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Abstract Rapid increase in industrialization and
urbanization in the west coast of Peninsular Malaysia
has led to the intense release of petroleum and
products of petroleum into the environment. Surface
sediment samples were collected from the Selangor
River in the west coast of Peninsular Malaysia during
four climatic seasons and analyzed for PAHs and
biomarkers (hopanes). Sediments were soxhlet
extracted and further purified and fractionated through
first and second step column chromatography. A gas
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chromatography—mass spectrometry (GC-MS) was
used for analysis of PAHs and hopanes fractions. The
average concentrations of total PAHs ranged from
219.7t0 672.3 ng g~ ' dw. The highest concentrations
of PAHs were detected at 964.7 ng g~ dw in station
S5 in the mouth of the Selangor River during the wet
inter-monsoonal season. Both pyrogenic and petro-
genic PAHs were detected in the sediments with a
predominance of the former. The composition of
hopanes was homogeneous showing that petroleum
hydrocarbons share an identical source in the study
area. Diagnostic ratios of hopanes indicated that some
of the sediment samples carry the crankcase oil
signature.
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Introduction

Kuala Selangor is a fishing village located 67 km
southeast of Kuala Lumpur. It has become a tourist
location owing more to the red mangrove ecosystem
along the river bank. The Kuala Selangor River is in
fact one of the major river system in the Selangor state,
draining into the Malacca Straits. It is 500 m wide at
the mouth with a water depth of about 2.5 m during
low tide, while the water depth can reach up to about
10 m at high tide. The coastal zone is characterized by
a semidiurnal, macro-tidal regime with a mean spring
tidal range of about 4.0 m depth (Tee and Mohamed
2005). There are four climatic seasons in this area
including dry season, wet inter-monsoonal season, the
northeast monsoon (NEM) and the southwest mon-
soon (SWM). The two latter show high rates of
precipitation and are categorized as wet season.
Seasonal variations of tropical climate have an
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enormous effect on transportation and fate of organic
pollutants. During wet season, heavy tropical rainfall
causes a great deal of pollutant washout which
transports different types of pollutants into the rivers
via runoffs (Liu et al. 2013). Furthermore, heavy
rainfall during wet season intensifies the river flow
resulting in further transportation of organic pollutants
mainly attached to particulate organic matters from
various potential input points along the river to the
downstream and estuary (Chalov et al. 2015). High
rate of precipitation during wet season also contributes
to the deposition of atmospheric pollutants and
consequently their direct and indirect transportation
to the aquatic environment. The Kuala Selangor River
also receives a lot of anthropogenic compounds,
derived from terrestrial and atmospheric sources
which increase the most recent inputs of pollutants.
Among the pollutants, hydrocarbons such as polyaro-
matic hydrocarbons (PAHs) are among the most
threatening ones which have been widely studied.
PAHs have been given more attention recently
because of being among the most widespread organic
pollutants and being toxic, mutagenic, and carcino-
genic to humans and other organisms (Cao et al. 2009;
Masiol et al. 2012; Karami et al. 2012). Additionally,
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they are subjected to bioaccumulation and bioconcen-
tration in the aquatic food web. The sources of the
PAHs can be classified into three groups: pyrogenic,
petrogenic, and diagenic sources. The pyrogenic
PAHs result from the incomplete combustion pro-
cesses, while the petrogenic PAHs are produced by
diagenic processes at low temperature over the
geological time scale (Mai et al. 2002; Zakaria et al.
2002; Stout et al. 2004) and the diagenic PAHs derive
from plant precursors (Gallon et al. 2005). The
pyrogenic sources of the PAHs include vehicle
emissions; industrial operations and power plants
using fossil fuels; smelting; waste incinerators; and
combustion of biomass (grass, wood, and coal),
whereas the petrogenic sources include crude oil and
petrochemicals, gasoline, diesel fuel, kerosene, lubri-
cating oil, and asphalt (Boonyatumanond et al. 2006).
Many studies have demonstrated that the sources of
the anthropogenic PAHs can be distinguished by the
ratio of low molecular weight (LMW) PAHs to high
molecular weight (HMW) PAHs (Zakaria et al. 2002;
Sakari et al. 2010; Mirsadeghi et al. 2013; Karyab et al.
2014; Nozar et al. 2014; Masood et al. 2016;
Vaezzadeh et al. 2014; Vaezzadeh et al. 2015a;
Keshavarzifard et al. 2017; Vaezzadeh et al. 2017a).
The pyrolytic PAH compounds predominate in HMW
PAHs; 4-, 5-, and 6-ring PAH compounds, whereas the
petrogenic PAHs predominate in LMW PAHs; 2-ring
and 3-ring PAH compounds (Irwin 1997; Mai et al.
2002; Bouloubassi et al. 2012; Masood et al. 2014).
Hydrocarbon compounds such as pentacyclic triter-
penes (hopanes) have been proposed as molecular
markers providing useful information about the
sources of petroleum, original depositional environ-
ment, maturation, and diagenetic processes (Zakaria
et al. 2001; Maioli et al. 2010). Due to their complex
cyclic molecules, hopanes are rarely affected by
photochemical and microbial degradation (Peters
and Moldowan 1993; Suneel et al. 2014) enabling
them to provide more confident discrimination in the
analyses of sources and fate of chronic petroleum
contamination. The relative composition of individual
compounds of hopanes has recently been applied for
identification of the source of petroleum pollution
(Chandru et al. 2008; Wang et al. 2007; Keshavarz-
ifard et al. 2017; Vaezzadeh et al. 2017b). They are
widespread in oil and oil products such as heavy
residual oils with high boiling points, lubricating oils,
and asphalt. These compounds are resistant to

environmental alteration and are routinely used to
fingerprint petroleum contamination in sediments
(Volkman 1986; Peters and Moldowan 1993; Prince
et al. 1994; Wang et al. 1994; Zaghden et al. 2005;
Harji et al. 2008; Hu et al. 2009). On account of this,
the presence and source of petroleum compounds were
substantiated in the present study by the presence and
composition of hopanes. The source of hopanes, the
depositional environment of the crude oil, and the
maturity stage of the oil determine the compositions of
hopanes (Volkman et al. 1997; Luellen and Shea
2003). The configuration of 17a(H), 21 B(H) within the
range of C,; to Css is more thermodynamically
stable than BP and Bo configuration, and, therefore,
is a sign of petroleum hydrocarbons (PHCs). Hopanes
of biological origin consist of high B configuration
which shifts to the more thermodynamically stable of3
and Bo configurations as a result of oil maturation, and
are, thus, depleted in petroleum (Wang et al. 2006).
The 18a(H)-22,29,30-trisnorneohopane (Ts) and
170(H)-22,29,30-trisnorhopane (Tm) are sensitive
indicators of thermal maturity when sediments orig-
inate from similar sources (Wang et al. 2006). As a
result, hopanes with a predominance of the 17a(H),
21B(H) stereochemistry indicate significant petroleum
inputs. In other respects, the hopanes are not catego-
rized as environmental contaminants; however, they
are useful biomarkers of oil pollution because of their
persistence in the environment and various signatures
in petroleum with different sources (Sakari et al.
2010).

