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ARTICLE INFO ABSTRACT

Keywords: Coastal areas within the Bushehr Province (BP), Persian Gulf, Iran, face great challenges due to the heavy
Coastal sediment organic contamination caused by rapid industrialization, and the presence of numerous oil fields. In addition, in
Tar ball 2014, a significant number of tar balls are found along the coasts of BP. A total of 96 samples (48 coastal

Petroleum biomarkers
Source apportionment
Bushehr Province

sediments and 48 tar balls) were taken from eight sampling points at the BP coast during the summer of 2014.
These samples were analyzed to identify the sources and characteristics of their organic matter using diagnostic
ratios and fingerprint analysis based on the distribution of the source-specific biomarkers of n-alkanes, PAHs,"
hopanes and steranes. Mean concentration of n-alkanes (ug g~ ' dw) and PAHs (ngg~' dw) varied respectively
from 405 to 220,626, and 267 to 23,568 in coastal sediments, while ranged respectively from 664 to 145,285
and 390 to 46,426 in tar balls. In addition, mean concentration of hopanes and steranes (ng g’1 dw) were
between 18.17 and 3349 and 184.66 to 1578 in coastal sediments, whereas in tar balls were 235-1899 and
520-1504, respectively. Pri/Phy” ratio was 0.25 to 1.51 (0.65) and 0.36 to 1 (0.63) in coastal sediment and tar
ball samples, respectively, and the occurrence of UCM? in both matrices, reflecting the petrogenic OM" inputs
and chronic oil contamination, respectively. The C3o and Cy9 homologues followed Gammacerane were detected
in both matrices, in particular those collected from intensive industrial activities, suggesting petrogenic sources
of OM. The coastal sediment PAHs profiles were significantly dominated by HMW’-PAHs in the Bahregan Beach
(BAB) (78% of total PAHs), Bandare-Genaveh (GP) (66%), and Bandare-Bushehr (BUB) (61%) stations, while the
Bashi Beach (BSB) (40%), Bandare-Kangan (KP) (57%), and Bandare-Asaluyeh (AP) (51%) stations exhibited
higher proportion of LMW®-PAHs. PCA” indicated that the tar ball and coastal sediment samples deposited along
the Southwest of the BP beaches are most likely originated from the Abuzar oil. Based on the intensity of the
anthropogenic activities, NPMDS® analysis revealed that the GP, BAB, NNP, AP, and KP sampling sites had a high
concentration of detected organic pollutants. To the best of our knowledge, this is the first study that investigates
oil pollution in costal sediments and tar balls in the BP, providing insights in to the fate of oil in the coastal areas
of the Persian Gulf, Iran.
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1. Introduction

In recent years, significant marine and coastal environmental pol-
lution, particularly oil pollutants from sources near the shore, have
affected coastal ecosystems (Singkran, 2013), resulting in research on
the critical impacts of this pollution on marine habitats, fisheries,
wildlife, and human activities (Santos et al., 2013; Mokhtari et al.,
2015; de Andrade Passos et al., 2010; Lamine and Xiong, 2013). Marine
and coastal sediments provide valuable information on past or on-going
environmental variables, including natural and human-induced activ-
ities (Ranjbar Jafarabadi et al., 2017a, 2017b, 2017c, 2018a, 2018b;
2019b; Shirneshan et al., 2016; Jeng, 2007). Human activities, such as
expanding industrialization and urbanization, which have led to oil and
gas exploration, have resulted in the disbursement of oil and gas related
substances from oil wells in to marine environments (Ramsey et al.,
2014; Islam and Tanaka, 2004; Vaughan et al.,2019).

Environmental pollution has been assessed using organic markers
(Ranjbar Jafarabadi et al., 2017a). Geochemical organic markers have
been broadly applied to distinguish the organic matter (OM) in various
environments and on various timescales and may be assigned to certain
sources (Takada and Eganhouse, 1998; Derrien et al., 2017; Cabral
et al., 2018). These molecules are identified using comparatively high
chemical stability to degradation processes, their constant molecular
structure, and their direct association with anthropogenic (oil and by-
products) and/or biogenic (marine and terrestrial) organic matter
(Colombo et al., 2005; Volkman, 2005).

Petroleum compounds consist of a complex mixture of aliphatic,
polycyclic aromatic hydrocarbons, and non-hydrocarbons (Bayona
et al., 2015). Geochemical markers, such as n-alkanes, PAHs, hopanes,
and steranes, may be used to explain the origin of the hydrocarbons
deposited in a specific marine system and confirm the contribution of
petroleum products (Peters et al., 2005). These geochemical markers
are able to distinguish between oils to determine their sources, original
depositional environment, maturation, and level of biodegradation
(Peters and Moldowan, 1993). Among petroleum hydrocarbons, n-al-
kanes and polycyclic aromatic hydrocarbons (PAHs) are extensively
applied to identify the origin of organic matter from biogenic, petro-
leum/oil and its by-products, and combustion residues in various en-
vironmental matrices (Gao et al., 2007; Liu et al., 2014; Martins et al.,
2015; Dudhagara et al., 2016; Ranjbar Jafarabadi et al., 2017a, 2018a,
2019a; He et al., 2018; Aghadadashi et al., 2016; Shirneshan et al.,
2017). Although n-alkanes mainly have petroleum origin in the en-
vironment (petroleum and fossil fuels) (Volkman et al, 1992;
Vaezzadeh et al., 2017), nonetheless, they are synthesized by marine
(phytoplankton and zooplankton) and terrestrial organisms, higher
plants, and bacteria (Cripps, 1989; Wang et al., 2009).

PAHs are pollutants associated mostly with anthropogenic sources,
such as incomplete combustion of fossil fuels, coal, and biomass and
crude petroleum/oil and its refined by-products (Guitart et al., 2007;
Liu et al., 2009). PAHs have become a great concern due to their per-
sistence, high toxicity, mutagenicity, carcinogenicity, and the hazards
they pose to human health and the environment (Wu et al., 2014).
Another semi-volatile organic compounds are hopanes (penta-cyclic
triterpene) and steranes which can be totally utilized as molecular
markers for petroleum pollution as they are resistant to degradation,
semi-volatile and present in discrepant quantities in high boiling point
products of petroleum in various origins and maturity (Peters et al.,
2005; Kao et al., 2015; Huang et al., 2014; Vaezzadeh et al., 2017).
Although they are common constituents of crude oil, they are also
originating from the cell membrane of prokaryotes in marine ecosystem
(Manan et al., 2011; Huang et al., 2014; Vaezzadeh et al., 2017). In
addition, the presence of hopanes and steranes in environmental sam-
ples exhibits pollution from fossil fuel residues (Medeiros et al., 2005).

