area is indicated by the black box;
numbers indicate sampling stations; the color contours represent the water depth).

Approximately 5grams of dried sediment were extractedon extraction of matrix-matched certified reference materi-
by a Soxhlet extractor for 8 h, using dichloromethane as aals, ¢ = 8) was in range of 77-119 %. The precision of the
solvent. Before the extraction, dried sediments were spikegrocedure, calculated as relative standard deviation on the
with a known amount of th-Fl and d»-Per as internal stan- duplicate samples, was less than 15%. All sample concen-
dards. Fractionation/clean-up process was carried out foltrations were calculated using standardized relative response
lowing the method of Gogou et al. (1997). The extrac- factors run with each batch.
tant was passed through a silica gel column using 4:6 (v/v) o )
toluene:hexane as an eluant. The eluate was then purged with3 ~ Statistical analysis
nitrogen to almost dryness. The solvent was then changed t
cyclohexane and purged with nitrogen again until the final
volume was 100 pl.

%efore performing statistical analysis, data were subjected to
the logarithmic transformation @¢log(x+1)). This tech-
nique is the most common approach for transforming en-
The aliquot solution was further quantified by using a vironmental data, as it is robust to non-normal data distri-
Varian Saturn 2200 Gas Chromatography/Mass Spectromebution (Field et al., 1982). The significance level, Kaiser-
ric detector-lon—Trap (GC/MS—lon-Trap) in the selective Meyer-Olkin (KMO) and Bartlett’s test of sphericity were
ion monitoring mode. The targeted compounds were sepperformed to test the adaptability of Principal Component
arated on an Agilent JW Scientific CP-5865 GC column Analysis (PCA) (Wang et al., 2010). Data prepared for multi-
(60mx 0.32mm i.d. capillary column, 1.00 um thick film). variate statistical analysis were arranged in the matrix, where
All injections (1 L) were performed through an injector columns correspond to PAH compositions and rows repre-
in the splitless mode. The GC oven temperature was prosent sampling stations. The normalized data matrix was then
grammed as follows: 1 min at 4C, heated at 8C min—? to analyzed by PCA and Hierarchical Cluster Analysis (HCA).
300°C, and held constant for 45 min. Accuracy was evalu- PCA as a multivariate analytical tool was used to reduce
ated using the standard SRM 1941b. Mean recovery (basethe set of original observed variables (PAH compositions
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Fig. 2. The spatial distribution of sedimentary PAHSs in the Khao Lak coastal area. (Numbers indicate sampling stations; the contour scale
represents total PAHs concentrations as labeled in the legend).

Table 1. Comparisons op _PAHSs in surface sediment collected from different coastal areas and baysXnigygweight).

Location Range Mean  Reference

Phang Nga Coast 12.6-272.0 64.5 This study

Gulf of Thailand Wattayakorn, 2005
Coastal areas 11-1992 506

Offshore areas

Upper Gulf 39-95 70

Eastern Seaboard 11-324 79

Lower Gulf 14-67 51

Dalian Bay, China 32.7-3558 152.08 Liuetal, 2001

Daya Bay, China 42.5-158.2 126.2 Yan et al., 2009
Kyeonggi Bay, Korea 9.1-1400 120 Kim et al., 1999
Malaysian riverine and coast  4-924 139.5  Zakaria.etal02

Casco Bay, USA 16-20,748 2900 Kennicutt et al., 1999
Northwestern Black Sea 52.6-269 136 Maldonado et al., 1999
Todos Santos Bay, Mexico 7.6-813 96 NEss-Zamora et al., 2000
Gulf of Aden, Yemen 2.2-604 82.4 Mostafa et al., 2009
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Table 2. Characteristic values of selected diagnostic ratios for petroleum and single-source combustion (Modified from Yunker et al., 2002).