Despite the Kuala Selangor River is located in the
state of Selangor which is one of the most industri-
alized and urbanized states and probably the biggest
source of pollution in the environment of Malaysia,
petroleum pollution in this river has received little
attention. The Kuala Selangor River receives large
amounts of land-based pollutants from its developed
surroundings in the form of runoffs and also via
atmospheric deposition. Furthermore, the Kuala
Selangor Estuary lies directly to the Straits of
Malacca, one the world’s busiest waterways with
huge oil tanker traffic; therefore, the spillage of oil
from the oil tankers and other vessels probably affects
the Kuala Selangor Estuary. Thus, the focus of the
current study is to investigate the concentrations and
the origins of PAHs and hopanes as markers of oil
pollution in the sediments of the Kuala Selangor River
during four different climatic seasons. Diagnostic
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Fig. 1 Landuse and landcover map for Kuala Selangor District

indices were used for source identification of PAHs
and hopanes. Due to toxicity of PAHs for humans and
other organisms, identification of their sources as the
first measure to control the release of these pollutants
into the environment is of high importance. In
addition, the concentrations of LMW PAHs, HMW
PAHs and total PAHs were compared with sediment
quality guidelines (SQGs) to assess the potential
adverse effects of PAHs to benthic organisms. Clus-
tering analysis has rarely been used for source
identification of PAHs in the riverine sediments of
Malaysia and this study used hopanes for further
investigation of petroleum hydrocarbon origins in the
Kuala Selangor River. In addition, the effect of
seasonal variation of tropical climate on PAH loads
of riverine and estuarine sediments has not been well-
documented and this study gives an indication of the
magnitude, distribution and sources of petroleum
pollution along the Kuala Selangor River and Estuary
during four different tropical climates.
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Materials and methods
Sample collection

The surface sediment samples were collected from the
top 4 cm of sediments, representing recent inputs of
pollution at 13 stations from the Kuala Selangor River.
Surface sediment samples were collected using an
Ekman dredge sampler and placed into previously
solvent-rinsed stainless steel containers. A brief
description of the sampling sites is provided in
Table S1. The selected study area still has several
patches of upland forest, swamp forest, and some
mangroves. The major land use in the study area is
agriculture, especially oil palm, paddy, and coconut
plantation (Fig. 1). In this study, the sediment samples
were collected from the river and its estuary during the
rainy inter-monsoonal season, the dry inter-mon-
soonal season, the NEM, and the SWM since the
samples are expected to contain varying amounts of
pollutants during these seasons. The samples were
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transported to the laboratory on ice and stored at
— 18 °C prior to further analysis.

Sample analysis

The procedures for extraction, purification, and frac-
tionation were described elsewhere (Hartmann et al.
2000; Zakaria et al. 2002). Ten grams of freeze-dried
sediment samples were placed in pre-cleaned cellulose
thimbles and soxhlet extracted for about 8—10 h by
distilled dichloromethane (DCM). The 50 pl of sur-
rogate internal standards (SIS) mixture of PAHs was
spiked into the solvents before extraction. The extract
volume was then reduced using a rotary evaporator
and copper treated. The extracts were transferred onto
the top of 5% H,0 deactivated silica gel in a glass
chromatographic column. This step is to separate polar
compounds from non-polar ones. Exactly 20 ml of
hexane/DCM (3:1, v/v) was used as an elution solvent
for hydrocarbon fraction. The extracts were rotary
evaporated and reduced to near dryness and sequen-
tially fractionated with a fully activated silica gel
column using 4 ml of high purity hexane to get alkanes
and hopanes fraction, 4 ml of hexane again to get
linear alkylbenzene (LABs) fraction which was
discarded, and finally 16 ml of Hexane/DCM (3:1
v/v) to get PAHs fraction. The volume of hopanes and
PAH fractions was reduced to approximately 1 mL
using a rotary evaporator and concentrated using a
gentle stream of pure nitrogen gas to near dryness,
redissolved in internal injection standards (IIS) of
hopanes and PAHs in 100 pl isooctane, respectively,
and transferred to a 1.5 ml amber vial. The solution
was analyzed with a 7890A Series Agilent gas
chromatography (GC) equipped with the mass spec-
trometer (MS). A DB-5MS fused silica capillary
column of 30 m length, 0.25 mm internal diameter
(i.d.) and 0.25 pum film thickness (J&W Scientific,
Folsom, CA, USA) was used.

Total organic carbon (TOC) analysis

The analytical procedure that was adopted by the
researchers for assessment of the TOC content was the
procedure described by Bakhtiari et al. (2010) and
Vaezzadeh et al. (2015b). The sediment samples were
dried overnight at 60 °C in an oven and then ground
and homogenized using mortar and pestle. The
inorganic carbon was removed prior to analysis. A

mass of 1-2 g of each sediment sample was weighed
and a volume of 1-2 mL of 1 M hydrochloric acid
(HCI) solution was added until the sample was totally
moist with HCL. After that, the samples were dried at
100 °C for 10 h to remove HCI. An aliquot of each
sample was reweighed and then analyzed using LECO
CR-412 Carbon Analyzer at 1350 °C for 60 s to
determine the TOC, which is reported in this study in
the mg g~ unit.

Quality control (QC)

Quality control (QC) consists of professional labora-
tory practices, updated standard procedures, correct
sample collection and calibration, standardization,
instrument maintenance, reporting of generating
forensic data analysis, continuous improvement pro-
gram, and inspection and validation. In the present
study, all standards (IIS, SIS, and native standards)
used in the analysis were daily prepared. Each batch of
samples (4 samples) was processed with a blank that
contained all the chemicals and the standards present
in the normal samples to determine any cross-
contamination during the analytical procedure and
contamination from the glassware. During instrumen-
tal analysis, a purge (i.e., capillary column solvent
wash) was processed after each batch of six samples.
Recovery of the surrogates generally ranged from 63
to 98% of the spiked concentration. The concentra-
tions of the PAHs of interest were corrected using their
recoveries (Pereira et al. 1999). The quality assurance
for the hopane analyses was also conducted in this
study. No recovery correction was made for the
hopane analyses. Limits of detection (LOD) and limit
of quantification (LOQ) of the analytical method were
0.12-1.30 and 0.41-4.07 ng g~ for the PAH analytes,
respectively. Also, LOD and LOQ of the hopanes were
1.6-2.9 and 5.4-9.9 ng g~ ', respectively.

Identification of PAHSs sources

PAH diagnostic ratio is the preferred method for
source identification due to its simplicity and validity
by numerous studies. The five diagnostic ratios of
PAHs: LMW/HMW, Ant/(Ant + Phe), Fluo/(Fluo +
Pyr), BaA/(BaA + Chr), and InP/(InP + BgP) have
been applied in order to identify the origins and
sources of PAHs in the Selangor River (Table S2;
Khalili et al. 1995; Mitchell et al. 1998;
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Commendatore et al. 2000; Mai et al. 2002; Yunker
et al. 2002; Guo et al. 2006; Vaezzadeh et al. 2014;
Vaezzadeh et al. 2015a; Keshavarzifard et al. 2017).

Statistical analysis

IBM-SPSS software, v. 21.0 package was employed in
the chemometric application using hierarchical
agglomerative cluster analysis (HACA), principal
component analysis (PCA), and correlation between
TOC and total PAHs. These techniques were chosen to
interpret and evaluate the organic contaminants
dataset along Selangor River Basin. PCA has been
applied in this study. Briefly, PCA is a statistical
approach, which is often used to identify potential
linear combinations of PAHs that may be useful to
distinguish their sources. One-way ANOVA was
performed to assess the differences of the PAHs
dataset in different stations, where p value was < 0.05,
the differences between PAHs datasets were consid-
ered as statistically significant.