The residual oil mixtures interact with suspended solids in the
coastal waters and sinks to the sandy bottom to create immobile sub-
merged oil mats (consist of 70% to 95% sand) and mobile surface
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residual balls (tar balls, distributed on the shores) (Hayworth et al.,
2011; OSAT-2, 2011; OSAT-3, 2013; Michel et al., 2013; Bacosa et al.,
2016). Tar balls are formed from tanker accidents, oil well blow-outs,
natural submarine seepages, discharge of ballast water and tanker-wash
occur (Kvenvolden et al., 2000; Hostettler et al., 2004; Bacosa et al.,
2016). Tar balls are consisting of various mixtures of hydrocarbon such
as n-alkanes, Isoprenoids, polycyclic aromatic hydrocarbons (PAHs),
hopanes, and steranes (Shirneshan et al., 2016; Butler et al., 1998)
which are toxic to marine life causing damage to algae and phyto-
planktons which constitute majority of primary producers in marine
food chain (Nkem et al., 2016; Dietrich et al., 2014). These pollutants
enter the food chain, accumulate in tissues of living organisms and
cause carcinogenic damages (Perelo, 2010; Hassanshahian et al., 2014)
and eventually could pollute coastal surface sediments. Furthermore,
surface sediment in the Persian Gulf contains considerable levels of
petroleum biomarkers (Ranjbar Jafarabadi et al., 2017a, 2018b), so
that, surface sediments and tar balls could pose long-term environ-
mental risk to the marine ecosystem (Suneel et al., 2014; Warnock
et al., 2015; Yin et al., 2015; Ranjbar Jafarabadi et al., 2017c, 2018a;
Dauner et al., 2018).

The Persian Gulf has about 60% of the world's proven oil reserves
and is visited by two-thirds of the world's marine petroleum traffic,
while it just covers < 0.1% of the marine surface of the world (Khan,
2002). Bushehr province with a long coastline (> 707 km) along the
Persian Gulf with its strategic and geopolitical position, as a one of the
most important port, is located in southwestern of Iran and northern
part of the Persian Gulf (Noroozi Karbasdehi et al., 2017). Due to the
high density of oil facilities, the high volume of oil shipment and the
semi-closure of the Persian Gulf, the risk of oil pollution in this area has
increased significantly and become one of the most anthropogenically
impacted regions in the world (Mehdinia et al.,, 2015; Burton and
Johnston, 2010; Vaughan et al., 2019; Burt, 2014). Development has
already affected as much as 40% of the coastlines of some Persian Gulf
countries (Niamaimandi et al., 2017). However, the Bushehr coast is
often under the menace of tar balls, which has become a common
phenomenon. During summer of 2014, most of the Bushehr beaches
were affected by tar ball deposition. This deposition attracts a huge
public concern as the on-going recreational activities on beaches get
seriously affected, which in turn affects the tourism industry, and it is
becoming and environmental problem. Moreover, the tar ball being a
carcinogenic, it affects the marine life and tar ball pollution degrades
health of the coastal waters off Bushehr and coastal areas in the Persian
Gulf. Hereupon, the monitoring of oil pollutants in a dynamic marine
system particularly coastal settings is worth investigating and tracing of
the sources of these tar balls is highly essential. To the best of our
knowledge, up to now, there has been no investigation on tar balls and
coastal sediments in the Bushehr Province and no report can be found
that identified the origin of oil pollution in tar balls and sediments of
southwest coasts of the Persian Gulf by using biomarkers. Due to the
several anthropogenic impacts on this large coastal area in the Persian
Gulf, the purposes of this study were 1) to determine the concentrations
of oil biomarkers (n-alkanes, PAHs, hopane and sterane), in coastal
surface sediments and importantly enormous quantities of tar balls
landed on the coast of Bushehr Province, 2) to assess the sources of
organic matter with diagnostic ratios, 3) to apply the fingerprint tech-
niques of diagnostic ratios of hopanes and steranes biomarkers using
principle component analysis (PCA) to identify the sources of tar balls
and petroleum hydrocarbons in coastal sediments 4) to provide new
information regarding the contamination status of this area.

2. Materials and methods
2.1. Study area and sampling procedure

The Persian Gulf (E: 48°-57°, N: 24°-30°), which is an extension of
the Indian Ocean and a shallow and semi-enclosed basin in a typically
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Fig. 1. Location of Bushehr province in the Persian Gulf, and the surface sediment sampling locations.

arid climate, is located between Iran and the Arabian Peninsula
(Ranjbar Jafarabadi et al., 2017a, 2017b, 2018b, 2019a). In Iran, there
are several provinces that have large coastlines with the Persian Gulf
and the Bushehr province has the largest one with this Gulf (Fig. 1). The
region under investigation in this research is the coastal area of the
Bushehr province, situated in the south west of the Gulf, Iran, with the
coastline long > 700km, in which there are oil facilities including
several oil wells for exploitation and extraction, harbors for transpor-
tation, oil condensates, oil pipelines, and etc. A total number of 96 (48
coastal surface sediments and 48 tar balls) samples (with 3 replicates at
each station) were taken from eight sampling sites including Bahregan
Beach (BAB), Bandare-Genaveh (GP), Bandare-Bushehr (BUB), Bashi
Beach (BSB), Mond Protected area (MPA), Bandare-Kangan (KP), Ban-
dare-Asaluyeh (AP), and Naiband National Park (NNP) (Fig. 1, Table
S1). Coastal sediments were collected (using a Van Veen grab
(50 cm x 50 cm) sampler on July 2014) with similar depth (5cm) to
explain the variations in hydrocarbons concentration with the hor-
izontal gradient of the coastal area. By hand using clean plastic gloves,
the tar ball samples were collected. In order to consider whether the
collected tar balls were floating or sinking in the water column, we took
a subsample and dropped into the beaker of sea water with a salinity of
13 psu and temperature of 29 °C (Suneel et al., 2014; Shirneshan et al.,
2016). Based on our observations, all the tar balls were floating at the
surface. All samples (sediment and tar ball) were kept in clean alu-
minum, foil packets in a cool box, transported to the laboratory of
Tarbiyat Modares University, Tehran, Iran, and then stored at —20 °C in
the refrigerator until further analysis.

