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a b s t r a c t

The marine ecosystems surrounding oil and gas production sites are particularly vulnerable to
ecological harm that may be affected by its operations. In this study, we examined the composition,
contaminant sources, and the potential ecological risk of aliphatic hydrocarbons (AH) and polyaro-
matic hydrocarbons (PAH) in the marine sediments along the western coast of Qatar. The ΣAHs
concentration ranged from <0.10 to 246 ng·g−1 (site SD2) while the ΣPAH concentration ranged
from <0.10 to 44 ng·g−1 (site SD10). Pollution concentration profile was site specific where AH and
PAH concentrations were relatively higher within close proximity to the oil and gas production. TOC
appeared to be positively correlated with PAH and therefore a good indicator for PAH but not for
AH. Low molecular weight even-carbon numbered alkanes (n-C10-18) were more abundant than the
higher molecular weight (n-C20-34) AHs. The Σ16PAHs compositional analysis mean concentrations
were composed of 2-ring (6%), 3-ring (18%), 4-ring (48%), 5-ring (28%), and 6-ring (0.14%), respectively.
Fluoranthene obtained the highest concentration of 11 ng·g−1 (site SD10). Diagnostic ratios and
hydrocarbon parameters suggested mixed sources of petrogenic, pyrolytic, and biomass except for
vehicular traffic. The overall results for AH and PAH indicated low pollution based on pollution criteria
and were below the threshold limit set by the National Oceanic and Atmospheric Administration
(NOAA) and the Canadian Sediment Quality Guidelines (CSQG). This suggests low probability of a
negative toxic effect caused by these contaminants however, continuous long term-monitoring is
needed to ensure these pollutants do not exceed the current levels.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Petroleum occurs naturally as complex mixtures of carbon,
ydrogen and other elements such as oxygen, nitrogen and sul-
ur. Total petroleum hydrocarbon is a term used to describe
etroleum-based hydrocarbons that are found in crude oil, which
an be measured in environmental media. It includes both volatile
nd extractable petroleum hydrocarbons such as crude oil, diesel
uels, jet fuels, gasoline, kerosene, Stoddard solvent, fuel oils No.
and 6, mineral-based motor oils, hexane, benzene, toluene,

ylenes, and polyaromatic hydrocarbons (PAHs). Petroleum hy-
rocarbons are ubiquitous organic contaminants in coastal areas
nd can broadly be classified into aliphatic and aromatic hydro-
arbons, which may be derived from biogenic, petrogenic and
yrolytic sources (Seopela et al., 2020). Petroleum hydrocarbons

∗ Corresponding author at: Environmental Science Center, Qatar University,
.O. Box 2713, Qatar.
∗∗ Corresponding author.

E-mail addresses: m.abdulla@qu.edu.qa (M.A. Abdulla), azenith@qu.edu.qa
A.B. Castillo).
ttps://doi.org/10.1016/j.rsma.2023.103042
352-4855/© 2023 The Author(s). Published by Elsevier B.V. This is an open access a
undergo considerable changes in their composition once entering
into the sea due to evaporation, photo and chemical oxidation,
biodegradation, and selective dissolution. Short chain alkanes and
aromatics with few carbon rings are lost rapidly, while complex
aromatic molecules are more stable and can be used to attribute
the source of contamination (Kucuksezgin et al., 2012).

Hydrophobic compounds are mostly deposited into the ma-
rine sediment through association with solid particulate matter
(Wang et al., 2015a). As a result of their low degradation and
high affinity to sediment particles, they have low bioavailability,
but persist in the marine ecosystem. Sources of hydrocarbons
in sediments vary in their origin but may include incomplete
combustion of fossil fuels, hydrocarbons biosynthesis by terrige-
nous or marine organisms, and different petroleum operations
related to oil field industry i.e., drilling, extraction, transporta-
tion, accidental spillage, and leakage of oil and gas (Kucuksezgin
et al., 2012). Assessment of aliphatic hydrocarbons (AHs) and
polyaromatic hydrocarbons (PAHs) concentrations in coastal sedi-
ments provides an insight into their distribution and can highlight
hotspots of contamination associated with petroleum production
(Sammarco et al., 2013).
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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In the marine environment, the hydrocarbons of the petroleum
il spilled are mixed with the pre-existing organic hydrocarbons
n the sea mainly originating from biogenic activities or natural
ources. In addition, petroleum hydrocarbons are lipophilic sub-
tances, which promote bioaccumulation in marine food chain.
esearch has shown that petroleum hydrocarbons are easily
bsorbed in the gastrointestinal tract (Gupta, 2016). Gupta (2016)
evealed that aliphatic hydrocarbons were associated with ac-
idental poisoning among children which resulted to 12%–25%
eaths from the 28,000 children under 5 years of age who had
een reported to have ingested petroleum distillates. It is there-
ore crucial to explore the origin of hydrocarbons in the marine
nvironment to determine the contribution of each part, evaluate
heir potential risk, and formulate control measures.

Qatar in a peninsula within the Arabian Gulf which represents
bout 23% of the entire Gulf coastline and supports a range of
arine ecosystems including coral reefs, sand and mud flats,
angrove swamps and seagrass beds, in addition to high fish
iversity (Walton et al., 2017). It is also one of the world’s most
mportant oil transit passages because of the large volume of
etroleum oil and products that are transported through the strait
Barden, 2019). The crude petroleum and natural gas industry in
atar accounts for over 50% of the gross domestic product and is
he largest industry in the country (GPCA, 2015).

The present study area is located on the western coast of Qatar
nd is the site of a large oil and gas field producing crude oil,
as condensate, associated, and non-associated gas that covers an
rea approximately 80 km by 8 km since 1949 (QP, 2017). Due
o these petroleum-related activities, the coastline is susceptible
o petroleum-associated pollution and, because of the shallow
ater, the pollutants in this area are more likely to disperse
lowly, partially dilute, and reside in the environment for long
eriods of time (De Mora et al., 2004). The main objective of this
esearch is to quantify the aliphatic hydrocarbons and USEPA’s
6 priority PAH pollutants across the west coast of Qatar. This
tudy will also evaluate the interrelationship between the organic
ollutant concentrations and the proximity to the oil and gas
xploration and production activities. Lastly, the study will iden-
ify source-apportionment using diagnostic ratios and understand
he potential ecological risks posed by these organic pollutants
ncluding comparison of their levels with the threshold effect lim-
ts set by the National Oceanic and Atmospheric Administration
NOAA) and the Canadian Sediment Quality Guidelines (CSQG).

