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Distribution of Polycyclic Aromatic Hydrocarbons in Sediments
in Map Ta Phut Industrial Estate Area, Rayong Province, Thailand
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ABSTRACT

The distribution of polycyclic aromatic hydrocarbons (PAHs) and the natural characteristics
of sediments were investigated in the Map Ta Phut industrial estate area, Rayong province, Thailand,
from August 2010 to May 2011. Samples from 20 sites were analyzed using gas chromatography-flame
ionization detection. The total concentration of PAHs ranged from 167.73 to 2,467.61 ng.g"! dry weight
with an average concentration of 1,527.07 £+ 100.26 ng.g"! dry weight. It was found that season change
did not affect the distribution and accumulation of PAHs in sediments. Almost all sites showed high
PAH pollution consisting of five major PAHs—fluoranthene, pyrene, chrysene, benzo(k)fluoranthene and
benzo(a)pyrene. The patterns of PAHs in the sediment were dominated by four or five ring compounds
estimated to be 85% of total PAHs and the total higher molecular weight PAHs showed higher amounts
compared to the total lower molecular weight PAHs. The sources of PAHs were evaluated using
composition pattern and molecular mass ratios, which indicated that the PAH input to the Map Ta Phut
area came mainly from pyrogenic sources originating from incomplete combustion of fossil fuels and
organic substances. However, the measured total PAH concentrations at all sites were below the sediment
quality guideline values indicating non adverse effects to the biological environment.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs)
are a group of organic compounds found widely in
the marine environment and consist of two or more
fused benzene rings in different arrangements
(Moore and Ramamoorthy, 1984). PAHs are
classified as contaminants in the environment
as they are difficult to burn, slow to decay and
persist in the environment for a long time and
are highly toxic substances, carcinogens, which
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can cause genetic changes and act as mutagens
(Sverdrup et al.,2002). The physical and chemical
properties of PAHs mean they are frequently
found in the environment because they have high
melting and boiling points (Agency for Toxic
Substances and Disease Registry, 1995). Their
dissolving abilities in water decrease when the
boiling point and melting point increase according
to the increase in their molecular weight and they
are also soluble in lipids (Kennish, 1997). The
lower molecular weight (LMW) PAHs are more
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soluble in water and are acutely toxic to humans
and living organisms whereas higher molecular
weight (HMW) PAHs are highly soluble in lipids
and are more carcinogenic and mutagenic with
more time period effects (Neff, 1979). PAHs can
also cause abnormal embryos (teratogenicity) and
have been reported in marine areas close to sources
of contamination by oil with a higher incidence
of cancer (Colombo et al., 2005). Those PAHs
will affect marine ecosystems; human exposure
to PAHs in large volumes will affect the function
of various hormones associated with the system
in the body and finally cause abnormal cells as
a cause of cancer (Long et al., 1995; LaRocca
et al., 1996). Some PAHs including benzo(a)
pyrene, dibenz(a,h)anthracene, benz(a)anthracene,
benzo(b)fluoranthene, benzo(k)fluoranthene,
chrysene and indeno(1,2,3-cd)pyrene are probably
carcinogenic to humans (International Agency for
Research on Cancer, 2010).

Sources of PAHs in the marine
environment can be divided into two groups:
Group one is from crude oil and petroleum
products (petrogenic sources) mainly consisting
of compounds such as alkyl-substituted aromatic
hydrocarbons with 2-4 benzene rings which are
substances with a low molecular weight. They
originate from transport ships as transport oil
following accidents on an oil tanker or cargo
ship, from discharge ballast water from the hull
and in wastewater from community and industry
discharges, resulting in oil spills into the marine
environment (Neff, 1979). The second source is
from incomplete combustion (pyrogenic sources)
consisting of unsubstituted aromatic hydrocarbons
and heterocyclic aromatic hydrocarbons with a 3-5
benzene ring—substances with a high molecular
weight originating from fuel combustion in
automobile, engines, machines and industry
(Budzinski et al., 1997a). These hydrocarbons
contaminate the sea through the atmosphere, oil
leaching and wastewater from community and
industry that flows through canals and into rivers
(Wells et al., 1993). There are many techniques