2.2. Preparation, extraction and fractionation

A freeze dryer apparatus or 72h under high vacuum (1.030 mbar
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and — 50°C) was applied to dry surface sediments. To analyze the
grain-size, a laser particle size analyzer (Malvern Mastersizer 300) was
used (Ranjbar Jafarabadi et al., 2017a). Freeze-dried and homogenized
coastal sediment samples were utilized for the analysis of TOC using
Vario EL III CHNS Analyzer. For total organic nitrogen, the method of
Ray et al. (2014) was used. Extraction and fractionantion of targeted
organic pollutants were conducted based on the approach of Zakaria
et al. (2000) and Riyahi Bakhtiari et al. (2009) and his method has been
explained in numerous references (Ranjbar Jafarabadi et al., 2017a,
2017b, 2018b; Azimi Yancheshmeh et al., 2014; Shirneshan et al.,
2016; Varnosfaderany et al., 2014). This approach is consisting of a
two-step silica gel chromatography and gas chromatography-mass
spectrometry (GC-MS). Briefly, a 5 g of each freeze-dried sample were
purified and fractionated. Since H,S (Hydrogen sulfide) and N,S (Ni-
trogen sulfide) are generated by sulfur bacteria in the sediment and also
sulfur and sulfur compounds are present in nearly all bottom sediment
and soil samples, due to the nonpolar nature of elemental sulfur, it must
be removed by activated Cu to get better resolution in the gas chro-
matogram of GC-MS. Hereupon, a sulfur removal procedure was per-
formed using activated elemental copper in order to avoid sulfur in-
terferences before analysis (more details in supplementary section). A
Soxhlet system was accomplished for extraction of lipids applying 85 ml
of dichloromethane (DCM), over 12 h. The sample was then decreased
in volume to 5ml by a rotary evaporation system and then transferred
onto the top of 5% H,O deactivated silica gel column (1cm
i.d., X 9 cm). With 20 ml of DCM/hexane (1:3, v/v), all hydrocarbons
(aliphatic hydrocarbons, hopanes and steranes) were eluted and
transferred onto the fully activated silica gel column (0.47 cm
i.d. x 18 cm) and eventually eluted with 4 ml hexane to get the ali-
phatic hydrocarbon (AH) and biomarkers (terpanes and steranes). For
obtaining PAHs, the PAH fraction was eluted with 14mL of
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dichloromethane/hexane (1:3, v/v). Eventually, the fractions were
evaporated to about 1 mL and transferred to a 1.5ml glass ampoule.
Further reduction with nitrogen gas to dryness was carried out. For tar
ball samples, the tar balls were freeze-dried for 24 h prior to further
analysis. A 20 mg of the tar ball samples were accurately weighed and
dissolved in 2 ml of DCM/n-hexane (1,3, v/v) with 200 pl of PAH sur-
rogate internal standard, SIS (consists of 5 ppm of each of naphthalene-
d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12 and perylene-
d4). Similar to surface sediments, the solution was purified and frac-
tionated by the approach explained in Zakaria et al. (2000).

2.3. Analytical methods

To determine the concentrations of targeted hydrocarbons com-
prising n-alkanes, PAHs, hopanes and steranes, the analytical procedure
described by Zakaria et al. (2000) and Riyahi Bakhtiari et al. (2009)
were used. These compounds identified and quantified using Agilent
7890A gas chromatograph coupled with Agilent Technologies 5975C
quadrupole mass spectrometer. A fused silica capillary DB-5MS column
(30m x 0.25mm i.d., 0.25um film thickness, J&W Scientific, USA).
Based on the retention time, each targeted compound was identified.
Samples were injected in split less mode (SIM) (1 pl) and high purity
helium (99.999%) was applied as carrier gas at 1.0 ml/min. Tempera-
ture program in analysis of n-alkanes: temperature of injection point
was set at 310 °C, 70 °C (1 min) to 310 °C (held 10 min) at 30 °C/min.
The n-alkanes were identified with comparison of retention times with
those of known standards of n-alkanes ranging from n-C;4 to n-Csz3. In
addition, the UCM concentration was semi-quantitatively specified by
integrating the total GC area with subtraction of the resolved peaks and
applying the average response factor of C3 n-alkane-d10 during the
instrumental calibration. For PAHs, the GC oven was programmed to
60 °C for 1 min, 10 °C/min to 240 °C held for 2 min, 10 °C/min to 320
held for 10 min. Both full scan and selected ion monitoring (SIM) modes
were applied. PAHs were identified by comparing retention time with
those of the appropriate authentic standards and published spectra. For
biomarkers, the following instrument parameters: initial temperature,
70 °C (maintained for initial 1 min) with ramps of 30 °C/min to 150 °C
and then with ramps of 5°C/min to 290 °C and held for 10 min. The
injector's temperature was 300 °C. As analytical standards for bio-
markers, we used 17a(H)-22,29,30-trisnorhopane, 17p(H),21p(H)-ho-
pane, diploptene (173(H),21B(H)-hop-22(29)-ene), and
17a(H),21B(H)-hopanes. The steranes standard mixtures include 5a
(H)-cholestane, 24-methyl-5a (H)-holestane, and 24-ethyl-5a (H)-cho-
lestane. Predeuterated n-tetracosane-d50 (m/z 66; relative concentra-
tion values) which was used as internal standard added to the samples
immediately before the GC analyses (Yunker and Macdonald, 2003;
Harris et al., 2011). Characteristic ions were analyzed in single ion
monitoring (SIM) mode: m/z 191 for tri- and tetracyclic terpane and
hopane, m/z 217 for aaa-steranes and m/z 218 for afp-steranes
(Volkman et al., 1992; Peters and Moldowan, 1993). Schematic dia-
grams for the procedure of sample preparation, temperature program-
ming for GC-MS experiment and also calibration curves are presented
in supplementary section.

2.4. Quality assurance and quality control (QA&QC)

To avoid contamination and other interference, QA&QC were con-
ducted strictly for each experimental procedure, comprising extraction,
separation and instrumental analysis. To expurgate any organic pollu-
tants, organic solvents were distilled in glass before usage and glass
wares were rinsed sequentially with methanol, acetone and distilled
hexane, respectively, and kept in an oven at 60 °C for 2h (Ranjbar
Jafarabadi et al., 2017a). Standard solutions of targeted petroleum
hydrocarbons (n-alkanes, PAHs, hopanes, and steranes) were purchased
from Sigma Chemical Company. All solvents used for sample processing
and analyses (dichloromethane, hexane, and methanol) were
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chromatographic grade from Merck. In order to validate the method,
recovery experiments were conducted prior to sample extraction. Re-
coveries were calculated by spiking a known concentration of SIS
mixture into the sample followed by performing the entire analytical
procedure. The Recoveries of individual spiked SIS were > 88% for
alkanes and > 91% for hopanes. The recoveries for PAHs, ranging from
85% to 89%, were used for the recovery correction calculations. In
addition, a matrix blank (standards added to a cleaned matrix), reagent
blank (only solvent), spiked blank (standard added to solvent) and re-
plicate sediment sample were run with each batch of the sediment
samples. Analysis of the blanks confirmed that there was no introduced
contamination or other interference over the whole experiment. The
relative standard deviation was < 3%, indicating good repeatability.
For the aliphatic and aromatic hydrocarbons, limits of detection
(LOD = 3S/N, S =signal, N =noise) and limit of quantification
(LOQ = 10S/N) of the analytical procedure were respectively
0.002-0.11 and 0.005-0.41 pg g~ ', for n-alkanes and 0.003-0.24 and
0.006-0.19ng g~ * for PAHs. Moreover, LOD and LOQ of the petroleum
biomarkers were 0.10-19.26 and 0.37-81.12ng g~ *, respectively.