Results and discussion
PAHs in the sediments of the Selangor River

Levels and composition of PAHs in the sediments
of the Selangor River

Table 1 summarizes the concentrations of the indi-
vidual and the total PAHs in the sediments at the
various sampling stations, in addition to the mean
concentrations and the respective standard deviations
during the four climatic seasons. The results showed
that the PAHs in the sediments ranged from 215.48 to
964.70 ng g~ ! dw, with a mean of
651.64 &+ 239.70 ng g~' dw during the wet inter-
monsoonal season, while ranged from 203.27 to
665.20 ng g~ dw, with an average of
499.24 + 15570 ng g~ ' dw during the dry inter-
monsoonal season. PAHs ranged from 197.73 to
68894ngg 'dw and from 13390 to
61890 ng g~ ' dw  with mean  values of
341.30 £ 163.50 and 391.97 & 16530 ng g~ ' dw
during the NEM and the SWM seasons, respectively.

Temporally, the highest concentrations of PAHs
were detected in the wet inter-monsoonal season at
stations S5 and S13. The high concentrations of the
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PAHs during the wet inter-monsoonal season under-
line the role of surface runoffs in transportation of the
PAHs to the rivers in Malaysia. This finding accords
with that of Daka and Ugbomeh (2013) and Zhao et al.
(2014) who reported that the concentrations of PAHs
were higher during the wet season than the other
seasons. The lowest PAHs (133.90 ng g~ ' dw) were
detected during the SWM season at station S8, which
is located near a mangrove forest, while the highest
PAHs (964.70 ng g~ ' dw) were found during the wet
inter-monsoonal season at station S5, which is situated
in the estuary. In other respects, the outcomes of the
one-way ANOVA indicated that the differences
between the PAHs among the sampling stations were
significant (p < 0.05). This can be ascribed to the
presence of different anthropogenic sources of PAHs
around each of the 13 sampling stations.

Overall, the concentrations of the various investi-
gated PAHs were higher at the estuarine stations (S5—
S12) than the other stations. One explanation can be
the concentration of industrial activities, population
and domestic runoffs in the vicinity of the estuary
which can increase PAH levels. In this regard,
Selangor City is located on the river’s eastern side
and significant urban runoffs from the city can
contribute to the increase in the PAH concentrations.
Moreover, heavy rainfall in Malaysia causes huge
sediment washout; therefore, rivers carry large
amounts of particulate matters containing hydrocar-
bons which will deposit in the estuary as the river
enters the realm of salinity due to gravitational
sedimentation and flocculation (Chalov et al. 2014).
Malaysia is a tropical country covered by various
types of vegetation; therefore, the particulate matters
in the rivers abound in organic materials which can
make strong bonds to organic pollutants and facilitate
their transportation to the estuaries. Another reason for
higher levels of PAHs in the estuarine stations can be
the influence of sea-based petroleum pollution on the
PAH loads of estuarine sediments. As mentioned
earlier, the Kuala Selangor Estuary lies directly to the
Straits of Malacca which is highly susceptible to oil
spills from the heavy oil tanker traffic and other
shipping activities. On the other hand, the lowest
concentrations of the PAHs were observed at stations
S7, S8, and S11 at 221.92 + 50.18, 219.71 £ 82.49,
and 285.31 £ 109.26 ng g~' dw, respectively
(Fig. S1).
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Table 1 The total

Station PAHSs (ng g_1 dw)
concentrations of PAHs
(ng g~" dw) in the DIMP RIMP NEM period SWM period Mean STD
sediments of Selangor River
S1 665.2 703.4 685.6 510.3 641.1 88.6
S2 576.4 563.2 450.5 426.9 504.3 76.5
S3 658.2 804.7 226.1 208.9 474.5 302.8
S4 475.7 696.8 221.7 136.6 382.7 254.2
S5 615.4 964.7 490.1 618.8 672.3 203.9
S6 541.1 790.5 242.4 509.6 520.9 2242
S7 225.4 2514 260.8 150.1 221.9 50.2
S8 331.7 215.5 197.7 133.9 219.7 82.5
S9 500.5 782.5 458.9 421.2 540.8 164.4
S10 649.9 758.8 688.9 322.8 605.1 193.5
S11 203.3 341.5 411.3 185.1 285.3 109.3
DIMP the dry inter- S12 4923 705.2 352.9 388.2 484.7 158.5
monsoon period, RIMP the S13 555.1 893.1 408.6 425.0 570.5 224.9
rainy, or wet, inter- Mean 499.3 651.6 391.9 341.3 471.1 137.2
monsoon period, STD + STD 155.7 239.7 165.3 163.5 181.1 39.3

standard deviation

The levels of PAHs can be classified according to
the ranges of the detected concentrations. In this
regard, Baumard et al. (1998) categorized the levels of
PAHs as low if the PAH concentration is
<100 ng g~' dw, moderate if the PAH concentration
is within the range of 101-1000 ng g~ ' dw, high if the
PAH concentration is within the range of
1001-5000 ng g~ ' dw, and very high if the PAH
concentration is > 5000 ng g~' dw. According to
Wang et al. (2010), the PAH concentration in the range
of 500-1000 ng g~' dw can be indicative of moder-
ately high PAH pollution. The average concentrations
of the studied PAHs in the sediments of the Selangor
River ranged from 219.71 to 67226 ng g~ ' dw. In
consequence, six of the sampling sites (S3, S4, S7, S8,
S11, and S12) are moderately polluted with PAHs,
whereas the other seven sites have moderately high
levels of pollution with PAHs. These findings are in
line with the previously reported results for sediments
from the rivers along the west and east coasts of
Peninsular Malaysia as well as in some other devel-
oping countries (e.g., Sanger et al. 1999; Zakaria et al.
2002; Feng et al. 2007; Ma et al. 2007; Sakari et al.
2008a, b; Bakhtiari et al. 2009; Vaezzadeh et al. 2014).

The PAH composition profile is useful for tracking
down the sources of PAHs and elucidating their fate
and transport in the environment (El Nemr et al. 2013).
The composition pattern of PAHs according to ring

numbers in the sediment samples of the Selangor
River in the four study seasons is shown in Fig. 2. The
average percentages of the individual 2-, 3-, 4-, 5-, and
6-ring PAHs in the sediments of the 13 stations in the
Selangor River were 5% =4 2.44, 36% £ 4.77,
27% + 8.61, 24% + 6.24, and 8% =+ 2.92, respec-
tively. Moreover, the composition of the PAHs was
dominated by the four-ring PAHs (40%), followed by
the three-ring PAHs (33%) during the dry season,
while dominated by the three-ring PAHs (38%),
followed by the four-ring PAHs (29%) during the
wet season. As shown in Fig. 2, the dominant PAHs in
the NEM season were the three-ring PAHs (40%),
followed by the four-ring PAHs (31%). Similarly, the
PAHs with the highest proportions in the SWM season
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Fig. 2 Percentages of the 2-ring PAHs to the 6-ring PAHs in
the sediments according to sampling period (n = 52). NEM
northeast monsoon, SWM southwest monsoon
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were the three-ring and four-ring PAHs with 47 and
25% of total PAHs, respectively. The two-ring PAHs
had the lowest percentage during all four climatic
seasons (Fig. 2).