to identify the sources of hydrocarbon pollution
in the environment, such as isomer pair ratios
(Yunker et al., 2002), individual compound
ratios (Baumard et al., 1998; Zakaria et al.,
2000) and biomarkers (Zakaria et al., 2002). The
molecular weight based on the ratio of selected
PAH concentrations in sediments can be used to
assess the origin of PAHs, that is whether they are
petrogenic or pyrogenic. The ratio of some isomers
such as phenanthrene / anthracene, fluoranthrene /
pyrene, anthracene / (anthracene + phenanthrene),
fluoranthrene / (fluoranthrene + pyrene), Benzo(a)
anthracene / chrysene and indeno (1,2,3-cd) pyrene
/ benzo(g,h,i) perylene have been widely used to
distinguish PAHs from diverse origins (Budzinski
etal.,1997a,1997b; Baumard et al., 1998; Yunger
et al., 2002; Jiang et al., 2009).

The Map Ta Phut industrial estate has
been the site of heavy and light industry including
natural gas separation plants, petrochemical
industry plants, chemical fertilizer industry sites
and an oil refinery. It also has a high potential,
deepwater port which is the largest port in the
country with a high density of maritime activity
because it is on the route of many cargo ships
including those carrying crude oil and oil products
(Pollution Control Department, 2010). As a result,
there is ample opportunity for an oil leak into the
sea caused by an accident such as ships colliding,
ships running aground or hitting a reef, shipwreck
and other maritime activities. Pollution Control
Department (2010) has categorized this area into
risk zones for oil spills which takes into account
important tides and winds that could force oil onto
the coastline as other nearby areas have fisheries
and coastal aquaculture activities. Flowing through
the industrial estate and adjacent communities,
are various canals that serve as a reservoir of
community and industrial wastewater before it is
released to the sea as a source of large amounts
of waste. Marine Water Division (2014) reported
that the coastal area of the Map Ta Phut industrial
estate area had levels of petroleum hydrocarbons
in the seawater that exceeded the coastal water
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quality standards (not over 5 ug.L-!), especially at
the Ta Kuan canal mouth, the Chark Mark canal
mouth, at Sai Thong beach and at Ao Pradu which
receives wastewater directly from industrial plants
in the Map Ta Phut industrial estate. These flows
affect the activities and quality of the marine
environment and result in the accumulation
of organic matter in the sediment. PAHs are
chemicals that have hydrophobic properties
which provide the ability to be slightly soluble or
insoluble in some substances (Long et al., 1995).
Thus, when particles of PAHs penetrate the surface
water, they capture particles and adhere to the
suspension and drop as sedimentation to the sea
floor. The contamination of PAHs in sediments
from various natural sources will combine with
small particles in the water. PAHs are degraded
slowly and remain in the sediment for a long time,
especially for PAHs with a high molecular weight
(Kennish, 1997).

Thus, understanding the contributions of
the various sources is essential for appropriately
managing PAH levels in the environment, especially

in sediments. Therefore, the present study aimed to
investigate the natural characteristics of sediment
and the distribution, composition and relative
pollution levels of PAHs and to identify possible
sources and the potential biological effects of PAHs
in sediments in the Map Ta Phut industrial estate
and nearby areas. This study provides valuable
information as a reference for surveillance and
planning for management of the PAH levels in
this area.

MATERIALS AND METHODS

Sampling location and sample collection
Sediment samples from 20 sites in the
Map Ta Phut industrial estate, Rayong province
were divided into three groups: (1) 12 sites (M1—
M12) from areas in the estate including coastal
and offshore (3 and 5 km); (2) 5 sites (W1-W5)
from the western side of the estate, and (3) 3 sites
(E1-E3) from the east side of the estate (Figure
1). Sediment samples were collected twice—once
in the wet season (August 2010) and then in the
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Figure 1 Sampling sites (E1-E3, M1-M12 and W1-W5) in Map Ta Phut industrial estate area,

Thailand.
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dry season (May 2011). The sediment samples
were collected using an Ekman grab and were
immediately transferred using a stainless steel
scoop to hexane-rinsed, wide-mouthed, glass jars.
The samples were kept in an ice box until returned
to the laboratory and then were kept frozen at -20
°C until analysis.