2.5. Data analysis

In the current study, results were mostly processed using the sta-
tistical platform R3.1.1 for statistical analysis. The biomarker con-
centrations (n-alkanes, PAHs, hopanes and steranes) distribution nor-
mality was explored by the Kolmogorov Smirnov test (all p < 0.05).
The data of the biomarker concentrations were analyzed using Min,
Max and Mean. The sums of the total 22 n-alkanes, total 30 PAHs, US
EPA 16 priority PAHs, Alkyl PAHs and parent PAHs, total 22 hopanes
and 12 steranes were defined as X,sn-alkanes, Y3,PAHs, X,¢PAHs,
YAPAHs, IPPAHs, X hopanes, and Xjsteranes, respectively. The
Analysis of Variance (ANOVA) and Duncan test were applied to span
any significant differences in the biomarker concentration in the surface
sediment and tar ball in various sampling sites, separately. Student's t-
test was used to evaluate significant differences of biomarker con-
centrations and biomarker related ratios among discrepant groups of
samples, and statistical significance was considered when a p-value
was < 0.05. To explore the significance of variables that elucidate the
potential groupings and patterns of the inherent properties of the whole
dataset and to investigate patterns and associations of individual bio-
marker data, principal component analysis (PCA) with varimax nor-
malized rotation was performed (Ranjbar Jafarabadi et al., 2017a; He
et al., 2018; Hammer et al., 2001; Kim et al., 2013). To separate sam-
pling points based on concentration of petroleum biomarkers and bulk
parameters, Non-parametric multi-dimensional scaling (NPMDS) was
conducted (Ranjbar Jafarabadi et al., 2017a). In order to explore the
spatial distribution of the total biomarkers in the surface sediments and
tar balls, the data were computed by ordinary kriging (OK) equations
with the second order stationary hypothesis (Ranjbar Jafarabadi et al.,
2017a). Source apportionment of petroleum biomarkers (both anthro-
pogenic and natural sources) were conducted based on reported che-
mical markers, diagnostic measures and indices from related in-
vestigations (Ranjbar Jafarabadi et al., 2017a, 2018a, 2018b; He et al.,
2018; Azimi Yancheshmeh et al., 2014; Riyahi Bakhtiari et al., 2010;
Riyahi Bakhtiari et al., 2009; Shirneshan et al., 2016; Varnosfaderany
et al., 2014; Hughes et al., 1995). In addition to diagnostic ratios, since
PCA is a multivariate a statistical procedure that is broadly applied in
the interpretation of oil spill fingerprinting (Suneel et al., 2014;
Shirneshan et al., 2016; Ismail et al., 2016), the source identification of
the tar ball and coastal surface sediment samples were also carried out
by using PCA.

3. Results and discussion

Examples of GC chromatograms with main features and hydro-
carbons (e.g., n-alkanes, PAHs, APAHs, PPAHs, hopanes, steranes, and
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Fig. 2. Spatial variations and distributions of geochemical characterization of the coastal surface sediments including, grain size (a) TC, TOC, BC (b), TN (c), and

TOC/TN (d) from sampling sites in the Persian Gulf on July 2014.

UCM) were shown in Fig. S1 and Table S4.

3.1. Bulk parameters: Grain size and TOC

The spatial distribution of grain size, TC, TOC, TN, BC and C/N is
illustrated in Fig. 2 and Table S3. The coastal surface sediments were
predominantly composed of clay (27.1% to 60.5%) and silt (24.5% to
37.2%; Fig. 2), reflecting totally weak to moderate hydrodynamic
conditions in the study area. The highest and lowest content clay were
observed in BAB (43.2-67%, 61.54%) and NNP (23.1-32%, 27.9%). In
addition, the highest sand content was observed at stations AP
(43.5-52%, 44.80%) and NNP (24.1-42%, 39.30%), denoting com-
paratively intense waves and tidal currents close to the coast of these
stations, while the lowest content was in BAB (14.2-31.7%, 11.54%),
suggesting relatively weak waves and tidal currents near the coast of
these stations. One-way ANOVA revealed significant difference in per-
centage of fine (clay), silt and sand particles among stations
(p < 0.05). The variation of the clay content in coastal sediments de-
noted a major positive and negative correlation with silt (¥ > 0.71,
p < 0.05) and sand (¥ > —0.65, p < 0.05), respectively. Generally
speaking, spatial trend was observed for clay, silt or sand contents with
increasing content of fine and coarse particles toward the north and
south west of the study region, respectively. The mean TC
(20-67mgg~1), TOC (10-98-44mgg~!) BC (9-25.68mgg~ 1) con-
tents demonstrated a large range in study region (Fig. 2, Table S3). In
addition, there were significant differences (p < 0.05) for TC, TOC,
and BC among all sampling sites. TC concentrations varied between 20
and 28 (24 mg g~ 1) in AP (in the southwest part of the region) as the
lowest concentration and 58-67 mgg~ ' (62mgg~!) in BAB (in the

northwestern part of the region) as the highest concentration and were
regularly and significantly (p < 0.05) augmented from the south to-
ward the north west part of the BP (Fig. 2). Analogously, the highest
TOC values (mg gfl) were measured at BAB (42-47, 44), followed by
GP (50-57, 52) and BUB (40-48, 43), respectively, while the lowest one
was observed in AP (10.98-15.38, 13.18), and KP (13.73-15.94,
14.83), respectively. Except for station NNP (18-21.17, 19.52), BC,
similar to TC and TOC, revealed descending spatial distribution from
the north to the south part of the region, with the highest and lowest
value (mg g_l) in stations GP (22.52-25.68, 23.72) and AP (9-12.61,
10.81), respectively. By contrast what was observed for TC, TOC and
BC, TN revealed heterogeneous distribution and varied between 2.43
and 4mgg~! with an overall mean of 3.38mgg~'. The mean C/N
values varied between 3 and 14 with a total mean of 7.49. The higher
value > 10 was only observed in BAB (8.80-14, 11.51), and in other
stations was < 10. These findings generally reflecting different inputs
of OM, plausible post-depositional biodegradation and possibly hy-
drodynamic sorting processes (Meyers, 2003; He et al., 2018).