. Materials and methods

.1. Study area and sampling

Marine sediments were sampled in May 2019 from 22 sam-
ling sites along a 10 km stretch of the western coast of Qatar
n Dukhan (SD1 to SD20; group A); including two reference
ites approximately 29 km to the north located in Zekreet (SZK,
roup B) and 24 km to the south located in Umm Bab (SUB,
roup C) (Fig. 1). Dukhan, a city in the western municipality
f Al-Shahaniya, is the site of the first discovery of oil reserve
n Qatar. The oil exploration in the area begun in 1935 and
he construction of the first oil well was completed in 1940
MOFA, 2012; Sorkhabi, 2010). Dukhan is administrated by Qatar
nergy (formerly Qatar Petroleum) which is the country’s state
il agency (QP, 2017). In 1949, the first barrel of oil was exported
nd since then Dukhan’s development grew at a steady state
specially when natural gas was found (MOFA, 2012). Dukhan’s
nshore field covered 605 hydrocarbon wells of which 300 were
il producing, 58 were gas producing and 182 were for other uses
.g., water injection wells (Sorkhabi, 2010; Offshore Technology,
021). The onshore Dukhan field produces up to 335,000 bar-
els (53,300 m3) of crude oil per day which accounts for 5% of
2

the country’s daily output (Sorkhabi, 2010; Offshore Technology,
2021).

A total of 66 samples were taken from the intertidal zone
with approximately 500 m distance between each sampling site.
The samples were taken randomly about 5–10 cm from the
surface including three replicates using a trowel. The samples
were homogenized removing any bulk particles or shells and
placed in an acid washed 250 mL clear glass jar then transported
to the Environmental Science Center laboratory (ISO17025 ac-
credited) at Qatar University. The samples were stored in the
freezer at −20 ◦C (ARCTIKO) then freeze-dried (Advantage Pro
ith Intellitronics-Vir Tis SP SCIENTIFIC) for 48 h prior to analysis.
hysical parameters such as temperature and pH were measured
n situ using a portable EXO3 Multiparameter Sonde-YSI cali-
rated with pH buffers 4, 7 and 10. The particle size distribution
f sediments was analyzed using Mastersizer 3000, Malvern ana-
yzer and classified according to the Gradistat Classification (Blott
nd Pye, 2001).

.2. Analysis of PAHs and AHs

Approximately 10 g of freeze-dried sediment samples were
nalyzed for AHs and PAHs using USEPA 8015D and USEPA 8275A
ethod (USEPA, 1996), respectively. The sediment samples were
ugmented with a diatomaceous earth filler and transferred into
n extraction cell containing 20 g of pre-heated alumina. The ex-
raction cells were then tightly sealed and placed into an acceler-
ted solvent extractor (ASE 350, DIONEX) using dichloromethane
t a temperature of 105 ◦C and a pressure of 10342135.9 Pa.
o elute the PAHs, the extract was cleaned using a 20 mL of
ichloromethane in solid-phase extraction (SPE) cartridge. The
luted extract was collected in glass test tubes then subjected
o further concentration down to 1 mL by evaporation (SE 500,
IONEX) using nitrogen gas. The 1 mL PAH extract was then
ransferred to a 2 mL amber injection vial then analyzed in Gas
hromatography Mass Spectrometry (GC–MS 7890A, Agilent). To
lute the AHs, 20 mL of hexane was used, and similarly evap-
rated to 1 mL (SE 500, DIONEX) using nitrogen gas. The 1 mL
H extract was transferred to 2 mL transparent injection vial
hen analyzed in Gas Chromatography Flame Ionization Detector
GC-FID 6890, Agilent). The target analyte concentrations were
eported as nanogram/gram (ng g−1) based on dry sediment
eight.
There are sixteen priority list PAHs designated by the United

tates Environmental Protection Agency (USEPA) as High Prior-
ty Pollutants which include naphthalene (NaP), acenaphthylene
Acl), acenaphthene (Ace), fluorine (Flu), phenanthrene (Phe), an-
hracene (Ant), fluoranthene (Fla), pyrene (Pyr), benzo(a)anthrac-
ne (BaA), chrysene (Chry), benzo(b) fluoranthene (BbF), benzo(k)
luoranthene (BkF), benzo(a)pyrene (BaP), indene(1,2,3,cd)pyrene
InP), dibenzo(a,h)anthracene (DahA) and benzo(g,h,i)perylene
BghiP). In this study, these PAH compounds are classified accord-
ng to the number of rings whereby 2–3 ring PAHs are considered
ow molecular weight (LMW) PAHs, whereas the 4–6 ring PAHs
re considered high molecular weight (HMW) PAHs. The 12
ven-number (C10–C32) aliphatic hydrocarbon compounds are
rouped according to C10–C18 as LMW AH, while C20–C32 as
MW AH.

.3. Total organic carbon (TOC) analysis

TOC content in coastal sediment samples was calculated from
he difference in concentration of total carbon (TC) and total
norganic carbon (TIC). The analysis was done using Primacs
NC100 SKALAR C/N analyzer by dry combustion method. For TC
etermination, approximately 75–80 mg of ground dry sediment
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Fig. 1. Study area showing the 20 sampling points in Dukhan (A), and 2 reference points Zekreet (B) and Umm Bab (C).
amples was weighed into ceramic crucibles and combusted in
ure oxygen at 1200 ◦C before the CO2 was quantified using an
nfrared detector. For TIC analysis, about 25–30 mg of ground dry
ediment samples were weighed into the glass test tubes. One
L of carbon-free water was then added, and the TIC content was
etermined via acidification using o-phosphoric acid and sparging
3

at 150 ◦C to liberate CO2 from the carbonates and then quantified
using an infrared detector.

2.4. Quality control

Solvents, reagents, and chemicals used in this study were
HPLC and Pesticide grade from Sigma-Aldrich and Honeywell.
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or quality assurance, various quality control measures were
erformed using duplicates and control samples spiked with sur-
ogate standards. Surrogate standards used was Method 252.2
urrogate Standard Mix (CAS# 31826) from Restek with com-
ounds Perylene-d12 and Pyrene-d10. Certified Reference Mate-
ials (CRMs) for marine sediment were also used for each analysis
sing SIGMA CRM 361 for AH and NIST SRM 1941b for PAHs.
atisfactory recoveries of ±15% from the true value were ob-
ained for the AH and PAHs. Limit of detection (LOD) of the
nstrument was 0.1 ng/g for AH and 0.1 ng/g for PAHs, and a <

OD was used to report the values. LOD was calculated from the
5% confidence interval of 10 replicates of the 5 µg/g standard
Armbruster and Pry, 2008). The concentrations of TC and TIC
ere confirmed using a known standard of solid glycine (dried
o constant weight, Sigma-Aldrich) and solid calcium carbonate
Sigma-Aldrich) respectively. The recovery obtained was in the
ange of 98.45 ± 0.34% to 100.91 ± 0.21%.