Source An/ Flou/ B [a]A/ Ind/
(An+Phe) (Flou+Pyr) (B[a]JA+Chry) (Ind+B[g,h,i]P)

Petroleum

Lubicating oil - 0.29 0.10 0.12

Asphalt - - 0.50 0.52-0.54

Combustion

Gasoline g =2) 0.11 0.44 0.33-0.38 0.09-0.22

Road dust 0.18 0.42 0.13 0.51

Used engine oil, gasoline passenger car 0.22 0.30 0.50 0.18

Used engine oil, diesel car, truck and bus - 0.37 - 0.29

in sediment samples) and to extract a small number of thes evidenced from the distinct spatial patterns of PAHs con-
dominant principal components to explain the relationshipscentrations (Fig. 2).
among the observed variables (Larsen and Baker, 2003). To Generally, PAH concentrations should gradually decrease
obtain more clear features, the Varimax rotation method withoffshore further along the distance far from the point source
Kaiser normalization was used. In addition, HCA was usedthat has original concentration (Boonyatumanond et al.,
to group the stations by relative contents of PAH compounds2006). But the PAH concentrations from sediments exported
in sediment samples. Distances of similarity between object§rom the Pakarang Cape increased further along the distance
were measured as squared Euclidean distances (Fang et alp to 25 kilometers. These behaviors are triggered by a rare
2007). Ward's method was used for amalgamation of clustergvent such as the tsunami backwash not originating from nor-
(Savinov et al., 2000). mal transporting mechanisms such as those associated with
the annual reversals of monsoon and hydro-meteorological

extreme events or high precipitation in rainy season.
3 Results and discussion

3.2 Source identification by diagnostic PAH
3.1 PAHSs contamination in Khao Lak coastal area isomer ratios

On the basis of sediment analysis, the total concentratiorThe characteristics of PAH patterns in the coastal sediments
of PAHs (_PAHS) is defined as the sum of Phe, An, Fluo, are subject to different emission sources. Thus, isomer ra-
Pyr, B[a]A, Chry, B[b]F, B[K]F, B[e]P, B[a]P, Ind, D[a,h]A, tios of PAHs have been used to identify PAH sources, rang-
and B[g,h,i]P.>_PAHs in the Khao Lak area, which was ing from urban to marine environments (Yunker et al., 2002).
heavily destroyed by the tsunami runup, were in range ofPyrogenic and petrogenic are the primary sources of PAHs
12.6 to 272.0ngg' dry weight, with an average of 68k= commonly found in coastal marine sediments (LaFlamme
44.3ngg ! dry weight. It should be noted that the PAHs and Hites, 1978).

concentrations detected in the Khao Lak coastal sediments The four PAH isomer pairs used in the present study
are comparable with those contaminations found previouslywere An/(An + Phe)r/z178), Flou/(Flou + Pyr) (MW 202),

in some coastal areas and bays (Table 1). However, they wer@ [a]A /(B[a]A + Chry) (m/z228), and Ind/(Ind + B[g,h,i]P)
much lower than some coastal and harbor hot spots that ar@n/z276). Table 2 shows ranges of the 4 diagnostic PAH
highly under an influence of human activities such as Dalianratios for petroleum and single-source combustion.

Bay, Casco Bay and Kyeonggi Bay (Table 1). Cross-plots between ratios B[a]A/(B[a]JA+Chry) and
Figure 2 shows the spatial distributions of sedimentarylnd/(Ind+B[g,h,i]P) were applied to identify the potential
PAHSs in the Khao Lak coastal area. From the figure, thesources of sedimentary PAHs in study area. The results in-
prominent feature of sediments exported from the Pakaranglicated that most of sediment samples originated from the
Cape can be observed. This evidence indicates that thenixed pyrogenic sources as results of the incomplete com-