3.2. Spatial variability of aliphatic hydrocarbons

The total n-alkane concentrations (2,AHs, ug g~ ' dw) varied from
405 to 220,626 (mean: 22169), and 664 to 145285 (16186) for coastal
sediments and tar balls, respectively (Fig. 3, Table S4). One-way
ANOVA revealed significant difference (p < 0.05) in X,,AHs con-
centration in sediments and tar balls among sites. These immense
ranges may be created by the complexity of this environment in terms
of sedimentation, cycling and microbial degradation processes, organic
matter and hydrocarbon sources (Kostka et al., 2011; Wang et al., 2015;
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He et al., 2018). The highest ¥,,AHs concentration (ug g_1 dw) in
coastal sediments was found at station GP (33946-220626, 108629)
located in the Genaveh harbor, pointing to a plausible source from in-
tensive natural and human activities such as overflowing of various
seasonal rivers to beaches with different sources of pollution, harboring
of ships for transportation of oil and fishing, loading and refueling of
vessels, discharging of ballast water of vessels, occasional oil spills from
vessels, discharging of industrial and sanitary wastewater and transfer
pipelines of oil and gaseous condensate, whereas, the maximum one in
tar ball was measured in NNP (23328-145285, 72,685 ugg~ " dw), due
to industrial facilities, oil tanker transportation, and the concentration
and trapping of contaminations in the area due to the indentations of
the shore (Fig. 3, Table S4). In addition, the lowest X;,AHs con-
centration (ug g~ ' dw) in coastal sediment and tar ball were observed
at MPA.

*note that greater circle shows higher amount of sand in samples in
comparison to others.

(459-1444, 1043) and GP (664-1352, 1040), respectively. As can be
seen in Fig. 3, with exception of NNP and MPA, a clear spatial increase
pattern is observable for the concentrations of the n-alkanes in costal
sediments, which mounted from the south toward the west part of the
BP. However, tar ball samples revealed no obvious trend. Compared to
other sampling sites, concentrations in most samples of GP, BAB, and
BUB were significantly higher (P < 0.05) and these results were con-
sistent with prominence of hydrocarbon inputs into these sites. It is well
proved that total aliphatic hydrocarbons value of < 10ugg™' dw,
10-100 pg g_1 dw and > 500 represent respectively non-con-
taminated, moderated and significant contaminated sediments
(Commendatore et al., 2012; Wang et al., 2011).

Having these criteria in mind, it can be deduced that the con-
centration levels of n-alkanes in all stations are significantly polluted.
The overall average %,,AHs concentration (ugg~! dw) in this study
were higher than those found in the Persian Gulf, Iran, such as Kharg
and Lark Islands (171-754, 57.99-232) (Ranjbar Jafarabadi et al.,
2018a), Iranian coral Islands (385-937) (Ranjbar Jafarabadi et al.,
2017a), Kharg Island (19.75-49.25) (Akhbarizadeh et al., 2016), Sha-
degan Wetland (395.3-14,933) (Bemanikharanagh et al., 2017),
Northern Persian Gulf (ND to 1.71) (Mohebbi-Nozar et al., 2015). On
the other hand, the average total n-alkane concentrations were rela-
tively comparable to heavily polluted sites, such as Barataria Bay, Gulf
of Mexico (77,399 ug g~ 1 (Kirman et al., 2016); sediments in Vietnam
(1056-34,794ug g™ ") (Duong et al, 2014); Gulf of Mexico
(0.050-535,000 ug g 1) (Sammarco et al., 2013).

Saturated hydrocarbons, n-alkanes, in the environment have in-
tricate origins. Some general criteria to determine the possible origins
(anthropogenic or natural) of organic compounds have been used
(Ranjbar Jafarabadi et al., 2017a; de Souza Neto et al., 2008; Mille
et al., 2007). GC traces demonstrated regular distribution varied from n-
C14 to n-C33 alkanes with equivalent distribution pattern of both
odd-carbon numbered alkanes and even-carbon-numbered alkanes (Fig.
S1). As a matter of fact, GC trace analysis exhibited a unimodal and
bimodal n-alkane distribution at most sampling sites. Both unimodal
and bimodal n-alkane distributions ranging from n-C;; to n-Czs are
characteristics of petroleum origin (Ranjbar Jafarabadi et al., 2017a). It
may also be due to the superposition of two different types of petroleum
product sources (Yang et al., 2009), and this is more probable for some
sediments of BAB, and GP, considering the nature of the petroleum
products input and the intense maritime activities in this region. Total
n-alkane concentration in this coastal system was high especially in
sites with higher anthropogenic activities, which could be ascribable to
the massive proportions of lower chain n-alkanes than their higher
homologues. The concentration of n-C,; to n-C33 hydrocarbons in all
stations was more concentrated than the shorter chain n-alkanes (n-C,4
to n-Cyp). For sediments, the relatively high concentrations of long
chain n-alkanes, with a peak in n-C,o (followed by n-Csq, n-Cz3) were
detected at the stations. In tar ball, except for NNP with a pick in n-Co;
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and n-Cy3, high concentrations of long chain n-alkanes with a peak in n-
Cs; and n-C3, were identified at all sites. In the current study, n-Cg to n-
Cy0 were not detected and this absence may be due to their evaporation,
which is totally observed in lower molecular weight (LMW) hydro-
carbons.

To decipher spatial variations of n-alkane sources more precisely,
multiple deterministic ratios were computed (Table S4). The value of
low molecular weight to high molecular weight ratio (LMW/
HMW) < 1 wusually indicates n-alkanes produced by higher plants,
marine animals, and sedimentary bacteria (Wang et al., 2006), while
LMW/HMMW ratios close to 1 and > 2 suggest n-alkanes that are mostly
from petroleum and plankton sources and also the presence of fresh oil
input, respectively (Commendatore et al., 2000). Nonetheless, since
LMW hydrocarbons would degrade preferentially, the presence of
heavier oil or more degraded crude oil could result in lower ratios of
LMW/HMW < 1 (Commendatore et al., 2000). The LMW/HMW ratios
in sediments varied between 0.24 (GP) and 0.92 (MPA) and totally were
all < 1, whereas in tar balls except for station NNP (1.24), all stations
were < 1 (0.23 (GP) - 0.65 (BAB)), reflecting the more origin of higher
plants, marine animals, and sedimentary bacteria.