Sample preparation

Samples of 25 g of freeze-dried
sediments sieved at 500 um were spiked with
1-chlorooctadecane and o-terphenyl (as the
internal standard) and extracted with 180 mL of
dichloromethane in a Soxtec apparatus (Universal
Extraction System B-811; BUCHI Labortechnik
AG; Flawil, Switzerland) for 35 cycles (adapted
from Maliszewska-Kordybach et al., 2008)
at heating level 9 for 8 hr. The extracts were
then reduced to approximately 3 mL by rotary
evaporation before being transferred to glass tubes
and evaporated gently under a nitrogen stream with
1 mL of hexane added.

The extract was quantitatively transferred
into a column chromatographer packed with
activated silica gel, and then copper treatment was
activated for elemental sulfur removal and finally
sodium sulfate was added for water removal.
Elution was performed using 20 mL of hexane
for the first 5 mL of hexane fraction which was
discarded (containing the aliphatic hydrocarbons),
then the mixture of 30% dichloromethane in 40 mL
hexane (Beg et al., 2003) was passed through the
column to yield the second fraction (containing
the aromatic hydrocarbons-PAHs). The volumes
of fractions were reduced by rotary evaporation
and then blowing through a gentle nitrogen stream
before adding 500 pL of toluene.

Analysis

The quantification of individual
hydrocarbon compounds was analyzed using
gas chromatography-flame ionize detection
(6890GC; Agilent Technologies; Santa Clara, CA,
USA) equipped with an Agilent 7683B injector.

The capillary column was a HP-5MS (Hewlett-
Packard Corp.; Palo Alto, CA, USA) coated
with 5% phenyl-methylsiloxane 0.32 x 0.25 mm
inner diameter x 0.25 pm film thickness. The
injector and detector temperatures were 250 and
300 °C, respectively. The oven temperature was
programmed from 80 to 100 °C (held for 0.5 min)
at the rate of 10 °C.min"!, then increased to 140 °C
at the rate of 5 °C.min’!, then increased to 290 °C
at the rate of 5 °C.min"! and was then held at this
temperature for 10 min. The carrier gas was helium
at a constant flow rate of 1 mL.min"!. The injection
volume was 1.0 pL in the splitless mode.

The concentrations of total PAHs were
determined by summing the concentrations of
the 14 PAHs: acenaphthene (ACP), fluorene
(FLR), phenanthrene (PHE), anthracene (ANT),
fluoranthene (FLU), pyrene (PYR), benz[a]
anthracene (BaA), chrysene (CHR), benzo[b]
fluoranthene (BbF), benzo[k]fluoranthene (BkF),
benzo[a]pyrene (BaP), dibenz[a,h]anthracene
(DhA), Indeno[1,2,3-cd]pyrene (IcP) and
benzo[ghi]perylene (BgP), which were among
those listed as priority pollutants by the U.S.
Environmental Protection Agency (Manoli and
Samara, 1999).

Individual PAHs in the samples were
identified using their respective standards and
quantified based on peak areas with reference to
the internal standard o-terphenyl. A quality control
study was carried out by monitoring recovery of
the surrogate standard. In this study, the recovery
ranged from 59 to 95%. The acceptable range of
recovery was between 40 and 120% (Mirza et
al., 2012). The sediment quality, water content,
organic carbon content, organic matter and
soil texture were also analyzed (adapted from
Walkley and Black, 1934; Food and Agriculture
Organization of the United Nations, 1970; Topp,
1993).

RESULTS AND DISCUSSION

Sediment characteristics
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The sediment characteristics are presented
in Table 1. Particle size analysis showed that the
majority of the sediments consisted of a sand
mixture, with the sea floor sediments in the Map
Ta Phut area being mainly sand, sandy loam and
loamy sand. The water content, organic matter
and organic carbon in sediments were present
in high quantities at sites located in the center
of the industrial estate and the near-shore area
and decreased with distance from the coast with
M2 having the highest values of all sites, with
averages 0f 43.31 £9.19, 1.95 £ 1.03 and 1.55 +
1.13%, respectively, followed by site M 1. These
two sites were close to an industrial estate with
drainage from a power plant and the soil texture
was a loam so that the high resolution increased
the accumulation of organic compounds.