tsunami backwash may play an important role in transportingoustion, pyrolysis of fuel, biomass burning and oil burning.
anthropogenic PAHs to the nearby coastal area far from the On the basis of the results shown in Table 2, the
shoreline up to approximately 25 km. Itis also in good agree-B[a]A/(B[a]A+Chry) and Ind/(Ind+B[g,h,i]P) ratios were
ment with the study of Siripong (2006), who found that the 0.50 and 0.52-0.54, respectively, indicating the plausible
tsunami wave height was over 15m high at Pakarang Capesmission source from asphalt pavements. Moreover, Yang et
Such a giant wave could have a tremendous impact on transal. (2010) reported that even minimal contamination of sedi-
porting massive terrigenous sediments far from the shorelinements with pavement material may lead to a significant input

www.nat-hazards-earth-syst-sci.net/12/1441/2012/ Nat. Hazards Earth Syst. Sci., 12, 144454, 2012
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Fig. 3. Cross-plot between ratios Ind/Ind+BJ[g,h,i]P and B[a]A / B[a]A+Chry (numbers indicate sampling stations; the dashed circle repre-
sents the stations in which PAHs were originating from road paving asphalt).

of PAHSs to the aquatic environment. This agreed with our  pendrogram using Ward Method
results that hot spot stations (22, 25, 31, 33 and 42 in Fig. 2)

Rescaled Distance Cluster Combine

showed the higher concentration of total PAHS. The signa- CASE & 5 & 5 55
ture diagnostic PAHs isomer ratios, which indicated to road = . = : - .
paving asphalt were observed in the stations 22, 25, 31, 32 Chry
and 42 (The dashed circle in Fig. 3). We believe that the g}:}? ﬁ—‘
promising PAH sources of these stations originated from the gﬁqp :‘J
road paving asphalt heavily eroded by the tsunami wave in =5 —
front of Pakarang Cape. DianjA
Pomonis et al. (2005) reported that the damage to the roac i T
surface was observed in the areas near the Khao Lak coas! Fyr

line. This damage was probably due to increased pore wa- Fhe

ter pressure under the flexible pavement. This evidence was

visible on small areas of road surface adjacent to the beachid. 4. Hierarchical Cluster Analysis (HCA) of 13 individual PAHs
front and especially on grasscrete surfaces (e.g. at Kamal# Khao Lak sediment.

and Pakarang Cape).

From the results derived from the diagnostic PAH isomer y41y7ed, especially in the case of the powerful and strongly
ratios, it meets our attempted goal to use PAHs as a chemicq|,rhjent tsunami wave that can transport the PAH contami-

proxy to trace the transport of land-derived materials causeghated materials to the sea floor all at once (Tang et al., 20086).
by the tsunami backwash. The diagnostic PAH isomer ra-

tios provide clear evidence that the anthropogenic PAHs weres 3 ggurce estimation from HCA

transported from the coastal land and deposited into the near-

shore seabed during the tsunami backwash. HCA was performed to identify the homogeneous groups of
Nevertheless, it is important to note that isomer pair ratiosindividual PAHs in the Khao Lak sediment. The hierarchi-

of the entire dataset were not restricted to the extreme valuesal dendogram is shown in Fig. 4. What emerged from these

of only specific source, because there is a chance to misinresults is that three major groups of the 13 individual PAHs

terpret when the mixtures of heterogeneous PAH sources ar@ere clearly distinguished. The first group contains B[a]A,
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Fig. 5. Hierarchical Cluster Analysis (HCA) of 70 individual sampling stations in Khao Lak sediment.

Chry, B“?]F’ B[K]F, B[a]P and An, which priginated fromthe Table 3. Rotated component matrix of 13 PAHs from Khao Lak
pyrogenic source (Fang et al., 2009; Liu et al., 2009). Mo- .gastal sedimerfts

tor vehicle emissions both of gasoline and diesel emission,

leakage of used oil and road dust have been previously iden- N Principle components (PC)
tified as original sources of this group (Dahle et al., 2003). PAH composition
According to the literature reports, the 3—4ring PAHs have PC1 pC2
been found in the road dust in urban cities as well (Boonya- Phe 0.02 0.58
tumanond et al., 2007; Zakaria et al., 2002). An 0.08 0.53