Another indicators of OM sources are the carbon preference indices
(CPI), PETRO, PLK and TER (Ranjbar Jafarabadi et al., 2017a; He et al.,
2018). Carbon Preference Index (CPI), which is defined by odd to even
n-alkanes (C;1-C3s), has been widely used as a robust indicator to de-
monstrate petroleum contamination in sediments (Ranjbar Jafarabadi
et al., 2017a, 2018a; He et al., 2018; Akhbarizadeh et al., 2016; Resmi
et al., 2016). Regarding this, petrogenic hydrocarbons indicate CPI
values close to 1, whilst n-alkanes derived from terrestrial vascular
plants generally have CPI values varying between 3 and 6 (Pearson and
Eglinton, 2000; Wang and Fingas, 2003; Liu et al., 2012). CPI values
varied from 0.67 (KP) to 1 (AP) in sediment and 0.74 (MPA) to 1.23
(BSB) over the course of the study, confirming that there were intensive
effects from petroleum sources at most stations (Ranjbar Jafarabadi
et al., 2017a, 2018a; Resmi et al., 2016) (Table S2) and several studies
have confirmed oil CPI values to be around 1.0 (Bemanikharanagh
et al., 2017; Ranjbar Jafarabadi et al., 2017a, 2018a; Resmi et al., 2016;
Kalaitzoglou et al., 2004). The CPI,5 35, the odd to even HMW-n-al-
kanes (Cos-C3s), has been continuously applied to recognize vascular
plant wax contribution versus fossil fuel contamination (Aboul-Kassim
and Simoneit, 1996; Ranjbar Jafarabadi et al., 2017a; He et al., 2018).
The CPI,5_35 showed no specific spatial variation and oscillated from
2.13to 2.23 and 2 to 2.50 in sediment and tar ball samples respectively,
confirming to some extent vascular plant wax contribution. In contrast
to CPI,s_35, CPI;;_50 (the odd to even LMW-n-alkanes (C1;-Cs)) values
in most sediment and tar ball samples were < 1 or close to 1.0, sug-
gesting inputs from fossil fuel hydrocarbons as well as bacterial activ-
ities (Pearson and Eglinton, 2000; Ranjbar Jafarabadi et al., 2017a; He
et al., 2018).

The sum of petroleum-derived (even n-alkanes from C;5 to Cao,
PETRO), phytoplankton- (odd n-alkanes from C;s to Cy;, PLK), and
terrestrial- (odd n-alkanes from C,3 to Cs3, TER) n-alkanes were com-
puted to evaluate the proportion/dominance of them (Ranjbar
Jafarabadi et al., 2017a, 2018a; He et al., 2018) (Fig. 4, Table S4). In all
coastal sediments, the terrestrial (TER) and petroleum (PETRO)-derived
n-alkanes were the dominant, with the highest value at GP (TER:
36948 ug g_1 dw, 67%; PETRO: 12536, 23%), whereas tar ball samples
had more phytoplankton sourced n-alkanes with the higher level at BUB
(PLK: 6005, 58%) (Fig. 4, Table S4).

Another effective indicator of petroleum contamination is a mixture
of structurally complex isomers of homologous branched and cyclic
hydrocarbons that cannot be resolved by capillary columns and called
unresolved complex mixture (UCM) (Brassell et al., 1980; Ranjbar
Jafarabadi et al., 2017a, 2018a; He et al., 2018). This indicator origi-
nates from degraded petroleum (Brassell et al., 1980), chronic emission
of vehicles, and volatiles from diesel (Simoneit, 1989; Gough and
Rowland, 1990; Tolosa et al., 2005; Mille et al., 2007), and bacteria-
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Fig. 4. Indices calculated from n-alkane biomarkers including Terrigenous (TER), Planktonic (PLK) and Petrogenic (PETERO) in the coastal surface sediments and tar

balls of the Bushehr Province, Persian Gulf.

derived UCMs (Bouloubassi et al., 2001). In the present study, the UCM
was evident in most sediment (more) and tar ball samples and varied
from 519,242 (AP) to 24712028 (GP) ug g_1 dw and 328758 (GP) to
15609747 ((NNP) pg g_1 dw in sediment and tar ball samples, re-
spectively. The highest concentrations were found in stations GP and
NNP for sediment and tar ball samples, consistent with total significant
petroleum inputs at these locations as pointed out earlier. In addition to
UCM, U/R, a useful tool to identify the presence of degraded petroleum
hydrocarbons (Ranjbar Jafarabadi et al., 2017a, 2018a), was calculated
and were > 2 at all sites, varied between 262 and 808 ugg~* dw (se-
diment) and 180 to 654 (tar ball), demonstrating a significant con-
tamination by petroleum products (Simoneit and Mazurek, 1982;
Gogou et al., 2000; Ou et al., 2004). Overall, although heavy weath-
ering eliminates LMW-n-alkanes and modifies UCM toward HMW, UCM
in the lower chain-length end (< Cy) is associated with slightly
weathered petroleum (Jacquot et al., 1999; Lima et al., 2012). UCM
occurred as both short-chain (C < 20) and long chain (C > 25) hy-
drocarbons in most sediment samples, but occurred predominantly as
long-chain hydrocarbons in all the most tar ball samples (Fig. S1), re-
flecting a combination of slightly and extremely weathered petroleum
in coastal sediments and extremely weathered petroleum contamina-
tion in tar balls. In the light of microbial reworking is an additional
source of UCM on the short-chain end (Carstensen et al., 2015), it could
be another sources of UCM in sediments, nonetheless, due to UCM
derived from microbial reworking is a process longer than a year, the
UCM ignored in this study should be driven by petrogenic input (He
et al., 2018). This distribution of UCM in sediments is also reported in
another studies all around the world (Li et al., 2015; Maciel et al., 2016;
Zhao et al., 2014; Ranjbar Jafarabadi et al., 2017a; He et al., 2018).

The terrigenous/aquatic ratio (TAR) has been broadly applied to
appraise the relative significance of terrestrial against aquatic inputs
(Mille et al., 2007). The TAR values were > 1 for all sediment and tar
ball samples, corroborating the preferential preservation of terrestrial
hydrocarbons over planktonic ones in the coastal area of the region.
Similar to Ranjbar Jafarabadi et al. (2017a), ¥5,AHs/n-C;¢ and odd
even carbon number predominance (OEP) were also calculated and
ranged from 17.25 to 296 and 5550 to 78334220 in sediment samples,
respectively, whereas in tar balls varied respectively from 29.87 to
88.76 and 3537 to 21227864, pointing to intensive terrestrial hydro-
carbon inputs.