Sources of PAHs based on the composition of PAHs
in the sediments

The PAHs typically occur in complex mixtures and
their composition may be used to characterize and
identify their sources. Identification of the sources of
the PAHs is crucial for reducing their inputs into the
environment and developing environmental pollution
control strategies. The frequently adopted method for
source identification of PAHs is use of diagnostic
ratios (typically isomers). This method is based on the
hypothesis that paired chemicals are diluted to a
similar extent and that the ratios remain constant en
route from sources to receptors (Katsoyiannis et al.
2007).

LMW to HMW PAH ratio higher than 1.0 indicates
a pollution of petrogenic origin, while a ratio lower
than 1.0 indicates pyrogenic origin of PAHs (Magi
et al. 2002; Qiao et al. 2006; Chen and Chen 2011). In
the present study, the average range of the values of
the LMW/HMW PAHs during the four climatic
seasons ranged from 0.51 to 0.97 (Table 2). The
values of LMW/HMW PAHs in the sediment samples
during the four climatic seasons were < 1.0, except for
the stations S6 (1.17) and S7 (1.06) in the dry inter-
monsoonal season; station S12 (1.53) in the NEM
season; and the stations S2, S8, S10, S11, S12,and S13
in the SWM season. At the latter stations, the ratios
were 1.32, 1.72, 1.73, 2.16, 2.14, and 1.10, respec-
tively (Table 2). In fact, the data indicated that 78% of
the samples had PAHs from combustion origin, while
the PAHs in the remainder of the samples are of
petrogenic origin. These results spotlight domination
of the HMW PAHs and indicate that these stations
were heavily impacted by the combustion-derived
PAHs which are present in the urban atmospheric
particles and are rich with HMW PAHs. The pyro-
genic PAHs may have been transported to the
Selangor River by the prevailing SWM winds,
although more studies are needed to confirm this
presumption.

A comparison with the relevant literature demon-
strates that the values of LMW/HMW PAHs obtained
in this study are consistent with those reported by
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Bakhtiari et al. (2009) for the sediments of Langat
River, which ranged from 0.17 to 0.39. Dominance of
the HMW PAHs in the riverine sediments in the west
coast of Peninsular Malaysia has been also reported
recently by Raza et al. (2013) and Vaezzadeh et al.
(2015a). The HMW PAHSs have even been found to be
the most common PAHs in the sediments of the east
coast of Peninsular Malaysia (Tahir et al. 2011). On
the other hand, higher percentages of LMW PAHs
were reported in sediments collected from urban areas
in Peninsular Malaysia, hence indicating high inputs
of petrogenic PAHs (Zakaria et al. 2002). High inputs
of LWM PAHs to the riverine systems were also
reported in sediments in Bangkok, Thailand, implying
dominance of petrogenic sources of PAHs (Boonya-
tumanond et al. 20006).

The most possible sources of PAHs in the environ-
ment can be identified by the use of indices that
employ certain ratios of the concentrations of various
PAHs in the environment (Soclo et al. 2000; Tsym-
balyuk et al. 2011; Yunker et al. 2002). Parent PAH
ratios as well as alkylated ones, which are based on the
relative abundance of individual PAH or groups of
PAHs, have been practically developed for identifying
and differentiating the petrogenic and pyrogenic
sources of PAHs (Yunker et al. 2002; Zakaria et al.
2002; Vaezzadeh et al. 2015a; Keshavarzifard et al.
2015, 2017). On the basis of thermodynamic stability,
each of Phe/Ant and Flu/Pyr has been widely used to
distinguish petrogenic origin PAHs from those of
pyrolytic origins (Yang et al. 2005; Liang et al. 2007;
Karacik et al. 2009). In this respect, the Fluo is less
favored than Pyr under fossil fuel formation conditions
(Igbal et al. 2008). As a result, Fluo/Pyr ratios higher
than 1 indicate petrogenic origins, whereas the ratios
lower than 1 indicate pyrogenic sources (Sicre et al.
1987; Budzinski et al. 1997). In the current study, the
average ratios of Phe/Ant and Flu/Pyr in the sediments
of the Selangor River during the four climatic seasons
ranged from 045 £ 039 to 132+ 090 and
0.31 £ 0.16 to 4.15 £ 6.90, respectively. As Phe/
Ant < 10 and Fluo/Pyr > 1, it was concluded that the
PAHs detected in the sediments originated from both
pyrolytic and petrogenic sources (Fig. 3). This is
confirmed by the LMW/HMW ratios which ranged
from 0.55 to 1.17.

The ratio of Fluo/(Fluo + Pyr) is frequently used to
identify the sources of PAHs (Mitchell et al. 1998; Liu
et al. 2008). A Fluo/(Fluo + Pyr) ratio within the
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Table 2 Average values of different diagnostic ratios of PAHs in the sediments of Selangor River

Station LMW/HMW?* MP/P® Fluo/(Fluo + Pyr)° BaA/(BaA + Chr)¢ (InP/(InP + BgP)°
1 0.52 1.57 0.49 0.65 0.65
2 0.54 0.80 0.54 0.30 0.57
3 0.54 1.00 0.63 0.40 0.39
4 0.71 1.15 0.62 0.43 0.37
5 0.72 0.36 0.76 0.46 0.51
6 0.91 1.15 0.66 0.46 0.34
7 0.92 1.04 0.69 0.63 0.50
8 0.61 1.39 0.78 0.49 0.63
9 0.65 1.34 0.75 0.38 0.38
10 0.76 0.57 0.70 0.50 0.22
11 0.97 0.70 0.78 0.55 0.40
12 0.81 0.50 0.65 0.63 0.58
13 0.51 1.35 0.72 0.64 0.59

SLMW/HMW The ratio of the sum of the concentrations of PAHs (from Naphthalene to Anthracene) divided by the sum of the

concentrations of PAHs (Fluoranthene to Benzo[ghi]perylene)

°MP/P The ratio of methylphenanthrenes/phenanthrene

°Fluo/Fluo + Pyr The ratio of fluoranthene/(fluoranthene + pyrene)

4BaA/BaA + Chry The ratio of benzo(a)anthracene/(benzo(a)anthracene + chrysene)
°InP/InP + BgP The ratio of Indeno[1,2,3-cd]pyrene/(Indeno[1,2,3-cd]pyrene + Benzo[g,h,i]perylene)

range of 0.4—0.5 was attributed to combustion of liquid
fossil fuels (vehicle and crude oil), whereas a ratio
< 0.4 corresponds to petroleum contamination and a
ratio > 0.5 corresponds to combustion of biomass;
grass, wood, or coal (Yunker et al. 2002; Zemo 2009).
As shown in Table 2 and Fig. 4, the average ratios of
Fluo/(Fluo + Pyr) in the sediment samples of the
Selangor River varied from 049 £ 031 to
0.78 £ 0.16 during the four climatic seasons. The
values of this ratio, which were all > 0.4, indicated
biomass and coal combustion origins of the PAHs.