The second group consists of B[e]P, Ind, D[a,h]A and Fluo 0.12 0.88
B[g,h,i]P, which are the high molecular weight PAHs with Pyr 0.04 0.86
5-6rings. This group usually originated from road paving BLa]A 0.15 0.54
asphalt, crude oil, bitumen (Ahrens and Depree, 2010) and Chry 0.24 0.48

B[b]F 0.47 0.22

road dust (Larsen and Baker, 2003). The last group com-

. . . B[K]F 0.79 0.18
prises Pyr, Fluo and Phe, which are the anthropogenic PAHs Ble]P 0.89 019
from_ the using of petroleum products (Zhou et aI.,_1999). BlalP 060 0.42

It is reasonable to say that three of the potential sources Ind 0.91 0.03
which were identified by HCA could be transported from D[a,h]A 0.93 0.17
original sources during the tsunami backwash as we ex- B[g,h,i]P 0.92 -0.10
pected. Moreover, the results based on the cluster analysis Estimated source  Road dust  Oil burning
by the 70 individual sampling stations revealed two major Variance (%) 61.4 11.6

groups as shown in Fig. 5.
The first group includes stations 6' 20, 22' 23, 24, 25, 3_’]_,2 Rotation Method: Varimax with Kaiser normalization

33, 34, 35, 36, 37, 40 and 41. All of these stations have dis- ~° °24"9>%7

tinct characteristics from other areas, consistent with what is

documented in Fig. 2. Thus, this group should be the r'8P3 4 Source identification by PCA

resentative of the tsunami backwash and so results can pro-

vide the approximate direction of the tsunami backwash thaﬁn this study, concentrations of 13 PAHs and the 70 samples

was transported from the shoreline at Pakarang Cape back tv(\)/ere selected as active variables and subjects, respectivel
far further than 25 km into the seabed. In contrast, the sec: ) ’ P Y.

= ) 0
ond group includes the rest of sampling stations. The nearbThe majority of the variance (73.0%) of the scaled data was

group which has less linkage distance between homogeneOL)fésXplalnecj by two eigenvectors—principal components. ‘The

S ; . irst principal component (PC1) can explain 61.4% of the
groups (more similarity), contains stations 2’. 32, 44, 50, 55'total variance, and the second (PC2) can explain 11.6 % of
63, 70, 72 and 73, and also indicates the influence of thethe total variahce respectively, as shown in Table 3 '
tsunami backwash. ’ ' X

The PC1 is heavily weighted in B[b]F, B[e]P, Ind, D[a,h]A
and BJg,h,i]P, which are the high molecular weight PAHs
with 5-6 rings. This group usually originates from road

www.nat-hazards-earth-syst-sci.net/12/1441/2012/ Nat. Hazards Earth Syst. Sci., 12, 144454, 2012
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Table A4. Accuracy test withSRM 1941b.

SRM Abbr n Reference Valve Measuring Valve % Accuracy
ngg! ngg!
dry weight dry weight
Phenanthrene Phe 8 48614 486466 120+ 16
Fluoranthene Fluo 8 65450 733£79 113+12
Pyrene Pyr 8 58139 551+ 65 95+11
Benzo[a]anthracene B[a]A 8 33525 277+ 46 83+13
Chrysene Chry 8 29131 227+83 78+28
Benzo[b]fluoranthene B[b]F 8 45321 396+ 134 87+29
Benzo[k]fluoranthene B[K]F 8 22518 197486 88+ 38
Benzo[e]pyrene Ble]P 8 32625 409+ 175 126+ 53
Indeno[1,2,3-cd]pyrene Ind 8 34157 438+ 92 129+ 26
Benzo[g,h,i]perylene B[g,hilP 8 3Q745 382+ 84 124+ 27

Table A5. Five of Diagnostic ratios of Khao Lak sediments.