.5. Statistical analysis

Analysis of Variance (ANOVA) was performed, followed by
osthoc Tukey’s HSD test, to identify significant differences in the
oncentrations of AH and PAH between sampling sites. Further-
ore, Dunnett test was also performed to compare the sites in
roup A (SD 1–20) to the reference sites Zekreet, SZK (group B)
nd Umm-Bab, SUB (group C). All data were tested for homogene-
ty and normality, otherwise a non-parametric Kruskal–Wallis
est and Bonferroni correction test were used. Pearson Correla-
ion Coefficients were used to quantify the correlation between
he studied variables and parameters. The relationships between
ariables, including levels of AH, PAHs, TOC, pH and tempera-
ure in coastal marine sediment, were explored using Principal
omponent Analysis (PCA).

.6. Diagnostic ratios

.6.1. LMW/ HMW index
In the presence of fresh crude oil, the ratio of the concentration

f LMW (C10–C18) AH to the concentration of HMW (C20–C32)
H was used as indicator (Gearing et al., 1976; Rostami et al.,
019). Due to the presence of light and heavy hydrocarbons in
he crude oils, this ratio is about 1 for the hydrocarbons origi-
ating from oil and is indicative of the higher concentrations of
oluble aliphatic hydrocarbons in the sediment and fresh source
f petroleum hydrocarbons (Gearing et al., 1976).
The concentrations and distribution pattern of PAHs analyzed

n sediments had also been shown to reflect source characteristics
Seopela et al., 2020). LMW PAHs (2–3 rings) are usually an
ndication of petroleum contamination while the HMW PAHs (4–
rings) are from pyrogenic source e.g., thermal combustion. The
atio of LMW/HMW PAHs < 1 indicates sediment pollution by py-
olytic inputs while LMW/HMW PAHs > 1 represents petrogenic
ources of pollution (Baumard et al., 1998; Rostami et al., 2019).

.6.2. The ratio of Σn-Alkanes/ n-C16
The ratio of the concentration of all normal alkanes to the con-

entration of alkanes with 16 carbon atoms (Σn-alkanes/n-C16)
as determined for the sediment samples. Σn-Alkanes/n-C16
15 indicates contamination of samples with crude oil, while
n-alkanes/n-C16 > 50 suggests hydrocarbon distribution of
iological origin (Rostami et al., 2019).

.6.3. PAH isomer diagnostic ratios
The use of diagnostic ratios uses the difference in isomer

tability to investigate sources of PAHs. The five most commonly
4

sed diagnostic ratios were used to infer the sources of PAHs in
he sediment samples: Ant/(Ant + Phe), Fla/(Fla + Pyr), Fla/Pyr,
aA/(BaA + Chry), and BaA/BghiP. The sources of PAHs repre-
ented by the threshold values of each diagnostic ratio have been
eported in several studies (Zhao et al., 2021; Abd Manan et al.,
021; Rostami et al., 2019; Li et al., 2021; Kurwadkar et al.,
022; Ambade et al., 2022). Ant/(Ant + Phe) < 0.1 indicates
etrogenic sources, Ant/(Ant + Phe) > 0.1 indicates pyrogenic
ources; Fla/(Fla + Pyr) < 0.4 indicates petrogenic sources, 0.4 <
la/(Fla + Pyr) < 0.5 indicates fossil combustion, Fla/(Fla + Pyr)

> 0.5 indicates grass, wood and coal combustion; Fla/Pyr < 1
ndicates petrogenic source, Fla/Pyr > 1 indicates combustion
ources; BaA/(BaA + Chry) < 0.2 indicates petrogenic sources,
BaA/(BaA + Chry) > 0.35 indicates pyrogenic sources, and 0.2 <
aA/(BaA + Chry) < 0.35 suggests a mixture of PAH sources.

.7. Ecological risk assessment

.7.1. Hazard index (HI)
The Hazard Index (HI) was used to assess potential ecological

isks for monitoring purposes (Abd Manan et al., 2021; USEPA,
994). The Hazard Quotient (HQ) is based on the concentration
f pollutants divided by their toxicity value (Eq. (1)). The cumu-
ative HQ for all individual hydrocarbons (i.e., isomers detected)
etermines the Hazard Index (HI) for total hydrocarbons (Eq. (2)).

QEcological =
Ci

TRV
(1)

HI =

∞∑
n=1

HQ (2)

where Ci is the concentration of an individual hydrocarbon (e.g.,
isomers), TRV is the toxicity reference value. The chronic value
or PAH adapted from Neff et al. (2005) was used as the TRV for
AHs (Supplementary Table 1). TRV for TPH was obtained from
assachusetts Department of Environmental Protection and the
alues used were 3.17 ng g−1 for C10–C18 and 9.88 ng g−1 for
20–C32 (MassDEP, 2007). A HI > 1 represents high risk; 0.1 <
I < 1 represents medium risk, and HI < 0.1 represents low risk

(Neff et al., 2005).

2.7.2. Mean effects range-median quotient (MERMQ)
The mean effects range-median quotient (MERMQ) was used

as a comprehensive ecological risk analysis which, as proposed by
Long and MacDonald (1998). It was used to quantitatively predict
the toxicity of various pollutants in estuary and marine sediments
following Eq. (3):

MERMQ =
Σ(Ci/ERMi)

n
(3)

where Ci is the concentration of the contaminant i, ERM i is the
ffects Range-Median (ERM) value of the contaminant i and n is
he number of contaminants. The ERM data of the PAH congeners
re shown in Supplementary Table 2. An MERMQ value < 0.1
eans the ecological risk is relatively low; 0.11 > MERMQ < 0.5
eans the ecological risk is medium to low; 0.51 > MERMQ < 1.5
eans the ecological risk is medium to high; and MERMQ value
1.5 means the ecological risk is high (Zhang et al., 2019; Huang

t al., 2012).