A value of the InP/(InP + BgP) ratio that is < 0.20
indicates a petroleum source, whereas a value > 0.50
discloses contribution of biomass and coal combus-
tion. Meanwhile, a value in the range of 0.20-0.50
indicates petroleum combustion as the source (Yunker
et al. 2002). On the other hand, a BaA/(BaA + Chr)
value < 0.20 implies a petroleum source of the PAHs,
while a value within the range of 0.20-0.35 points to
petroleum combustion, especially liquid fossil fuel,
and vehicle and crude oil. Meantime, a BaA/(BaA +

Chr) value > 0.35 reveals combustion of coal, grass,
and wood (Yunker et al. 2002). As Fig. 4 shows, the
average InP/(InP + BgP) ratios during the four

climatic seasons of this study ranged from
0.22 £ 0.16 to 0.65 % 0.36. These results imply a
petroleum source and a range of combusted materials
that include coal, wood, and grass as the major sources
of the PAHs in the sediments of the Selangor River.
Lastly, for the stations S3, S4, S6, S7, S9, S10, and
S11, the InP/(InP + BgP) values fell within the range
of 0.20-0.50, suggesting fossil fuel (vehicle and crude
oil) combustion as the main PAH origin at these
stations. At the rest of the stations, however, the (InP/
(InP + BgP) values were higher than 0.5, implying
biomass and coal combustion as source of PAHs. In
this study, the values of the BaA/(BaA + Chr) ratio
ranged from 0.30 £ 0.06 to 0.65 + 0.36 during the
four climatic seasons and were > 0.35, except for S2
where this ratio lied in the range 0.20-0.35. These
findings indicated petroleum combustion, especially
liquid fossil fuel, and vehicle and crude oil as major
PAH origins. Furthermore, the BaA/(BaA + Chr)
values were higher than 0.35 at the rest of the sediment
sampling stations, which indicated predominance of
pyrogenic sources of PAHs (Fig. 4).

The MP/P ratio, originally proposed by Young-
blood and Blumer (1975), is another ratio used for
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PAH source identification (Prahl et al. 1984; Barrick
and Prahl 1987; Takada et al. 1991; Yunker et al.
2002). It has been employed to distinguish between
petrogenic and pyrogenic sources of PAHs in many
previous studies (e.g., Zakaria et al. 2002; Boonyatu-
manond et al. 2006; Keshavarzifard et al. 2017; Saha
et al. 2009; Bakhtiari et al. 2010). The MP/P ratio is
generally lower than 1.0 for the PAHs of pyrogenic
origins but ranges from 2 to 6 in the case of a fresh
petroleum origin (Garrigues et al. 1995; Yang and
Hofmann 2009). The average values of the MP/P ratio
in the sediment samples of the Selangor River ranged
from 0.36 + 0.32 to 1.57 £ 0.55 during the four
climatic seasons. The values were in general < 2, with
the majority of the sediments having values less than
unity, which is a sign of pyrogenic sources of PAHs.
The values of the MP/P ratio were higher than 2 at S4
and S9 in the wet inter-monsoonal season, S8 in the
dry inter-monsoonal season and S13 in the NEM
season indicating fresh petroleum inputs of PAHs
(Fig. 4).

Figure 4 confirms predominance of the pyrogenic
over the petrogenic sources of PAHs in the sediments
of the Selangor River. As shown in this figure, all
sampling stations fall within the pyrogenic and mixed
sources zone of the diagram. It is also noteworthy that
the ratios employed in this study highlighted grass,
wood, and coal combustion as sources of PAHs at
most of the 13 sampling stations.

In summary, various diagnostic ratios indicated that
the PAHs in the sediments of the Selangor River were
mainly derived from combustion sources, including
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petroleum, coal, and biomass combustion. He et al.
(2010) reported that the PAHs produced by biomass
burning during a haze episode can be transported by
air masses during the monsoon. Moreover, the
aerosols in Peninsular Malaysia were found to be
dominated by pyrogenic PAHs originating from
automotive exhaust emissions (Okuda et al. 2002)
and biomass burning particularly from the southern
Sumatra, Indonesia (Omar et al. 2006; Bahry et al.
2009). PAH pollution in urban and remote areas has
been reported to be transported by long-range atmo-
spheric transport (e.g., Okuda et al. 2002; Yang et al.
2007; He et al. 2010). Furthermore, the Selangor
estuary, which faces the Straits of Malacca, is
vulnerable to the pollution caused by oil spills from
tanker operation (Zakaria et al. 2001; Abas et al. 2004;
Mirsadeghi et al. 2011; Keshavarzifard et al. 2016).
Thus, the petrogenic sources of PAHs in the Selangor
River can be ascribed to ship and fishery boat activities
as well as to oil spills and land-based runoffs from the
residential areas near the Straits of Malacca coastal
areas.

A proportion of the PAHs found in the Malaysian
sediments can be attributed to coal burning and natural
gas combustion (Yang and Chen 2004) in coal-fired
power plants located along the West coast of
Malaysia, such as Perak (Manjung), Negeri Sembilan
(Lukut), and Selangor (Kapar) in the cases of coal
combustion, and Selangor (Klang), Selangor (Kuala
Langat), Perak (Pantai Remis), Kedah (Kulim),
Negeri Sembilan (Port Dickson), Selangor (Serdang),
and Perlis (Kuala Sungai Baru) in the cases of natural
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gas combustion. Considering continuous monitoring
in the region, a shift in the sources of PAHs in the
sediments of the west coast of Peninsular Malaysia has
taken place since the last decade (Zakaria et al. 2002;
Zakaria and Mahat 2006; Bakhtiari et al. 2009; Raza

et al. 2013; Retnam et al. 2013; Sakari and Zakaria
2013; Keshavarzifard et al. 2014, 2016; Vaezzadeh
et al. 2015a). One major reason for this shift from
petrogenic to pyrogenic sources as the dominant
sources of PAHs can be effective measures to control
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release of PAHs from petrogenic sources such as oil
spills, while the pyrogenic sources of PAHs, such as
automobile exhaust, are active and growing.

Identification of the sources of PAHs using clustering
analysis

Clustering analysis was performed to identify the
homogeneous groups of PAHs in the sediment sam-
ples. The results of this analysis are presented in a
hierarchical dendrogram (Fig. 5).

Three distinct clusters were obtained. The first
group includes FTH, PYR, PHE, ANT, MANT, and
RET, most of which are 4-ring PAHs. These PAHs
usually come from pyrogenic sources, e.g., combus-
tion of coal and wood (Zakaria et al. 2002; Wang et al.
2007). The second group consists of BbF, CHR, BaA,
BkF, BaP, and BghiP, which are mostly HMW PAHs
with 5-6 benzene rings. Clustering of these PAHs in
this group indicates combustion, mainly of vehicle
fuel, as their main source (Wang et al. 2007). The third
major group consists of the 2-3 ring PAHs NAP, ACE,
ACY, and DBT, which derive from unburned fossil
fuels, and petroleum (Dobbins et al. 2006; Gonzalez
et al. 2006; Ye et al. 2006; Luo et al. 2008).

Identification of the sources of PAHs using principal
components analysis (PCA)

The purpose of Principal Components Analysis (PCA)
is to represent the total variability in the original PAH
data with the minimum number of principal compo-
nents (PCs). By critically analyzing the PAHs loading
on each extracted component, the common sources for
these PAHs can be identified (Larsen and Baker 2003).
In this study, the PCA was applied to the normalized
data revealing three PCs responsible for 66% of the
total variation of PAHs in the surface sediments of the
Selangor River (Table 3).