3.2.1. Spatial variability of petroleum biomarkers
The mean concentration (ng g~ ! dw) of ,,hopanes and %, ,steranes
oscillated from 18.17 (AP) to 3349 (BAB) (overall mean: 853) and
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184.66 (AP) to 1578 (BAB) (743) in costal sediments, whereas ranged
from 235 (BAB) to 1899 (BUB) (864) and 520 (BAB) to 1504 (AP)
(1052) in tar balls, suggesting higher accumulation of petroleum bio-
markers in tar balls relative to sediments. Moreover, for sediments,
station BAB displayed higher values, while for tar balls stations AP and
BAB indicated more levels of these pollutants. Additionally, the mean
concentration (ngg~ ' dw) of X30PAHs was totally significantly lower
than ¥AHs, and higher than Yhopanes and Xsteranes and varied from
267 (AP) to 23,568 (BAB) with a total mean of 4650 ng g*1 dw for
coastal sediment samples, whereas varied between 390 (BAB) and
46,426 (AP) (overall mean: 12167) for tar balls in the whole study area
(Fig. 2, Table S4). Similar to XAHs, one-way ANOVA revealed spatial
significant differences (p < 0.05) in X3oPAHs concentration among
stations. In addition, one sample t-student test showed considerably
significant variation (p < 0.05) in accumulation of PAHs in sediment
and tar ball samples at each station, separately. These ranges (ngg ™"
dw) were larger than other studies in the Persian Gulf, Iran, such as
Lark (16.56-487) and Kharg (41.61-693) Islands (Ranjbar Jafarabadi
et al., 2018a; Khaksar et al.,, 2019), Kharg Island (2.95-253.3)
(Akhbarizadeh et al.,, 2016), Bushehr Peninsula (285.9-1288)
(Aghadadashi and Mehdinia, 2016), Asaluyeh Port (1.8-81.2)
(Keshavarzifard et al., 2017), Imam Khomeini Port (2631-5148)
(Abdollahi et al., 2013), Bushehr Port (356-611) (Mehdinia et al.,
2015), Persian Gulf (10.33-186.16) (Khazaali et al., 2015), Bushehr
Creeks (371-611) (Mehdinia et al., 2015) and also in Chabahar Bay,
Oman Sea, Iran (nd-92.8) (Agah et al., 2017), and were lower than in
sediments in Shadegan wetland (593.74-53,393) (Bemanikharanagh
et al., 2017), confirming totally higher anthropogenic inputs in coastal
area of BP. By comparing the pollution levels defined by Baumard et al.
(1998), stations AP, BSB and BUB were characterized by moderate
(100-1000ng g~ * dw) pollution, while other stations were considered
high (1000-5000ngg~" dw) (GP, MPA, KP, NNP) to extremely high
(> 5000ng g~ ! dw) (BAB) pollution.

One-way ANOVA showed spatial significant difference (p < 0.05)
in concentration of %16PAHs, YPPAHs and ~APAHs in sediment and tar
ball samples among stations. One sample t-test revealed parent PAHs
were more abundant than the Alkyl homologues of the total PAHs in all
sediment samples, while in tar balls, except for stations KP, AP and
NNP, the Alkyl homologues were higher than the parent PAHs of the
total PAHs in all sites (p < 0.05). Mean concentration (ngg~ " dw) of
¥16PAHs varied from 107 (AP) to 106,091 (BAB) with a total average of
14,359 in surface sediment, whereas in tar balls oscillated from 134
(BUB) to 13,512 (AP) (2871). XPPAHs were 515 (88.73% of the
¥30PAHs) (BSB) to 24,258 (70.58%) (BAB) and 44 (79%) (BAB) to
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25,812 (44%) (AP) in sediment and tar ball samples, respectively.
YAPAHSs varied between 48 (3.95%) (MPA) and 4982 (29.41%) (BAB)
in sediment, whereas varied between 326 (46%) (BUB) and 19,204
(56%) (AP) in tar ball (Table S4). The plausible cause was that the PAHs
in the north western part of the study area which was originated from
largely industrial infrastructures especially petroleum fields are mainly
less in these areas (south western), and it might be probably said that
the residence time of PAHs in sampling sites with lower concentrations
is less than those with higher concentrations. Hereupon, it could be
claimed that less depositional PAHs were accumulated in the sediments.
The composition profile of PAHs by ring number is illustrated in
Fig. 6. Although the proportion of 2- and 6- ringed hydrocarbons
showed a wide variation with no specific trend (Table S4), one-way
ANOVA revealed significant difference (P < 0.05) in LMW/MMW/
HMW-PAHs accumulation in both sediments and tar balls. The coastal
sediment PAH profiles were significantly dominated by HMW-PAHSs in
stations BAB (78% of the total PAHs), GP (66%) and BUB (61%), while
stations KP (40%), NNP (57%), and BAB (82%) exhibited higher pro-
portion of LMW-PAHs. MMW-PAHs were only dominated in MPA
(58%). In tar ball samples, except for NNP (57%), other stations de-
monstrated the dominance of HMW-PAHs (40-69%) (Fig. 5, Table S4).
The observed pattern may be explained in terms of adjacency to the
source and physicochemical properties of PAHs (Ranjbar Jafarabadi
et al., 2017a; Rahmanpoor et al., 2013). On the one hand, noticeable
predominance of LMW-HMW PAHs is comprehensible for some stations
such as BAB, GP, BUB, and KP since they are subject to majorly pet-
rochemical and petroleum transport by huge vessels which is con-
sidered as a core of industrial activities. To recognize potential sources
of PAHs, several common diagnostic ratios were calculated (Fig. 6,
Table S4). The diagnostic ratios of Ant/(Ant+ Phe), BaA/(BaA + Chr),
Flu/(Flu+Pyr), MPhe/Phe, Phe/Ant, and LMW/HMW in coastal sedi-
ments and tar balls are plotted in Fig. 6. MPhe/Phe ratio is the most
leading criteria to separate the petrogenic (2-6) from pyrogenic (< 1)
origin (Ranjbar Jafarabadi et al., 2017a, 2018a; Prahl and Carpenter,
1983; Zakaria et al., 2002). In this study, MPhe/Phe ratio demonstrated
a wide range in sediment (47.92-108.97, mean: 83.69) and tar ball
(21.25-248, 96), reflecting probably petrogenic source. Phe/Ant < 10
is considered as a pyrogenic source, while > 10 indicates petrogenic
one (Parlanti, 1990; Soclo et al., 2000) and this ratio were 2.37 to 10.71
(5.26) in sediment and 2.22 to 13.79 (7) in tar ball, reflecting the
petrogenic source only in station GP for sediment and NNP for tar ball.

Surface sediment

2

W)
2

e

-
~
o
8

-1
Concentration (ng & ¢

B LMW-PAHs
B MMW-PAHs
BN HMW-PAHs

Marine Pollution Bulletin 146 (2019) 801-815

LMW/HMW was < 1 at most sediment samples except for AP (6.13)
and NNP (1.24), while in tar balls except for BAB (0.09), GP (0.27) and
BSB (0.86) were > 1 in another stations, confirming pyrogenic origin
for most costal sediments and petrogenic one for tar balls (Baumard
et al., 1998; Budzinski et al., 1997; Sicre et al., 1987; Soclo, 1986;
Yunker et al., 2002b). In this study, also isomeric ratios were calculated
to differentiate PAHs in samples from petroleum and combustion
sources (Fig. 6).