.7.3. Mean probable effects level quotient (MPELQ)
The mean probable effects level quotient (MPELQ) was used

o determine the combined ecological effects of contaminants as
as calculated as shown in Eq. (4) (Long and MacDonald, 1998;
i et al., 2021):

PELQ =
Σ(Ci/PELi) (4)
n
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Table 1
Different mean concentrations calculated from the surface coastal marine sediments (ng g−1 , dry weight sediment) at 22 sampling sites along the west coast of
atar.
Location Sites ΣAHs ng g−1 Σ PAHs, ng g−1 pH Temp., ◦C TOC, % Sand, % Silt, % Clay, % Sediment type

Dukhan SD1 112.2 16.4 6.84 36.6 1.37 75.4 24.1 0.53 Silty Sand
SD2 246.0 10.3 7.71 34.9 1.51 75.8 23.5 0.01 Silty Sand
SD3 <LOD 2.72 7.92 35.4 0.92 98.06 1.89 0 Sandy
SD4 6.59 0.19 7.61 34.6 0.8 100 0 0 Sandy
SD5 62.0 0.12 7.67 34.4 0.79 100 0 0 Sandy
SD6 53.6 <LOD 7.84 33.9 0.77 100 0 0 Sandy
SD7 96.5 2.41 7.9 35.2 0.79 100 0 0 Sandy
SD8 17.4 1.70 7.67 35.8 0.57 100 0 0 Sandy
SD9 43.0 2.96 7.81 36.7 0.95 93.9 6.11 0 Sandy
SD10 63.2 44.4 7.65 36.0 1.05 90.3 9.67 0 Sandy
SD11 <LOD 2.57 7.41 40.9 0.92 99.2 0.80 0 Sandy
SD12 <LOD 1.04 7.84 35.1 1.49 98.2 1.78 0 Sandy
SD13 16.7 0.17 7.78 35.1 0.50 100 0 0 Sandy
SD14 11.8 0.41 7.46 35.5 0.70 99.9 0.35 0 Sandy
SD15 <LOD 3.72 7.42 35.2 0.83 96.1 3.84 0 Sandy
SD16 <LOD 1.77 7.89 34.4 0.87 100 0 0 Sandy
SD17 <LOD 16.3 8.07 34.7 1.00 90.7 9.30 0 Sandy
SD18 <LOD 0.29 7.38 34.9 0.33 100 0 0 Sandy
SD19 <LOD 5.46 8.05 34.4 1.01 100 0 0 Sandy
SD20 111.4 0.59 7.95 33.6 0.72 99.7 0.30 0 Sandy

Zekreeta SZK <LOD 1.62 7.84 35.3 1.01 100 0 0 Sandy
Umm-Baba SUB 6.21 1.69 7.65 38.4 1.05 100 0 0 Sandy

Limit of Detection (LOD) for AHs was 0.1 ng g−1 and for PAHs was 0.1 ng g−1 .
Reference sites: Zekreet (north) and Umm Bab (south).
<
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here Ci is the concentration of an individual compound, n is the
umber of contaminants, and PELi is the probable effects level
f the individual compound (CCME, 1999). The PEL data of the
AH congeners are shown in Supplementary Table 2. MPELQ ≤

.1 indicates a low potential risk, 0.1 < MPELQ < 1 indicates a
oderate risk, and MPELQ > 1 indicates a high risk (Long and
acDonald, 1998; Li et al., 2021).

.7.4. Toxic risk index (TRI)
The toxic risk index (TRI) was used to evaluate the pollutants’

robable toxic effects level against the threshold effects level
n sediments (Elezz et al., 2022). Eqs. (5) and (6) were used to
valuate the TRI of the sediment.

RIi =

√
(Ci/TEL)2 + (Ci/PEL)2

2
(5)

TRI =

n∑
i=1

TRIi (6)

where TRIi is the toxic risk index of contaminant i, Ci is the
concentration of contaminant i, TEL is the Threshold Effects Level
nd PEL is the Probable Effects Level of the contaminant. The

TEL and PEL of the PAH compounds are shown in Supplementary
Table 2. TRI pollution level is characterized as: no toxic risk (TRI
< 5), low toxic risk (5 < TRI < 10), moderate toxic risk (10 <
RI < 15), considerable toxic risk (15 < TRI < 20), and very high
oxic risk (TRI > 20) (Elezz et al., 2022).

. Results and discussion

.1. Sediment characteristics

The pH, temperature, TOC, and sediment type of the 22 sed-
ment samples analyzed are shown in Table 1. The pH ranged
rom 6.84 to 8.07 with an average pH of 7.7 ± 0.3 and the
emperature ranged from 33.6 ◦C to 40.9 ◦C with an average
alue of 35.5±1.6 ◦C. The TOC concentration ranged from 0.33%
o 1.51% with an average of 0.90 ± 0.28%, which was found to be
ower than the previously reported value of 2.34% in the Dukhan
rea as reported by De Mora et al. (2010). The sediment sample
ype was mainly classified as sand in most sites except at sites
 d

5

1 and 2, which contained 24.05% and 23.53%, silt, respectively
(Table 1). The coastal sediment of Qatar contains low percentage
of silt and clay mainly due to sorting by the tidal currents that
wash the lighter sediment particles away and leave the coarser
fractions behind (Soliman et al., 2019).

3.2. Concentration of AHs and PAHs

The concentrations of AHs were found to be significantly dif-
ferent (p < 0.05) between the sampling sites, while no significant
differences (p > 0.05) were observed in the concentrations of
PAHs. The AH concentrations of sediment samples ranged from
<0.1 to 246 ng g−1 while the PAH concentrations ranged from
0.1 to 44 ng g−1. The average AH concentration in sediments
ampled at site SD2 (246 ± 80 ng g−1) was higher than any of
he other sampling sites (Fig. 2). It is also evident that the sites
n Group A (Dukhan) had significantly higher concentrations of
H than the reference sites SZK (Group B) and SUB (Group C)
p < 0.05). The sediments from sites SD1 and SD2 contained
igher silt and clay percentages than the other sites, which may
ave influenced the levels of AH in those sites (Table 1). The
reater surface area of the silty sediment particles means there is
greater potential for adsorption of organic pollutants (Gautam
t al., 2020; Zhang et al., 2019; Ambade et al., 2022).
The 616 PAHs were also observed high in sites with high

ercentage of silt and TOC concentration (Table 1, Fig. 3). TOC
ontent is an important index for evaluating persistent organic
ollutants (e.g., PAHs) in sediments because organic carbon di-
ectly affects the adsorption and migration of PAH in sediments
Zhang et al., 2019). Among the sampling sites, SD1 and SD2 ob-
ained the highest silt percentage of 24.0% and 24.5% respectively
hich were also characterized with high 6PAHs concentration.
ites SD1 and SD2 are located downstream near an enclosed
oastal area where transportation by water circulation and de-
osition of pollutants may have influenced the levels (Bergknut
t al., 2010). The highest 6PAHs concentration of 44.4 ng g−1

as observed in site SD10 which may have been attributed to
he proximity of residential and petroleum fields in addition to
he 9.6% of silt content. The variation of PAH concentration in
he sediments of western coast of Qatar may be explained by the