The first PC is responsible for 26.6% of the total
variance. It receives high loadings from 5-ring and
6-ring PAHs (BkF, BaP, BghiP, and DahA) and
moderate loadings from BeP and IcdP. The major
source in this PC appears to be road dust from the
urban areas of Selangor and vehicular fuel (gasoline
and diesel) combustion. According to Khalili et al.
(1995), gasoline combustion produces NAP, FLU,
BEP, ACY, and PYR. Meanwhile, the BghiP, BKF,
and Coronene have been identified as tracers for
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gasoline engines, with IcdP and PYR being present in
both the diesel-, and gasoline-powered engines
(Larsen and Baker 2003). Owing to that, diesel and
gasoline emissions could not be differentiated by PCA
in this study and generally PC1 was described as
vehicular emission component.

Outputs of PCA bring to notice that the second
extracted component (PC2) explains 21.2% of total
variation in the PAH concentrations. It receives high
loadings from 2-ring and 3-ring PAHs that are
dominated by NAP, FLU, and DBT. The runoffs from
oil-burning power-generation plants are characterized
by 2-ring and 3-ring PAHs, specifically methylnaph-
thalenes and phenanthrenes (Larsen and Baker 2003).
In view of this, PC2 was categorized as a petroleum
component. The two major sources of petroleum
pollution in the Malaysian environment are dumping
of used crankcase oil and the washout of oil products
due to strong storms in this tropical country (Zakaria
et al. 2002).

The third extracted component alone is responsible
for 17.8% of the total variance in the levels of PAHs in
the sediments. This component received loadings from
alkylated PHE, ANT, FTH, PYR, and RET (4-ring
PAHs) and moderate loading from MANT. The
alkylated PHE, ANT, FTH, PYR, and RET are
associated with coal combustion (Simoneit 2002),
while RET, which is mostly linked to wood combus-
tion, is derived from diterpenoids resin acid and
abietic acid, which are constituents of conifers resin
(Ramdahl 1983; Fang et al. 1999; He et al. 2010). The
RET found in the lakes and oceans sediments was
traced back mainly to natural degradation of abietic
acid (Ramdahl 1983) and pulp and paper mill effluents
(Mandalakis et al. 2004). In this study, the RET
detected as one of the major sedimentary PAHs
comparable with some parent PAHs such as FTH and
PYR. In Malaysia, a profound proportion of the PAHs
originates from uncontrolled biomass combustion of
domestic and garden wastes and smoke from regional
forest fires (Omar et al. 2002, 2006). The RET and its
precursors are not produced during combustion of
tropical woods (Abas et al. 1995; Fang et al. 1999)
and, as such, they did not contribute to PC3. In
conclusion, the first PCA uncovers that there are three
sources for the PAHs in the sediments of the Selangor
River, namely, vehicle emissions (PC1), petroleum oil
(PC2), and biomass combustion (PC3).
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Assessment of PAH toxicity in the sediments
of the Selangor River

The potential toxicological impacts of the PAHs in the
sediments of the Selangor River were assessed by
comparing their concentrations with the numerical
effect-based sediment quality guideline (SQG) values
(Table 4) which are commonly developed based upon
adverse effects of the pollutants on benthos since they
are constantly in direct contact with the pollutants in
the sediments (Burton 2002). Based upon different
thresholds, the SQGs are divided into two general
categories:

1. Concentrations which are less than those at which
adverse effects occasionally happen to biological
units, such as the threshold effect level (TEL), the
screening level contamination (SLC), and the
effects range low (ERL).

2. Concentrations which commonly cause adverse
effects to biological units, including the probable
effects level (PEL) and the effect range median
(ERM).

The values of total PAHs, LMW PAHs, and HMW
PAHs reported in the current study were compared
with the ERL, SCL, ERM, PEL, and TEL SQGs
(Table 4). Based on this comparison, it was found that
the total PAHs in the surface sediments of the Selangor
River were below the ERL value (4000 ng g~ dw) in
the four climatic seasons. The maximum total PAHs in

the surface sediments in the four climatic seasons was
964.70 ng g_l dw, which is also much lower than the
ERL value. Therefore, the PAH levels in the surface
sediments of the Selangor River comply with the
minimal-effects range. Consequently, the PAHs are
unlikely to cause any adverse biological effects to the
aquatic organisms in the Selangor River. The com-
parison of the levels of LMW PAHs and HMW PAHs
in the sediments of the Selangor River with the SQGs
demonstrated that these concentrations are far less
than the ERL, SCL, ERM, PEL, and TEL values.
Thus, the probability for the PAHs in the Selangor
River to have adverse effects on the aquatic biota
including those that are closely associated with
sediments is low.

Percentages of TOC in the sediments

Overall, the concentrations of TOC in the sediments of
the Selangor River ranged from 1.16 to 1.98% in the
four climatic seasons with a mean concentration of
1.41% + 0.25 (Schumacher 2002). There was no
significant correlation (p > 0.05) between TOC and
total PAHs in the sediments of the study area. This
finding contrasts with the findings of some other
studies (e.g., Witt and Trost 1999; Liu et al. 2008;
Jiang et al. 2009) which reported that the concentra-
tions of hydrocarbons in sediments are highly related
to their organic matter content. However, the present
finding is in agreement with the findings of some other
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Table 3 Rotated component matrix of PAHs in Selangor
River sediments (High loadings (> 0.65) shown in bold)

No. PAHs Principal component (PC)*
1 2 3

1 NAP 0.194 0.857 0.168
2 MNAP 0.060 —0.126  0.005
3 ACY 0.149 0.247 — 0.053
4 DMNAP 0.016 0.224 — 0.020
5 ACE 0.098 0.319 0.136
6 FLU — 0277 0.748 0.178
7 DBT 0.428 0.697 -0.079
8 PHE —0.203 0.194 0.820
9 ANT 0.024 —0.037 0917
10 MPHE — 0478 —0.084 0.119
11 MANT  0.100 0.256 0.611
12 DMPHE 0.568 — 0.070 0.068
13 FTH 0.290 0.010 0.874
14 PYR 0.165 0.192 0.763
15 RET 0.207 —0.076  0.691
16 BaA — 0.206 0.091 0.281
17 CHR 0.059 0.095 0.158
18 BkF 0.871 —0.109 0.279
19 BbF — 0.055 0.075 0.509
20 BaP 0.806 —0.033 0.122
21 BeP 0.548 0.109 0.031
22 PER 0.174 0.036 -0.074
23 BghiP 0.747 0.432 0.212
24 DahA 0.734 0.225 0.332
25 IcdP 0.513 0.025 0.048
Eigenvalue 8.55 4.19 3.63
Variability (%) 26.6 21.2 17.8
Cumulative (%) 26.6 47.8 65.5