Distribution and composition of polycyclic
aromatic hydrocarbons

The average concentrations of PAHs in
the sediment samples collected at different sites
are given in Table 2. The total concentrations of
PAHs (X14PAHs) detected in the Map Ta Phut area
ranged from 167.73 to 2,467.61 ng.g’! dry weight
with an average of 1,527.07 = 100.26 ng.g™' dry
weight. These results were compared with past
studies of PAHs in sediments in Thailand around
the ship-breaking industry area of Map Ta Phut, the
coastal area of Rayong province and the Tha Chin
estuary where similar values were in the ranges 60
to 1,870, traces to 1,660 and 220 to 1,520 ng.g™!,
respectively (Suthanaruk, 1991; Tappatat, 1995;
Chaipuriwong, 2001). In addition, the results were
lower than for other industrial areas such as an
industrial port in the southern Kaohsiung harbor
of Taiwan which was supposed to be extensively

polluted by industrial waste water discharges and
the Khowre-Musa system (Persian gulf) of Iran
which had values varying from 4,425 to 51,261
and 4,518 t0 28,334 ng.g"! dry weight, respectively
(Dong et al.,2012; Shadi et al., 2012). The results
may have been due to the Map Ta Phut Industrial
estate having a high quality, wastewater treatment
system before discharge into the sea. In addition,
the soil texture in this area is mostly sand which
accumulated less PAHs than clay soil (Liao et al.,
2012).

The average concentrations of PAHs in
sediments collected from each site in the study
area are shown in Figure 2. The survey found
that for both seasons (dry and rainy) in this area,
site M8 (offshore 5 km) had the highest average
concentration at 2,207.72 + 138.88 ng.g’! dry
weight. This station was located in an area exposed
to heavy maritime traffic on oil and cargo shipping
routes. The second highest concentration was
at site M4 (Naam-Hoo canal mouth) with an
average of 2,199.18 + 18.67 ng.g’! dry weight.
The Naam-Hoo canal flows through communities
with fishing activities from which wastewater
sources and various organic compounds are loaded
before discharge into the sea. PAHs are organic
compounds that are much less soluble and decay
slowly; thus they accumulate and remain in the
sediment for a long time (Breedveld and Karlsen,
2000). Site W4 (Naam-rin beach) had the lowest
average concentration of PAHs at 209.13 + 58.55
ng.g! dry weight because it was located in a sandy
coastal area with major tourist activity compared
to the maritime, shipping and recreational fishing
activities which are more common sources of PAHs.
The area in front of the Map Ta Phut industrial
estate (sites M1-M12) had average concentrations

Table 1 Sediment characteristics (mean = SD) of Map Ta Phut industrial estate area.

o, 1 () 1
% Sand % Silt % Clay % Water 0 Organic % Organic

matter carbon
Mean 84.80+18.21 6.90+10.72 8.30+£8.26 23.44+3.29 0.52+0.31 0.30+£0.18
Range 24-98 042 044 12.69-49.81 0.06-2.67 0.03-1.55




"(§661 17 12 Bu0T) UBIPIJAL STUEY SIOAYH = NYH ‘M0 d8uey SI00)JH = THH

‘SHVdP1 Jo wing = SHVJX ‘d8d pue doI ‘Vud ‘ded Md 199 “YHD Ved “dAd ‘N'Td JO wng = SHVJHX ‘LNV Put gHd “Y'Td dOV Jo wng = SHV'IX

ousjArad(1‘y‘3)ozuag = 39 ‘ouaderyyue(y‘e)ozudqi( = VY QuaIkd(pa-¢‘z¢1)ouapu] = JoI ‘oudifd(e)ozuog = Jeq ‘ousyueiong(y)ozudg = g

‘auotjuerong(q)ozuag = Jqg ‘QUasAIy)) = JHD ‘Quederyue(e)zudg = yeq ‘OudIkd = YA J ‘QuorjueIon]j = ()T ‘QUOOBIPUY = [NV ‘QUaIiueudyd = FHJ ‘Quaion] = Y TJ ‘Quoyiydeusdoy = JOV

Kasetsart J. (Nat. Sci.) 49(5)