ifferential re-suspension and re-deposition of sedimentary PAHs,
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Fig. 2. Aliphatic hydrocarbon concentrations in coastal marine sediment samples collected along the western coast of Qatar.
Fig. 3. Polyaromatic hydrocarbons concentrations in coastal marine sediment samples collected along the western coast of Qatar.
icrobial degradation of PAHs, textural sedimentary composition,
nd vertical mixing due to physical or biological processes along
ith proximity to pollutant sources (Ambade et al., 2022).
Among the individual PAHs analyzed in the sediment samples,

he concentrations of HMW PAHs were observed higher com-
ared with the LMW PAHs (Supplementary Table 3). PAH with
–5 rings were more dominant and had relatively higher con-
entrations. The 4 ring PAH compound Flu obtained the highest
oncentration of 11.02 ng g−1 observed in site SD10, followed by
Pyr with concentration of 9.2 ng g−1 in the same station. The
low solubility and hydrophobic nature of HMW PAHs facilitate
their partitioning from aqueous to a solid phase (Kurwadkar et al.,
6

2022). A direct relationship is shown in the partitioning behavior
of PAH between sediment and water phase with the number of
PAH rings (Kurwadkar et al., 2022). The increased hydrophobicity
of HMW PAH (higher number of rings) resulted to higher par-
titioning coefficients which explained the higher concentrations
observed in HMW PAHs obtained in the study. The concentrations
of 4–5 PAH member rings in sites SD1, SD2, SD10, SD17, SD19
were observed higher compared to the lower PAH member rings
(Supplementary Table 3, Figure 3). The compositional analysis
further showed that of the mean concentrations of the 616 PAHs
were primarily composed of 2-ring (6%), 3-ring (18%), 4-ring
(48%), and 5-ring (28%), 6-ring (0.14%) respectively.
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Fig. 4. Principal Component Analysis (PCA) showing the correlation between the petroleum hydrocarbons pollutants and the physical parameters in the sediment
samples.
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Table 2
Correlation matrix of sediment variables (n = 66).

PAHs TOC AH pH Temperature (◦C)

PAHs 1
TOC .276a 1
AHs −0.038 −.340b 1
pH −0.093 −0.084 0.056 1
Temperature 0.263a 0.239a

−0.154 −.430b 1

aCorrelation is significant at the 0.05 level (2-tailed).
bCorrelation is significant at the 0.01 level (2-tailed).

3.3. Correlations between sediment petroleum hydrocarbon concen-
trations and physicochemical parameters

Pearson’s Correlation Coefficient was used to examine rela-
ionships between the studied variables in sediment samples
Table 2) and PCA was performed in order to plot using the
orrelation matrix of the relationships between AH, PAH and
he physical parameters (i.e., pH, temperature and TOC). The
igenvectors that resulted from the PCA were plotted in the plane
f the first two principal components: the first (PC1 = 35%)

and second (PC2 = 23%) principal components explained 58% of
the total variance in the dataset (Fig. 4). Vectors (parameters)
pointing and clustering in the same direction indicate that they
are highly positively correlated. There was a significant positive
correlation between PAH and TOC (r = 0.276; p < 0.05). Previous
studies have also demonstrated a positive correlation between
PAH, TOC, and sediment grain size (Huang et al., 2012; Soliman
et al., 2019). The PAH concentrations in the marine sediments that
we sampled from the western coastline of Qatar were higher in
the sediments with higher TOC and silt content (Table 1). TOC
enhances sorption of hydrocarbons to sediment particles (Huang
et al., 2012) and the finer grain size of the silty sediments has
greater surface area to volume ratio than sand particles, therefore
results in a greater adsorption capacity for hydrophobic PAHs
(Wang et al., 2015b). The data obtained from this study indicated
that only sampling sites which have silty sediments have rela-
tively high TOC, in conjunction with high PAH concentrations.
7

The Pearson correlation analysis showed TOC had a significant
positive correlation with PAHs (r = 0.276; p < 0.05), but a
significant inverse correlation with AH (r = −0.340; p < 0.01). AH
oncentrations, on the other hand, did not significantly correlate
ith PAH concentrations (p > 0.05). These findings agree with
e Mora et al. 2010, who concluded that TOC cannot be used
s an indicator for total petroleum hydrocarbon pollution. The
verage TOC content in the marine sediment of Qatar is generally
ow (0.90 ± 0.28%). The country’s coastal sediments are rich in
arbonates (inorganic carbon) and mainly consist of dolomite,
agnesium calcite and aragonite (Rivers et al., 2019). Wang et al.

2008) observed in their study that the components of carbonates
etermined the superficial state of sediments and their presence,
ogether with organic matter, affects the sorption and desorption
f petroleum hydrocarbon pollutants; particularly those with low
olecular weight. In our study, carbonate rich (with low TOC
ontent) and particularly low surface area of sandy sediments
considering the majority of the sediments samples in this study
onsist of 75%–100% sand) might have hindered adsorption des-
rption of petroleum hydrocarbon concentration, especially in the
rid climatic conditions of Qatar. Tidal fluctuations may have also
nfluenced the concentrations especially during low tide where
he area is exposed to arid sun and possibly loss hydrocarbon
oncentrations due to intense evaporation (Hassan et al., 2018;
oliman et al., 2014; Rostami et al., 2019). Moreover, the degra-
ation rate and degradation products of these pollutants are
ontrolled by environmental conditions such as pH, temperature,
nd redox conditions (Rostami et al., 2019). In our study, tem-
erature was found to have had a significant positive correlation
ith TOC content (r = 0.239; p < 0.05) and PAH concentrations
r = 0.263; p < 0.05). Similar results were observed by (Soliman
t al., 2019). Temperature is an important factor in the seasonal
ariation of PAHs concentrations (Zhao et al., 2017). High temper-
ture decreases the viscosity of hydrocarbons and consequently
ffects their degradation and decreases their lifetime (Mu et al.,
018). pH, on the other hand, did not correlate with PAH con-
entration, AH concentration, or TOC content. However, pH was
nversely correlated with temperature (r = −0.430; p < 0.01). It
s unlikely that it directly contributed to the weathering or level
f the petroleum hydrocarbon contaminants in the sediments.
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Table 3
Aliphatic (AH) and polyaromatic hydrocarbon (PAH) concentrations in surface marine sediments (ng g−1 , dry weight sediment) from
different Gulf regions over the last two decades.
Year Region AH, ng g−1 PAHs, ng g−1 Reference

1991 UAE 260–460 4000–6100 Fowler et al. (1993)
Saudi Arabia 900–23000 5700–175000
Bahrain 260–2600 3300–7900
Oman 100–1200 1900–5700