Station An/An+Phe Flou/Flou+Pyr B[aJA/B[a]A+Chry B [a]P/B[a]P +B[e]P  Ind/Ind+B[g,h,i]P

2 0.25 0.35 0.49 - 0.21
3 0.33 0.35 0.59 0.38 0.21
4 0.09 0.49 0.43 0.39 0.46
5 0.13 0.44 0.50 0.33 0.25
6 0.34 0.24 0.64 0.42 0.27
7 0.40 0.30 0.60 - 0.21
8 0.33 0.33 0.61 0.50 0.24
9 0.54 0.51 0.67 - 0.18
10 0.09 0.67 0.57 0.28 0.15
11 0.53 0.39 0.55 - 0.23
12 0.54 0.51 0.45 0.38 0.38
13 0.38 0.43 0.48 0.08 0.14
14 0.56 0.29 0.56 - 0.25
15 0.33 0.39 0.45 0.06 0.44
16 0.46 0.41 0.41 - 0.37
17 0.28 0.48 0.37 0.08 0.33
18 0.26 0.42 0.48 - 0.34
19 0.14 0.31 0.59 1.00 -

20 0.26 0.27 1.00 - 0.27
21 0.10 0.32 0.46 0.45 0.47
22 0.39 0.32 0.52 - 0.56
23 0.47 0.29 0.50 0.34 0.53
24 0.13 0.52 0.37 0.42 0.50
25 0.14 0.44 0.45 0.38 0.44
26 0.58 0.28 0.43 0.34 0.35
27 0.23 0.15 0.72 - 0.29
29 0.15 0.25 0.64 0.04 0.22
31 0.09 0.48 0.40 0.29 0.51
32 0.33 0.32 0.37 - 0.38
33 0.16 0.47 0.44 - 0.50
34 0.12 0.48 0.54 0.56 0.23
35 0.17 0.37 0.55 0.18 0.26
36 0.23 0.30 0.55 - 0.25
37 0.16 0.30 0.53 0.30 0.01
39 0.19 0.40 0.49 0.03 0.26
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Table A6. Five of Diagnostic ratios of Khao Lak sediments (continued).

Station An/An +Phe Flou/Flou+ Pyr B [aJA/B[a]JA+ Chry BJ[a]P/B[a]P + B[e]P Ind/Ind + B[g,h,i]P

40 0.32 0.29 0.47 0.42 0.44
41 0.38 0.32 0.24 0.52 0.30
42 0.18 0.34 0.52 - 0.48
43 0.08 0.42 0.51 0.06 -

44 0.36 0.45 0.57 - 0.19
45 0.31 0.30 0.69 0.13 0.36
46 0.08 0.30 0.49 0.34 0.43
47 0.21 0.31 0.55 - 0.23
48 0.22 0.26 0.69 0.49 0.22
49 0.36 0.32 0.71 0.05 0.24
50 0.21 0.44 0.59 - 0.27
51 0.36 0.35 0.46 0.50 0.23
52 0.10 0.31 0.62 0.08 0.34
53 0.26 0.35 0.63 - 0.32
55 0.33 0.29 0.62 0.01 0.28
56 0.21 0.31 0.65 - 0.31
58 0.22 0.32 0.60 0.34 0.27
57 0.41 0.19 0.55 0.38 0.33
61 0.29 0.29 0.58 0.38 0.27
62 0.31 0.29 0.68 0.05 0.17
63 0.34 0.29 0.53 - 0.22
64 0.25 0.38 0.65 0.07 0.16
65 0.26 0.34 0.58 - 0.28
66 0.16 0.26 1.00 0.21 0.36
68 0.26 0.20 0.59 0.47 0.32
69 0.24 0.27 0.57 0.05 0.17
70 0.20 0.28 0.58 - 0.19
71 0.24 0.30 0.57 0.05 0.18
72 0.23 0.31 0.57 0.23 0.16
73 0.15 0.53 0.65 0.02 0.13
74 0.24 0.39 0.55 - 0.29
75 0.21 0.33 0.57 0.42 0.17
76 0.20 0.31 0.55 - 0.16
77 0.48 0.33 0.67 0.10 0.22
78 0.44 0.35 0.59 - 0.22