6Ly 0096 091°¢ - - 09¢ 009°T - - 008 009°T  009°C 00I°S 00I°T  00S‘T  ObS 00$ AR E
0y 00L°T ss - - €9 (1154 - - ¥8¢€ 192 S99 009 €68 0¥c 61 91 Td4d
LOLTST TESTY'T  SLT0T 656 9909 1109 66'S01 9S°LIT TCTE8 #8¢Ccl 89LS TIOLT 9598¢ €8°CC  SEYE 66vE 856 o3eroAy
IvS°0€  90S°8T SE0‘T  T66 €ITT  T0T1 0TIT I1SET  ¥99°1  LL9T ¥SI'T  cCov'e 1€EL'TL LSy L89 00L 61 [eloL
SBIPOIN L7989  8S'S6S 9116 V'€l G8€C  S6'0C 9961 TLTOI €£0¢ €TYLI I81IT  SSOF  00'FS 6v'81  9I'Il 969  S6'% €d
USTH  8¥'619°T 6L'8YS'T 69°0L  vS'61 €€8T TL6E I89¢l 0OSPIL 06'Ly SSPEL STYPL  €590T $99¥L IS¥c  SL0c 1678 (43 (4|
USIH  $8°CTISTT 0090¥'T +8°901 T88E 918y 96T 1888 SS9¢l CoOvy T0°CIT CTI'6IT €88IC IL€ESS YO'Cl  0F'SS 90°SE  ¥EP 9
USTH  OT'€P9T 00°I8ST 0179  LI'SE #09S LI'OF  60°TCT 9968 $896 SLOST 1S°S9  LELST 6£199 L9l TeTT 60%1  L6'8 CIN
USIH  $9'8T0°T +¥'608°1 1T6IT vLLIT TET8  T6'H8 €O TIT TE08 LOVL ¥S'LTI 16°SE  9I'IYl  €TYS6 8€'LT  099S 0TO¥I ¢€0°S TN
USTH  LO€TET vE8TTT €L¥6  vSIL 96'68  L6TOT  TL8E ¥ TIT €L¥b  T6'S 99°601 ¥T'S81 OI'L9Y 80CI LI'8S 9¥81 €09 0T
ystiH 17°8TS° T LTOVY'T  ¥6'18  TLWY 88°TY  16'SS  +9°€91 THEEL L9V9 ILOF T60S O0O1'€ST 0€96S 8L'IC  66'6C TEST S8 6N
UYSIH  TLLOTT T6'001°C 18901 1II'6L #6'CS 6S9L  9ESHT 61°€0T 06'1CT L¥69C SS9S  LETI8T StvI8 e LTSy ¥S9¢ 881 SN
USTH  SY'Sv8'T vT9PLT  1T66 979 SOV €9°S8 16961 I8'SST 6SCS 9TCST 1¢e€T  ¥9'IST 0’189 9¢°€C  S9°0¢ T99¢ 68 LN
UYSIH  0€'LL6T 61°€S8T 1I'vCl  0TTE 96'8€ 10ty  89°9€1 +I'8TI 95°0S €0°6€ 01681 TTSSE 6T 6€8 SYvC  99vE  8TSE  €L6C 9N
USTH  LE9SST CTI'89¥'T  +T'88 LS ST oY orl LovL  T8EEl €S9I P86L  SOP8I 6801  ¥EIST YOVov 6vV'Sl  p£9¢c  €T0T 6191 SN
UYSIH  81'661°CT 99°€60°C TS'SOL  19°CS  S0'S9  SO0OF  €L°9€T TO'VOI LO'OTT 91°0TC SO'TE  9I'9FT 9L'9L0'T <TE8T LL'SE SS9T 8811 124
USTH  +9°CO0LT 06°08S'T +#LTITT 9898 #8SS  9FLOT 6896 L6181 I1TL6 6TH9  TSLTT T8HOT S0'8S9 98I I€LT ¢€v9s  SI91 EN
USTH  88°TTI'T 6S°CI0T  6T601 SS+T €0CS  SE€TH  06'6L SL'S9 1TS9  6T901 LST L98LT LT96¢E scec  ol'ts 6181  L98 N
USTH  QL0LET TO0LLTT 9L°€6  9S°S8 ST'69 6899  $E8E  LLTOT S9°0TT 86'8ST ¥9vL S9T9  6£86% ¥9°6T  60'8C 8L'ST  STYI IN
USIH  16°LPY'T LT89ET #9'6L  8THI 069y TEEH  SS9ET OF'STI S9¥9  90°'1€C +0'S STTCC TT8LY 6SvYC  869¢ L9001 OFL SM
ARIPOIN  €1°'60C 867991 SI'ey  L6'lT TTOL  +¥0l1 L6'LE  ¥991 66'¢cT 8IS ILY 8881 8691 9601 6V'L T91C 60T M
USTH  9T'OP8'T ITIELT 96%IT SE€TIF LS8S  80°TCT  6TES  +606 06'€ET LS8OT 0TIET +6'681 LE96L 656  ¥¥0€ 06S1 €061 eEM
USIH  $9°9S6°T 1€608°1 CTELPT SE€'88 +vL6I1 L888  69VL 65°€8  €0°S61 STOST 169 I1°6ST  8LTYL LS9T 86'SE 6L EL 8601 [9,\\
QRIPOIN  €T°LSL  S9'189 8G°GL  6L'SE 891y  STII €CIL  6LTL TT9t g6'te  I¥L GSTLT 18861 er'oe  SSLL SSET 9tV M
uonnjjod d3g d3I vua ded A9 499  ¥HO  ved dAd N4 INV  dHd ¥4 dov  suoneig
JO [9A9] SHVAX SHVAHZ SHVAIZ Funy-9 Sury-¢ Sury-4 3uny-¢ punodwo)