Estimated source Vehicle Oil Biomass

Abbreviations for PAHs compounds in this study: NAP
naphthalene, MNAP methylnaphthalene, ACY acenaphthylene,
DMNAP  dimethylnaphthalene, ACE acenaphthene, FLU
fluorene, DBT dibenzothiophene, PHE phenanthrene, ANT
anthracene, MPHE methylphenanthrene, MANT
methylanthracene, DMPHE  dimethylphenanthrene, FTH
fluoranthene, PYR pyrene, RET retene, BaA benza(a)anthracene,
CHR chrysene, BkF benzo(k)fluoranthene, BbF
benzo(b)fluoranthene, BaP benzo(a)pyrene, BEP benzo(e)pyrene,
PER perylene, BghiP benzo(ghi)perylene, DahA
dibenzo(ah)anthracene, IcdP indeno(cd-23)pyrene

“Rotation method: Varimax with Kaiser Normalization
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studies (e.g., Phelps 2000; Ouyang et al. 2006;
Cailleaud et al. 2009) which did not find any
significant relationship between total PAHs and
organic matter content. A possible explanation for
this result is that the PAHs are introduced to the
environment from industrial and shipping ports and
routes, while the organic carbon (OC) is mostly
naturally present in the environment (Ouyang et al.
2006). As a result, this inconsistency might be because
of the differences in the sources of OC and PAHs in the
study area. Based on this finding, the total PAHs in the
sediments of the Selangor River were not normalized
by TOC and are reported in the present study on a dry
weight basis (dw).

Hopanes in the sediments of the Selangor River
Levels of hopanes in the Selangor River sediments

As it was reported earlier, the sediments of the
Malaysian Rivers are highly impacted by pyrogenic
PAHs as was evidenced by the PAH diagnostic ratios.
Previously, petroleum biomarker compositions
(hopanes) were applied to identify the source of PAHs
in Malaysian riverine sediments and constant hopane
profiles were detected in the riverine sediments of
Malaysia, indicating a similar diffuse source. Hopanes
have been used as biomarkers for discrimination of the
sources of petroleum (e.g., Volkman et al. 1997;
Zakaria et al. 2000; Vaezzadeh et al. 2017b), and their
compositions provided further supportive evidence on
the sources of crude oil spillage in the aquatic
environment (Zakaria et al. 2002).

In order to identify the origins of the petroleum
hydrocarbon, the current study investigated the con-
centrations and sources of hopanes including (17o(H)-
22,29,30-trisnorhopane (Tm), 17a(H),216(H)-norho-
pane (Cyol7a), 17B(H),210(H)-norhopane (C,9178),
17a(H),21B8(H)-hopane (C3917a), and 178(H),21o(H)-
hopane (C50178)) in the Selangor River. The average
concentrations of total hopanes in the sediments
ranged from 235 to 1044 ng g~', with a mean
concentration of 442.05 & 218.81 for all stations
(Table 5). In addition, the minimum and maximum
concentrations of hopanes in the collected sediments
were 235 and 1044 ng g~ ', respectively, which were
recorded at station S3 and station S9, respectively.
These results indicated large variations among the
different sediment sampling stations.
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Table 4 Proposed sediment quality guidelines (SQGs) in terms of PAH content (Long et al. 1995; Macdonald et al. 1996; Burton

2002)
Station Total PAHs LMW PAHs HMW PAHs

Dry Rainy NEM SWM Dry Rainy NEM SWM Dry Rainy NEM SWM
S1 665.2 703.4 685.6 510.3 121.7 318.6 238.6 193.5 543.5 384.8 446.9 316.8
S2 576.4 563.2 450.5 426.9 139.4 111.5 213.5 242.9 436.9 451.7 237.1 184.1
S3 658.2 804.7 226.1 208.9 126.8 364.5 110.7 65.2 531.4 440.3 1154 143.7
S4 475.7 696.8 221.7 136.6 132.6 357.5 87.8 56.5 343.1 339.2 133.9 80.1
S5 615.4 964.7 490.1 618.9 246.1 447.4 151.1 278.9 369.3 517.3 339.0 340.0
S6 541.1 790.5 242.4 509.6 291.2 360.2 112.6 226.9 249.9 430.3 129.8 282.7
S7 2254 251.4 260.8 150.1 116.0 124.1 121.9 64.5 109.4 127.3 138.9 85.6
S8 331.7 215.5 197.7 133.9 51.5 104.7 92.0 84.6 280.2 110.8 105.7 49.3
S9 500.5 782.5 458.9 421.2 155.3 361.9 173.6 160.6 345.2 420.6 285.3 260.6
S10 649.9 758.8 688.9 322.8 320.6 204.2 312.8 204.6 329.2 554.6 376.1 118.2
S11 203.3 341.5 411.3 185.1 95.1 142.4 196.8 126.5 108.1 199.2 214.5 58.7
S12 492.3 705.2 352.9 388.2 175.1 215.2 213.7 264.6 317.3 489.9 139.3 123.6
S13 555.1 893.1 408.6 425.0 236.2 156.4 153.0 222.5 318.9 736.8 255.6 202.6
ERL - 4000 - - - - 552 - - 1700 - -
ERM - 45,000 - - - - 3160 - - 9600 - -
TEL - 1684 - - - - - - - - - -
PEL - 16,770 - - - - - - - - - -
SLC - 4090 - - - - - - - - - -

DIMP the dry inter-monsoonal period, RIMP the rainy inter-monsoonal period, NEM the northeast monsoon period, SWM the
southwest monsoon period, ERL effects range low value, ERM effects range median value, TEL threshold effect levels, PEL probable

effect levels, SLC screening level contamination

Identification of the sources of hopanes
in the Selangor River

Based on previous data on composition of hopanes
provided by Zakaria et al. (2001), signatures of the
Southeast Asia and Middle East crude oils (SEACO
and MECO, respectively) were found in environmen-
tal samples in Malaysia. MECO is highly used for
production of engine and lubricating oil. Both
170,21B(H) C3¢ hopane (Csy 17a) and 170,21
(H) Cy9 hopane (Cyo 17a), as well as 17a,21B(H),
22S, and 22R homohopanes from C;; to Css, are
present in MECO and SEACO. However, hopanes of
higher plant origin are abundant in SEACO. Since
SEACO comes from non-marine (i.e., lacustrine and
deltaic) shale rocks, the ratios of C,9/C3q and C5;-Css/
Cjzg are lower in the SEACO than in the MECO oil.
However, the MECO has higher ratios of C,o/C53, and
C51-C35/C39 due to having marine carbonate rock
origin.

Values of three hopane indices employed in this
study, namely, C29/C30, 2C31—C35/C30, and Tm
(17a(H)-22,29,30-trisnorhopane)/T's (18a(H)-
22,29,30-trisnorneohopane) are shown in Table 5.
The ratio of Tm/Ts can be used as a measure of the
thermal maturity of different samples from the same
source (Wang et al. 2006). This ratio has a wide range
of values (Table 5), both in MECO (0.35-2.31) and
SEACO (0.52-2.20). In the present study, the range of
T, /T, ratio was 0.71-1.98 in the Selangor River.
Table S3 shows the values of C,9/C;3q, 2C31—C35/Cs0,
and the Tm/Ts ratios for the crude oil, fresh and used
crankcase oil, street dust, and asphalt (Zakaria et al.
2002).