paving asphalt, crude oil, bitumen and road dust. There- A significant correlation identified by PCA, which indi-
fore, the PC1 is a representative of the road dust sources afates 2 estimated sources of the PAHs signatures, clearly
PAHSs. In contrast, the PC2 is predominately composed ofsupports our hypothesis that PAHs were transported from the
Pyr and Fluo. This group usually originates from the use ofpotential sources on land and deposited into the near-shore
petroleum product and oil combustion. Fang et al. (2006)seabed during tsunami backwash.
reported that high loadings of Pyr and Fluo indicated incom-
plete combustion, pyrolysis of fuel and oil burning. This fac-
tor is believed to be the oil burning source of PAHS. 4 Conclusions

Since a tsunami wave can have tremendous impacts on ) N ) ]
transporting a large amount of terrigenous sediments to th&Y analyzing the compositions of sedimentary PAHs in com-
sea, the mixtures of heterogeneous PAH sources are needQH‘_‘”‘“on with .appllcauon of the multivariate descriptive _st_a—
to take into account source identification. Even though theliStical techniques, PAHs were proven to be a promising
PCA results are similar to those of the HCA, the estimatedchemical proxy to indicate the tsunami backwash, which
sources from the PCA can reduce the estimated sources froffdve affected the near-shore portions of the seabed in the

three (HCA) to two sources. Thus, the PCA makes it easief<ha0 Lak coastal zones. o _

at which the land-derived materials were transported offshore
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as a result of the tsunami backwash. The prominent feature ary with sediment cores dated using a multiple proxy approach,
of surface sediments exported from the Pakarang Cape could Mar. Environ. Res., 64, 225-246, 2007.
be observed. This evidence indicates that the tsunami backChristensen, E. R. and Karls, J. F.: Unmixing of le&#Cs, and
wash plays an important role in transporting anthropogenic PAH records in lake sediments using curve fitting with first- and
PAHSs to the nearby coastal area as far as approximately 25 Second-order corrections, Water. Res., 30, 2543-2558, 1996.
kilometers from the shoreline. In addition, the results from P20l€: S., Savinov, V. M., Matishov, G. G., Evenset, A., and Nas,
diagnostic PAH isomer ratios suggested that road paving as- K.: Polycyclic aromatic hydrocarbons (PAHS) in bottom sedi-
C ; . . ments of the Kara Sea shelf, Gulf of Ob and Yenisei Bay, Sci.
phalt, originating from heavy erosion by the tsunamiwave in ../ Environ., 306, 57—71, 2003.

front of Pakarang Cape, was among the identified sources ofang . c., wu, Y. S., Chen, J. C., Chang, C. N., and Ho, T.

PAHs. T.: Characteristic of polycyclic aromatic hydrocarbon concen-
Moreover, PCA results provided 2 estimated land-derived trations and source identification for fine and coarse particulates

sources of PAHs, which were the road dust and oil burning at Taichung Harbor near Taiwan Strait during 2004-2005, Sci.

sources. These estimated signature sources clearly supportTotal. Environ., 366, 729-738, 2006.

our hypothesis that PAHs were transported from the potentiaFang, M. D., Hsieh, P. C., Ko, F. C., Baker, J. E,, and Lee, C. L.:

sources on land and deposited into the near-shore seabed dur_Source§ and distributior_1 of polycyclic aromat_ic hydrocarbons in

ing tsunami backwash. However, the temporal distribution is 1€ Sediments of Kaoping river and submarine canyon system,

needed to validate our innovative study in further work Taiwan, Mar. Pollut. Bull., 54, 1179-1189, 2.007'
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. ) polycyclic aromatic hydrocarbons as a particulate tracer in the
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