1993 Gulf 1500–79300 – Al-Omran and Rao (1999)

2000 Qatar 70–3300 0.55–92 Tolosa et al. (2005)
UAE 38–1100 0.39–9.4
Bahrain 670–4300 13–1000
Oman 11–240 1.6–30

2005 Qatar 100–4400 9–136 De Mora et al. (2010)
Saudi Arabia 400–2300 12–125
UAE 200–1600 6–139
Kuwait 200–2700 12–1670
Oman 100–1400 0.3–543
Iran 300–1100 37.6–497
Bahrain 700–4400 13.6–3540

2014 Qatar, east – 3–1030 Soliman et al. (2014)

2016 Qatar, east – 3.15–14.35 Hassan et al. (2018)

2018 Qatar, west – 1–1560 Soliman et al. (2019)

2019 Present study, Qatar, westa <LOD-246 <LOD-44

aLimit of detection (LOD) for AH was 0.1 ng g−1 and for PAHs was 0.1 ng g−1 .
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3.4. Comparisons with other studies

AH and PAH concentrations reported in the present study were
compared with several published studies of marine sediments
from different Gulf regions in the Middle East (Table 2). The
concentrations of AHs and PAHs in the sediments of the western
coast of Qatar fall within the range of the results from other
locations listed but are relatively low in comparison with other
Gulf coasts. The reported concentrations of AHs and PAHs in the
study of Tolosa et al. (2005) were in the range of 70–3300 and
0.55–92 ng g−1, respectively, which were generally higher than
the concentrations reported in this study (Table 3). The con-
centrations of sediment organic hydrocarbons in the Gulf were
generally high before and immediately after the 1991 Gulf war,
reaching up to 79300 ng g−1 for AH (Al-Omran and Rao, 1999)
and 175000 ng g−1 for PAH off the coast of Saudi Arabia (Fowler
et al., 1993), but have since declined considerably in the past 3
decades. The recent study by Soliman et al. (2019), undertaken
in a similar area (west coast) to our study, reported higher PAH
concentrations than our results. However, their concentrations
were still much lower than those observed 3 decades ago. The
PAH concentrations in the sediments of the east coast of Qatar,
reported in the study by (Hassan et al., 2018) were lower than
the concentrations in our study. A decrease in the concentrations
of AHs and PAHs may have been due to weathering, evaporation,
and solubility of low molecular weight hydrocarbons, which is
affected by temporal and spatial variability (Cui et al., 2016; Soli-
man et al., 2019; Ambade et al., 2022). Based on the concentration
ranges, the pollution level of PAHs is categorized as low pollution
(<100 ng g−1), moderate pollution (5000 ng g−1), and very high
pollution (>5000 ng g−1) (Ambade et al., 2022). Based on these
criteria, all our sampling sites were deemed to have low pollution.
A pollution concentration profile is site specific depending on
proximity to the source and on the transport, re-distribution,
and re-suspension of contaminants which, in turn, are affected
by coastal hydrodynamic processes, such as tidal currents (Yang
et al., 2018; Soliman et al., 2019). The arid climate in Qatar, which
includes extreme high temperature conditions, especially in the
summer, enhances the loss of hydrocarbons by affecting the con-
taminant’s partitioning coefficient between organic and aquatic
8

phases (Cui et al., 2016; Kurwadkar et al., 2022). These processes
are implicated by the very low concentration (<0.1 ng g−1) for
aP and Acl PAH compounds observed in sediment sampled at
ost of our sites, implying dissolution and/ or evaporation of low
W PAHs (Supplementary Table 3). Enforcement of regulations
nd the use of more advanced environmental protection tech-
ologies in different phases of oil and gas extraction, production,
nd transportation may be responsible for the decline in the
etroleum pollution concentrations observed here, compared to
revious surveys (Soliman et al., 2019).

.5. Identification of AHs sources

.5.1. The LMW/ HMW AH index
Natural samples consist of complex hydrocarbon mixtures and

everal parameters were used as distinct diagnostic ratios to iden-
ify possible sources of petroleum hydrocarbons in sediments.
oncentrations of LMW or HMW below the detection limits (LOD
0.1 ng g−1) resulted in the inability to calculate the LMW/

HMW index for nine out of twenty-two studied sites (Table 1).
The low levels could be attributed to the weathering of the
aliphatic (n-alkanes) components of the petroleum hydrocarbons.
Some petroleum oil residues from the north-western side of
the Qatar in another study were found to be highly weathered
and likely originated from an old oil spill during the 1991 Gulf
War (Arekhi et al., 2020). However, sites SD1 to SD10 (except
SD3) had a higher level of LMW than HMW AH, which indicates
a fresh input of oil residues. These sites are located towards
the south end of the onshore oil and gas field. Hydrodynamic
processes (e.g., tidal currents and wind patterns) could possibly
have directed and concentrated oil residues at these sites (Rivers
et al., 2019). Sites SD13 and SD14 had a lower level of LMW than
HMW, which is indicative of a terrigenous plant source. In this
study, the diagnostic ratio between LMW/HMW AH demonstrated
the origin of the aliphatic hydrocarbons as derived from both
petroleum products and plant biomass (Rostami et al., 2019;
Seopela et al., 2020). Similar observations were reported in the
studies of (Venturini et al., 2008; Rostami et al., 2019; Seopela
et al., 2020).
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.5.2. The Σn-Alkanes/n-C16 index
The comparative abundance of n-alkanes with different carbon

umbers (n-C10 to n-C32) in the sediment also suggests the
source of the hydrocarbons in the sediment samples. The Σn-
lkanes/n-C16 ratio was less than 50 for all the samples. The
atio ranged from 0.00 to 35.19 in the sediments. A relatively low
n-Alkanes/n-C16 ratio indicates the presence of hydrocarbons
f fossil origin (Rostami et al., 2019). The abundance of the low
olecular weight even carbon numbered alkanes (n-C10-18) in

he study over the higher molecular weight (n-C20-34) alkanes
uggests a petrogenic origin of hydrocarbons. Other sites however
ad concentrations below the detection limit which suggests
bsence of aliphatic hydrocarbons.