752

"(ySrom A1p -3'3u) SJUSWIIPIS Ul SUOQIRIOIPAY d1jewioe d1[9K04[0d juared [enpIAIpUI JO SUOIIRIUIIUOD IFRIOAY ¢ d[qRL



Kasetsart J. (Nat. Sci.) 49(5) 753

at 1,708.78 + 452.78 ng.g’!, followed by the east
side (sites E1-E3) and west side (W1-W5) of
the Map Ta Phut industrial Estate, with highest
averages of 1,273.02 + 647.94 and 1,243.41 +
728.30 ng.g’!, respectively. Seawards from the
shoreline, offshore 3 km (M5-M7) had a highest
average concentration of 1,793.04+370.56 ng.g"!,
followed by the offshore 5 km and shoreline sites
which averaged 1,746.15 + 406.70 and 1,598.87
+ 583.92 ng.g’!, respectively. These results are
associated with the fact that the Map Ta Phut area
has been reclaimed for construction industries
and the Map Ta Phut port has been extended by
a reclamation area that is 3 km offshore and is
occupied by a group of petrochemical plants with
the storage of raw materials and petrochemical
products and coal power plants that ferry coal
and have coal piles along the shore. Furthermore,
there is a large amount of combustion of fuel from
industry and from the many ships passing through
the port. Thus, there was a greater accumulation
of PAHs in this area than in other areas.

The pollutant level classification of
PAHs suggested by Baumard et al. (1998) has
four ranges: (a) low, 0-100 ng.g"!; (b) moderate,
> 100 to 1,000 ng.g™!; (c) high, > 1,000 to 5,000

o
8

g

1.000

500

| ]

W1 W2 W3 W4 W5

Average amount of PAHs (mg.g! dry weight)

ng.g'!; and (d) very high,> 5,000 ng.g"!. Sediments
from this study area can be characterized as having
high PAH levels of pollution because this area
has industrial activities with tanker traffic and
untreated wastewater discharged from municipal
wastewater.

The percentage of average concentration
of each PAH compound in this study is shown in
Figure 3. Fluoranthene (38%) was present as the
fraction of PAHs with the highest concentration in
the study area, followed by pyrene (11%), chrysene
(9%), benzo(k)fluoranthene (8%) and benzo(a)
pyrene (7%), respectively. Many other PAH
compounds were present at low concentration. The
fact that fluoranthene was found in many sediment
samples was an indicator that this area was
characterized by lower-temperature, incomplete
combustion.