The ratios of C,9/C3¢ and XC53,—C35/C3q can be
used to distinguish MECO from SEACO as a source of
hopanes. The ratio of C,9/C3( ranges from 1.41 to 2.01
and from 0.85 to 1.16 in MECO and SEACO oil,
respectively (Zakaria et al. 2002). On the other hand,
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Table 5 Hopane concentrations (ng g~ ') and relative ratios in the sediments of Selangor River

Compound S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11  S12 S13  Mean STD
Tm 14 6 6 33 43 6 14 38 21 12 16.2 134
T, 17 3 8 46 21 8 10 17 31 23 23 16.9 12.2
Cyol7a 12 105 11 31 25 12 13 6 59 20 13 15 15 25.9 27.3
Cpl7B 9 22 6 9 19 26 19 15 274 69 55 7 14 41.9 72.1
Csol7a 9 97 13 15 23 8 6 6 143 24 10 28 6 29.8 41.8
Ci017B 75 95 90 108 126 141 97 143 96 117 190 47 95 109.1 355
C31-S 7 37 9 18 20 26 10 14 16 13 18 22 12 17.1 8.2
C31-R 10 56 9 17 17 10 9 17 53 38 20 9 12 21.3 16.6
C32-S 8 21 14 30 26 19 10 14 45 40 30 14 15 22.1 11.6
C32-R 8 10 10 29 19 21 11 25 31 31 35 12 37 21.5 10.5
C33-S 9 14 9 10 44 10 9 10 35 32 18 19 25 18.9 11.6
C33-R 8 16 15 12 17 14 14 13 67 57 29 20 15 229 18.2
C34-S 9 24 6 9 22 35 15 15 45 38 26 13 16 20.9 12.3
C34-R 16 28 8 9 22 21 20 26 18 8 16 14 9 16.6 6.9
C35-S 12 21 11 12 17 18 43 30 59 19 25 11 9 22.1 14.6
C35-R 14 34 11 7 21 18 15 12 33 10 50 10 12 19.0 12.5
*> Hopanes 238 590 235 396 481 396 305 377 1044 560 550 249 326 442.1 218.8
T /T 09 176 094 116 198 1.06 083 071 121 150 093 145 153 1.23 0.38
“Ca9/Cs0 1.71 143 147 201 130 1.63 223 140 0.68 143 144 140 233 1.57 0.43
9¥Cs; -C35/Cso 1,50 1.55 119 147 157 141 154 127 1.82 211 144 191 1.64 1.57 0.25

aZHopanes Sum of the concentration of Ts, Tm, C2917CX, C2917B, C30170€, C3017B, C3| S, C3| R, C32 S, C32 R, C33 S, C33 R, C34 S,

C34 R, C35 S, and C35 R

bT,,/T v Ratio of 17a-22,29,30-trisnorhopane over 180-22,29,30-trisnorhopane
°C,¢/C3p Ratio of 17a, 21B (H)-30-norhopane tol7a, 21B (H)-hopane
) C3,—C35/C3p Ratio of sum of 170, 218 (H)-C31 homohopane to 17a, 21 (H)-C35 homohopane relative to 17a, 21 (H)-hopane

the ratio of XC3,—C35/C53( ranges from 1.80 to 2.30 and
0.41 to 0.89 in MECO and SEACO, respectively
(Table S3). Such differences reflect the effects of the
different geological processes on the formation of
crude oils. The ratios of C,9/C3p and ZC3,—C35/C3q in
the Selangor River ranged from 0.68 to 2.33 and 1.19
to 2.11, respectively. The range of C,9/C5 ratios for
SEACO was lower than those found in the sediments
of the Selangor River (Fig. 6), therefore excluding
SEACO as a contributor to the sedimentary petroleum.
On the other hand, the hopanes in the sediments of the
Selangor River had C,¢/C3( ratios similar to those of
MECO. This suggests signature of the MECO in the
sediments of the Selangor River, which is consistent
with results reported by Zakaria et al. (2002) for urban
sediments in Malaysia. For the most part, the ratios of
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2C31—C35/C39 do not match either of MECO and
SEACO range of values.

Moreover, the composition of hopanes in some
samples discloses a crankcase oil signature. Similarly,
the range of the values of the Tm/Ts ratio in used
crankcase oil (0.62-0.92) to some extent agrees with
the range of the values of the Tm/Ts ratio in the
sediments (0.71-1.98). As Fig. 6 shows, the ranges of
values for the ratios of C,9/C3y and £C3;—C35/C5g in
used crankcase oil are 1.56-2.66 and 1.20-2.08,
respectively. These values are consistent with the
values calculated for sediments at all the sampling
locations in the Kuala Selangor River which ranged
from 0.68 to 2.33 and 1.19 to 2.11 for C,9/Cs¢ and
2C3,—C35/C30, respectively. These results indicate
that the sediments of the Kuala Selangor River carry
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Fig. 6 Plot of C50/Cs 3 Used crankcase oil () ® s1
versus ZC31—C35/C30 for . . S2
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signature of used crankcase oil which can be trans-
ferred to the river via urban runoffs.

Conclusion

PAHs found in the sediments of the Selangor River are
categorized at moderate to moderately high level of
contamination. In this study, the highest levels of
PAHs were detected during wet season and in the
estuarine stations which indicates the influence of
heavy tropical rainfall in transportation and fate of
PAHs. Diagnostic indices of PAHs and hopanes were
used for source identification of petroleum pollution in
the sediments of the Kuala Selangor River. As
mentioned earlier, PAHs are toxic to the aquatic
organisms and have harmful health impacts on
humans. Source identification of PAHs provides the
necessary data for controlling their release into the
environment. Identification of sources of PAHs in
aquatic environment is specifically important in
Malaysia where the majority of population are
concentrated along the rivers or near the coastal areas
due to the economic benefits. Thus, local community
is exposed to PAHs from the river and seawater,
sediment and consumption of aquatic animals. Com-
position of the PAHs showed that sediments were
dominated by the 4-6 ring compounds at all sampling
stations, implying various incomplete combustion-
derived PAHs as the main sources of PAHs. Similarly,
diagnostic ratios of PAHs and clustering analysis
pointed out the significance of combustion sources

such as biomass burning and vehicular emission in
sediments of the Kuala Selangor River. The concen-
trations of LMW PAHs, HMW PAHs and total PAHs
were far lower than the ERL, SCL, ERM, PEL, and
TEL indicating low probability of adverse effects to
the benthic organisms in the Kuala Selangor River,
however, health risks of PAHs to humans need to be
addressed in the future studies. Due to the toxic effects
of PAHs for humans and other organisms, their
bioavailability in the ecosystem of the Kuala Selangor
River also needs to be investigated. The bioavailable
fraction of PAHs can bioaccumulate in aquatic
organism tissues, cause toxic effects on the aquatic
organisms and pose health risks to humans at the top of
the food chain. Thus, future research needs to also
clarify the potential health risks of PAHs from the
consumption of aquatic animals inhabiting the Kuala
Selangor River. The values of the C,9/C5q ratio for the
sediments of the Selangor River were found to be
higher than those reported for the SEACO, excluding
SEACO as a contributor to hydrocarbons in the
sediments of the Kuala Selangor River. However,
the values of the C,9/C5q ratio were found to be similar
to those of MECO, hence evidencing contribution of
MECO to the hydrocarbons in the sediments of the
Selangor River, which is consistent with findings of
some previous studies in other areas of Malaysia. The
composition of hopanes was homogeneous in the
sediments of the Kuala Selangor River and the use of
multi-modal approach to source identification in this
study showed signature of used crankcase oil in some
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of the sediment samples as suggested by the previous
studies.
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