.6. Identification of PAHs sources

.6.1. The LMW/HMW PAH index
Spatial variations were observed in the weight ratio of LMW/

MW PAHs which ranged from 0.00 to 3.16. PAH sources in the
tudy were derived from both direct inputs of petroleum and
ombustion sources. Sites SD9, SD11, and SD14 had a LMW/HMW
AH ratio of 1.97, 2.16 and 1.60, respectively, which suggests
etrogenic sources. Sites SD1, SD2, SD3, SD10, SD15, SD16, SD17,
D19, SUB, and SZK had LMW/HMW PAH ratios < 1 which indi-
ates pyrolytic sources. Sites SD4, SD5, SD6, SD13, and SD18 had
ndetermined LMW/HMW PAH ratios since the concentration of
he individual PAH isomers in these sites were less than the
ethod detection limit (LOD = 0.1 ng g−1).
Petrogenic PAH sources enter the marine environment from

eakage and transport of crude oil or refined substances (e.g.,
asoline and diesel fuel from ships, and wastewater effluents),
hile pyrolytic PAH comes from the combustion of these prod-
cts during refining processes (i.e., flare stacks) (Rostami et al.,
019), carbonization of coal and oil to produce manufactured gas,
oal tars, and catalytic cracking of petroleum feed stocks (Neff
t al., 2005). High temperature combustion processes produce
igh molecular weight PAH compounds and the predominance of
hese HMW PAHs may be related to the deposition, slow degra-
ation, and persistence of these compounds in marine sediments
Kurwadkar et al., 2022). The sediment samples in the present
tudy were enriched with 4–5 ring PAHs including acenaphthene,
henanthrene, and anthracene, which are characteristic of py-
ogenic sources (Supplementary Table 3, Neff et al., 2005). In
he Gulf region, precipitation is scarce. Therefore, dry deposition
r air–water gas exchange between atmospheric PAHs (i.e., va-
or phase) and surface waters are probably the main source of
yrogenic PAHs (Soliman et al., 2019).

.6.2. PAH isomer diagnostic ratios
Isomeric ratios were used to differentiate the sources of PAHs

t our study sites with respect to petroleum or combustion
ources. The Ant/(Ant + Phe) ratio ranged from 0 to 0.66. Fifteen
ut of 22 sites indicated PAHs of pyrolytic origin, while 7 sites had
n Ant/(Ant + Phe) ratio of 0 (Fig. 5a). The Fla/ (Fla + Pyr) ratio
anged from 0.00 to 0.63. Two sites were indicated to contain
AHs of petrogenic source, 1 site indicated fossil combustion, 4
ites indicated biomass and coal combustion while 15 sites re-
orted a Fla/(Fla + Pyr) ratio of 0 (Fig. 5a). The BaA/(BaA + Chry)
atio ranged from 0.00 to 0.68. The ratio at five sites suggested a
yrogenic source, 5 sites suggested mix PAH sources, while 11
ites had a BaA/(BaA + Chry) ratio of 0 (Fig. 5b). The Fla/Pyr
ratio ranged from 0.00 to 1.71. The ratio at three sites indicated a
petrogenic source, 4 sites indicated a pyrolytic source while the
ratio at 15 sites was 0 (Fig. 5c).

Boonyatumanond et al. (2006) considered BghiP as an indi-
cator of a traffic-derived PAHs. Larsen and Baker (2003) also
9

concluded that 6-ringed PAHs (InP, DahA, and BghiP) were mainly
derived from diesel combustion and exhaust emissions from au-
tomobile engines. Among the PAH isomers analyzed, InP, DahA,
and BghiP showed concentrations below the limit of detection
(LOD = 0.1 ng g−1) in all sampling sites (Supplementary Table
). Therefore, the study suggested a mixture of PAH sources, but
o evidence of vehicular traffic as a source. The sampling sites in
his study were indeed away from concrete roads and automobile
raffic.

.7. Calculation of ecological risk

.7.1. Hazard index (HI)
HI is an ecological risk assessment used to estimate the health

azard of pollutants based on their chronic toxicity values. The HI
or PAHs in the study ranged from 0.00 to 9.42. Approximately
2% of the sampling sites from the western coast of Qatar had
I value indicating high risk, 23% medium risk and 45% low
isk in terms of PAH compounds. The high HI values in the
tudy were mostly due to 4 and 5 ring PAHs (fluoranthene to
enzo(a)pyrene) which are predominantly of pyrogenic origin.
ther predominantly pyrogenic PAHs, which also contributed to
he HI, include acenaphthene and anthracene (Supplementary
able 3). High molecular weight pyrogenic PAHs (e.g., in soot
r coal tar, and related viscous liquids) are often bound to sed-
ment particles more strongly than predicted by the equilibrium
artitioning theory (Neff et al., 2005; Kurwadkar et al., 2022).
itra et al. (1999) showed that the high molecular weight PAHs
ave a much higher log Koc, indicating a low accessibility and
ow bioavailability. It is therefore likely that the sediments are
uch less toxic to benthic organisms than predicted by the high
I values.
For aliphatic hydrocarbons, the HI for C10–C18 ranged from

.00 to 25.86 while the HI for C20–C32 AHs ranged from 0.00 to
6.60. The higher HI values in LMW C10–C18 may be attributed
o petroleum associated sources, as evidenced by the higher
MW/HMW AH ratio. Petroleum hydrocarbons with lower molec-
lar weights, such as gasoline, are highly volatile when acciden-
ally inhaled or ingested and can lead to systematic organ and
ung damage (e.g., pulmonary oedema and bronchopneumonia)
Gupta, 2016).

.7.2. MERMQ and MPELQ
The potential ecological risk level of each PAH compounds in

his study was evaluated according to the standard set by the
OAA and CSQG (Table 4). We used the approaches of Effects
ange Low (ERL), Effects Range Medium (ERM), Threshold Ef-
ects Level (TEL) and Probable Effects Level (PEL). ERL and TEL
re representative of lower concentrations that rarely lead to
armful biological effects while ERM and PEL are suggestive of
igher levels that frequently have destructive biological effects
Yancheshmeh et al., 2014). The results indicate that the concen-
ration of each PAH compound was much lower than the ERL
nd TEL, suggesting that PAH contamination in the sediments
long the west coast of the country had low ecological risk level
Table 4).