The molecular structure of specific PAH
compounds in the environment can be used for
classification. Low molecular weight (LMW)
PAHs are categorized by two to three benzene
rings while four to six rings are known as high
molecular weight (HMW) PAHs. In this study,
>HMW PAHs was higher than ZLMW PAHs in
the sediment samples collected from all sampling

M1 M2 M3 M4 M5 M6 M7 M8 MO MIOMII1 MI2

Sampling sites

El E2 E3

Figure 2 Average concentration of polycyclic aromatic hydrocarbons (PAHs) in sediments collected

from each sampling site.



754 Kasetsart J. (Nat. Sci.) 49(5)

sites (Table 2). The predominance of HMW PAHs
reflects the presence of significant combustion
products from sources of pyrogenic processes.
The PAHs originated mainly from the incomplete
combustion of organic matter, fossil fuel and oil or
coal. In general, HMW PAHs are more abundant
than LMW PAHs in the sediments from river,
lacustrine and marine environments (Khalid et
al., 2007; Yan et al., 2009). The distribution of
PAHs is associated with their ability to dissolve
and their degradation. Therefore, HMW PAHs
have a high boiling point and low vapor pressure
which restricts the levels of degradation and
chemical structural changes in LMW PAHs. For

11%

Figure 3 Percentage of average concentration of
the polycyclic aromatic hydrocarbons
compounds identified in the study
area (ACP = Acenaphthene, FLR =
Fluorene, PHE = Phenanthrene, ANT
= Anthracene, FLU = Fluoranthene,
PYR = Pyrene, BaA = Benz(a)
anthracene, CHR = Chrysene, BbF =
Benzo(b)fluoranthene, BKF = Benzo(k)
fluoranthene, BaP = Benzo(a)pyrene,
DhA = Dibenzo(a,h)anthracene, IcP
= Indeno(1,2,3-cd)pyrene, BgP =

Benzo(g,h,i)perylene).

these reasons, HMW PAHs can accumulate in the
sediment and the environment to greater levels
than LMW PAHs (Yamada ef al., 2003).

The 14PAHs were divided into four
groups based on their benzene ring structure—3-
ring, 4-ring, 5-ring and 6-ring PAHs. The PAH
distribution pattern by the number of aromatic
rings is shown in Figure 4. The 4-ring PAHs
were predominant in the sediments from the Map
Ta Phut industrial estate, ranging from 21.88 to
71.95% with an average of 59.38%, followed by
the 5-ring, 3-ring and 6-ring PAHs with averages
of 25.52, 7.59 and 7.51%, respectively, except
for the sediment from site W4 (Naam-rin beach),
where the 5-ring PAHs dominated (42.47%). These
results were consistent with studies in sediments
from San Francisco Bay and Daya Bay (Pereira
et al., 1996; Khalid ef al., 2007).

Diagnostic ratios of polycyclic aromatic
hydrocarbons

The identification of different sources
of PAHs has been based on the PAH isomeric
ratios. In this study, ANT / (ANT+PHE) and FLU
/ (FLU+PYR) were chosen to determine sources
of PAHs in sediments from Map Ta Phut industrial
estate since their different physicochemical
properties meant they could behave differently
in the environment and lead to different ratios
(Cardellicchio et al., 1997). Ratios of ANT /
(ANT + PHE) < 0.1 and FLU / (FLU + PYR) <
0.4 usually imply contamination by PAHs from a
petrogenic source with petroleum-derived input,
while ratios of ANT/(ANT + PHE) > 0.1 and FLU
/(FLU + PYR) > 0.5 imply these pyrogenic PAHs
are derived from biomass combustion (grass,
wood or coal combustion) and if the FLU / (FLU
+ PYR) ratio is between 0.4 and 0.5, this indicates
petroleum combustion. (Yunger et al., 2002; Fang
et al., 2007).