Long and MacDonald (1998), also proposed the Mean ERM
uotient (MERMQ) and Mean Probable effects Level (MPELQ)
ethods for quantitative prediction of the comprehensive ecolog-

cal toxicity of PAHs. Using these methods, the calculated MERMQ
alue ranged from 0.00 to 0.0014 while the calculated MPELQ
alue ranged from 0.00 to 0.0042. Despite Qatar being exposed to
etroleum industry activity, the PAHs concentrations were found
o be of low ecological risk. These data are consistent with the
omparisons of the threshold values reported in Table 4.
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Fig. 5. Different diagnostic ratios (a, b, c) of PAH sources at different sampling sites.
.7.3. The Toxic Risk Index (TRI)
Unlike MERMQ and MPELQ, the TRI considers both TEL and PEL

ffects which provides a more comprehensive risk assessment of
ollutants to the environment (Elezz et al., 2022). The TRI of the
10
current study, calculated using Eq. (6), ranged from 0.00 to 0.32.
The average TRI value in the entire west coast of Qatar was 0.04.
Sites SD4, SD6, SD13, SD18 had a TRI value of 0, while site SD10
had the highest TRI value of 0.32. Based on the TRI values, our
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Table 4
Comparison of the PAH concentration with the NOAA and CSQG guideline values.
Source: Buchman (2008), CCME (1999), Nascimento et al. (2017) and Long et al. (1995).
PAHs NOAA Individual PAH CSQGs

ng g−1 Range (ng g−1) ng g−1

ERL ERM TEL PEL

Naphthalene 160 2100 <LOD-1.35 34.6 391
Acenaphthylene 44 640 <LOD 5.87 128
Acenaphthene 16 500 <LOD-0.42 6.71 88.9
Fluorene 19 540 <LOD-0.32 21.2 144
Phenanthrene 240 1500 <LOD-5.14 86.7 544
Anthracene 85.3 1100 <LOD-1.87 46.9 245
Total LMW PAHs 552.0 3160 <LOD-8.58 312 1442
Fluoranthene 600 5100 <LOD-11.02 113 1494
Pyrene 665 2600 <LOD-9.20 153 1398
Benzo(a)anthracene 261 1600 <LOD-3.88 74.8 693
Chrysene 384 2800 <LOD-3.14 108 846
Benzo(b)fluoranthene – - <LOD-4.17 – -
Benzo(k)fluoranthene - - <LOD-3.22 – -
Benzo(a)pyrene 430 1600 <LOD-1.86 88.8 763
Indeno(1,2,3-cd)pyrene – - <LOD - -
Dibenz(a,h)anthracene 63.4 260 <LOD-0.16 6.22 135
Benzo(g,h,i)perylene – - <LOD - -
Total HMW PAHs 1700 9600 <LOD-35.82 655 6676
Total PAHs 4022 44792 <LOD-44.41 1684 16770

National Oceanic and Atmospheric Administration (NOAA); Canadian Sediment Quality Guidelines (CSQG); Limit of Detection (LOD
< 0.1 ng g−1; Effects Range Low (ERL); Effects Range Medium (ERM); Threshold Effects Level (TEL); and Probable Effects Level (PEL).
esults indicated low ecological risk, which agrees with the re-
ults of the other ecological risk assessment approaches described
bove.
The TEL for AHs stated in the Environment Protection Law,

002 set by Ministry of Municipality and Environment of Qatar is
quivalent to 5000 ng g−1 (Qatar EPL, 2002). The concentrations
f AHs in sediments we sampled along the west coast of the Qatar
ere well below this limit, also suggesting low ecological risks
esulting from AH contamination.

. Conclusions

This study examined the distribution, source apportionment,
nd potential ecological risk of AHs and PAHs in the intertidal
arine sediments along the western coast of Qatar. The study

nvestigated whether the proximity of oil and gas extraction op-
rations have contributed to the levels of petroleum hydrocarbon
ontaminants in the marine environment. The ΣAHs concen-
rations ranged from <0.1 to 246 ng g−1 while the Σ PAHs
oncentrations ranged from <0.1 to 44 ng g−1. High 6AHs were
bserved in sites SD1 (112.2 ng g−1), SD2 (246.0 ng g−1), SD7
96.5 ng g−1), SD10 (63.2 ng g−1) and SD20 (111.4 ng g−1) while

6PAHs on were observed high in SD1 16.4 ng g−1), SD2 (10.3 ng
g−1), SD10 (44.4 ng g−1), SD 17 (16.3 ng g−1). There was a positive
correlation between PAH and percentage silt and TOC content.
The data indicated that only sampling sites which have silty
sediments with high TOC content have high PAH concentrations.
On the contrary, there was no correlation between TOC and AH
concentration. Our findings agree with other studies that TOC is a
good indicator of PAH but not for AH. The results obtained for AH
and PAH were comparable and the concentration ranges were to-
wards the lower end of concentration ranges reported in studies
within Gulf regions. The variation of AH and PAH concentration in
the sediments of western coast of Qatar may be explained by the
differential re-suspension and re-deposition of the contaminants,
solubility and microbial degradation of petroleum hydrocarbons,
textural sedimentary composition, vertical mixing due to physical
or biological processes and proximity to pollutant sources.

Diagnostic ratios and hydrocarbon parameters suggested mix-
ed sources i.e., petrogenic, pyrolytic, biomass, but no evidence of

vehicular traffic as a source was found. LMW/ HMW AH index for

11
nine out of twenty-two studied sites were < LOD indicative of
absence of AH. The low level may be attributed to weathering of
aliphatic (n-alkanes) components of the petroleum hydrocarbons.
Sites SD1 to SD10 (except SD3) had a higher level of LMW than
HMW AH indicative of fresh input of oil residues. Moreover, the
abundance of the LMW even carbon numbered alkanes (n-C10-
18) in the study over the HMW (n-C20-34) alkanes suggests a
petrogenic origin of hydrocarbons. Source of PAH on the other
hand is suggestive of petrogenic and pyrolytic origin. HMW PAH
were predominant over LMW PAH. The compositional analysis
mean concentrations of the 616PAHs were composed of 2-ring
(6%), 3-ring (18%), 4-ring (48%), 5-ring (28%), and 6-ring (0.14%),
respectively. Among the PAH isomers analyzed, InP, DahA, and
BghiP showed concentrations < LOD in all sampling sites. These
isomers are indicator of traffic-derived PAHs therefore its absence
means no vehicular traffic source. Petrogenic sources enter the
marine environment from leakage and transport of crude oil
or refined substances, while pyrolytic source comes from the
combustion of these products during refining processes (i.e., flare
stacks).

Overall, the results obtained from the present study can be
concluded that the oil and gas production activities along the
western coastline of Qatar did not have a direct impact on the
marine sediments to the extent that environmental quality stan-
dards are violated. The results for AH and PAH were below the
threshold limit set by NOAA and CSQG. Concentration profile
were also found to have low pollution based on the pollution cri-
teria. The data presented here represent a valuable quantification
of petroleum hydrocarbons that would be essential to assess the
impact associated with future onshore anthropogenic activities
and identify remediation goals in the event of an environmental
pollution incident. Continued long term-monitoring is also re-
quired to ensure that the levels of these organic pollutants do
not exceed the current levels. Further studies would be beneficial
to investigate the atmospheric deposition of these petroleum
hydrocarbon contaminants and their levels in the marine waters
and organisms, especially in this part of the country, to compare
and evaluate their exposure to environmental pollution.
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