The cross plots of ANT / (ANT + PHE)
and FLU / (FLU + PYR) ratios in the wet and
dry season are shown in Figure 5. The ratios of
ANT / (ANT + PHE) > 0.1 and FLU / (FLU +
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PYR) > 0.5 in the two seasons indicated that
most sediment samples involved combustion of
grass, wood and coal as possible contributions to
the PAHs. However, surface sediments from site
M6 in the wet season had a ratio of ANT / (ANT
+ PHE) and FLU / (FLU + PYR) higher than 0.1
and between 0.4 and 0.5, respectively, indicating
that petroleum combustion could be the possible
source of these PAHs. In the dry season, M11,
W1, W4 and E3 had ratios of ANT / (ANT +
PHE) <0.1 and FLU / (FLU + PYR) < 0.4 which
usually implies contamination by PAHs from a
petrogenic source with petroleum-derived input.
The ratio calculations suggest that the input of the
PAHs to the Map Ta Phut area mainly came from
pyrogenic sources due to incomplete combustion
as this area was the site of a large industrial estate
and deep-water port with many industries, in
particular petrochemical plants and coal power
plants with coal transport and coal banks on land
reclaimed from the sea. Thus, the main source of
the PAHs that had accumulated in the sediments
in the Map Ta Phut area could be expected to have
been derived from coal combustion, combustion in
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the oil industry, fuel consumption by ship traffic
into and out of the Map Ta Phut port, emissions
from cars, ships and industrial plants leaching into
the sediments contaminated with PAHs, including
the discharge of wastewater contaminated with oil
from domestic and industrial sources and waste oil
from ship maintenance disposed of directly into
the sea.

Potential biological effects

The PAH levels in the sediment samples
were assessed for possible hazards to the marine
benthic community using a comparison with
effect-based sediment quality guideline values.
Effects-range low (ERL) and effects-range median
(ERM) were calculated from the lowest 10th
percentile and the 50th percentile of biological
effects concentrations, respectively. These two
values defined three concentration ranges for
each particular chemical that were: (1) rarely (<
ERL), (2) occasionally (= ERL, < ERM) or (3)
frequently (> ERM) associated with the adverse
effects on benthic marine organisms from Long et
al. (1995). The measured concentrations of PAH
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compounds based on ERL and ERM values are
shown in Table 2. The total PAH concentrations
(XPAHs) and LLPAHs for all sites were below
ERL, which indicated that adverse biological
effects should be rare. The XSHPAHs were below
ERL at 13 sites and between ERL and ERM at 7
sites. All individual PAHs, such as phenanthrene,
anthracene, pyrene, benz(a)anthracene, chrysene
and benzo(a)pyrene, at all sites were below ERL.
Furthermore, acenaphthene, fluorene, fluoranthene
and dibenz(a,h)anthracene were between ERL and
ERM in 4, 14, 10 and 9 sites, respectively, which
indicated that biological effects at those sites
would occur occasionally.

CONCLUSION

This paper reported substantial data on
the natural characteristics of sediment and on
the distribution, possible sources and potential
biological effects of PAHs in sediments of the Map
Ta Phut industrial estate area, Rayong province,
Thailand. The results showed that sea floor
sediments in the Map Ta Phut industrial estate area
were mostly sand, sandy loam and loamy sand.
The water content, organic matter and organic
carbon in sediments averaged 23.44 + 3.29,
0.52 + 0.31 and 0.30 + 0.18 %, respectively. The
total concentration of PAHs ranged from 167.73
to 2,467.61 ng.g'! dry weight with an average
concentration of 1,527.07 + 100.26 ng.g™' dry
weight. The season did not affect the distribution
and accumulation of PAHs in sediments. The
sediment samples from this study area indicated
that most of the sites have high pollution of
PAHs, except for three sites which have moderate
pollution levels of PAHs. Fluoranthene, pyrene,
chrysene, benzo(k)fluoranthene and benz(a)pyrene
represented the top five PAHs in surface sediment
samples. The 4-ring and 5-ring PAHs were the
most abundant compounds which accounted for
85% of total PAHs. The amount of XHMW PAHs
was higher than for XLMW PAHs in sediment
samples collected from all sampling sites. The

study identified the possible sources of PAHs that
occur from incomplete combustion (pyrogenic
sources) or petroleum products (petrogenic
sources). The results showed that PAHs in the Map
Ta Phut area mainly came from pyrogenic sources
resulting from the incomplete combustion of fossil
fuels and organic substances. Compared with
effect-based sediment quality guideline values,
the concentrations of total PAHs for all sites were
below ERL, which indicated that biological effects
would occur rarely. The results should be useful in
the planning and management for environmental
protection of the Map Ta Phut area.
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