Ant/Ant + Phe ratio less and higher than 0.1 illustrate pyrogenic and
petrogenic sources, respectively (Yunker et al.,, 2002a) and were
mostly > 0.1 at both sediment and tar ball samples, suggesting pyro-
genic source. BaA/(BaA + Chr) ratio was between 0.2 and 0.35 at most
sediment and tar ball samples in all stations, reflecting petroleum
combustion, including liquid fossil fuels, vehicle, and crude oil com-
bustion (Ranjbar Jafarabadi et al., 2017a). Flu/(Flu + Pyr) were 0.17 to
0.42 in sediments and 0.08 to 0.37 in tar balls, reflecting petroleum
source (Dvorské et al., 2011; Yunker et al., 2002b; Zhang et al., 2004).
InP/(InP + BghiP) varied respectively from 0.14 to 0.44 and 0.16 to
0.49 in sediment and tar ball, suggesting petroleum combustion
(Yunker et al., 2002a).

However, it is noteworthy that these diagnostic ratios sometimes
come with multiple explanations, especially in aquatic environments
(Yunker et al., 2002b; Martinez-Silva et al., 2018). Examples of in-
consistencies based on PAH diagnostic ratios have been reported in
Persian Gulf, Iran (e.g., Ranjbar Jafarabadi et al., 2017a). Therefore,
our study area serves as another system that these PAH diagnostic ratios
may not work perfectly in tracking sources of PAHs. It further suggested
that sources of PAHs may differ to those of aliphatic hydrocarbons, and
implied that data interpretation in coastal systems like this could be
strongly biased if only one group of biomarkers was used.

3.2.2. Spatial variability of petrogenic biomarkers: Hopanes, steranes,
gammacerane, 3-carotane, pristine and phytane

In this study, in addition to the n-alkanes derived indices, the pre-
sence of petrogenic hydrocarbons is further calculated through the
identification of a suit of petroleum and fossil carbon related bio-
markers, comprising pristane (Pri), phytane (Phy), the hopane and
sterane series, gammacerane and f3-carotane (Fu and Guoying, 1989;
Volkman et al., 1992). Pri can generates from zooplanktons and/or
marine animals, while phytane originates from petroleum hydro-
carbons (Gomez-Belinchon et al., 1988; Gao et al., 2007). Moreover,
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Fig. 5. Concentration of LMW, MMW and HMW-PAHs (based on ng-g~ ' dw) in the coastal surface sediment and tar balls in sampling sites from Bushehr Province,

Persian Gulf.

809



M. Dashtbozorg, et al.

Marine Pollution Bulletin 146 (2019) 801-815

x 100
10/
K=A»
20/ \/ \
K—R—AW
~ / \/ \/ .
Y W S A
< 0w/ \/ \/. \/
£ K-R-7@K-x* «
“ s0 \/ \/ \/ \/ "/o
N~A" AN A A"AY® %
60 \ N\ \/ \/_\/
”\__/7i_7\__\_7\_ \@A®
n/ N N N N\ N _
WAY AWAVAVAVA A¥
0 [¢]

X

VAYAN, ATATAN
\ e} \
£ )(’(y('é

\ ¥ \

.t

%0
> > > > > ) ) % X > ) >\ AN
100, \/. Noo'/@ 5
0 10 20 30 4 S0 60 70 S0 9% 100 0 10 20 30 40 S0 6 70 S0 % 100
Mphe/Phe Ant/Ant+Phe 2+3-rings
@  Surface sediment ®  Surface sediment ®  Surface sediment
@® Tarball @® Tarball @® Tarball

Fig. 6. Diagnostic ratios based on PAH parents and isomers for source identification in coastal surface sediment and tar balls in Bushehr Province, Persian Gulf.

reduction or oxidation of chlorophyll may generate pristine and phy-
tane (Mille et al., 2007). Pri/Phy ratio was 0.25 to 1.51 with a total
mean of 0.65 and 0.36 to 1 (0.63) in coastal sediment and tar ball
samples, respectively, suggestive of petrogenic OM inputs (Ranjbar
Jafarabadi et al., 2017a, 2018b; He et al., 2018). In addition, Pri/n-C,,
and Phy/n-C;g varied respectively from 0.51 to 1.73 (1.10) and 0.45 to
1.81 (0.91) in sediments and 0.57 to 2.83 (1.22) and 0.34 to 1.76 (1) in
tar balls. Much lower ratios of Pr/n-C,; and Ph/n-C;5 in the coastal
sediment (< 1) than in the tar balls (= 1) were extremely related to the
presence of less degraded or relatively fresh oil hydrocarbons particu-
larly in BUB, KP, and NNP, while for tar balls imply the presence of
degraded petroleum hydrocarbons (Gao et al., 2007; Pavlova and
Papazova, 2003; Mille et al., 2007; Commendatore et al., 2012). Over
and above that, hopanes and steranes were identified in all sediment
and tar ball samples. The robust correlation (R® = 0.86-0.91,
P < 0.002) between hopanes and steranes suggested their analogous
sources and common dynamic processes from the sediment and tar ball
samples in the coastal area studied.

The C30 homologues (17a(H), 21b(H)-hopane (C3pab); 17b(H), 21a
(H)-hopane (Czgba)) followed by C,9 homologues (17a(H), 21b(H)-30-
norhopane (Cooab)); 17b(H), 21a(H)-30-norhopane (Cygba)) and
Gammacerane, a nonhopanoid Cjzq triterpane, were detected in all se-
diment and tar ball samples and were the most abundant hopanes in
most samples, in particular those collected from intensive industrial
activities. This compounds are totally found in most crude oils formed
in marine sediments and is reported in the Persian Gulf (Ranjbar
Jafarabadi et al., 2017a). Besides, B-Carotane that derived from car-
otenoids in microbes or photosynthetic plants, was identified in most of
samples particularly tar balls, with the highest concentration at BUB
followed by AP. This compound has found in several coastal oil sands
(Wang et al., 2013) and is broadly applied as an indicator of petroleum
inputs (Fu and Guoying, 1989; Chen et al., 1996).

Ts (18a (H)-22, 29, 30-trisnorhopane) to Tm (17a (H)- 22, 29, 30-
trisnorhopane), the hopane index, is a useful criterion which has been
used to determine the source and the plausible degree of maturation of
crude oil (Hu et al., 2009; Louati et al., 2001; Shirneshan et al., 2016).
In addition, the 22S/(22S + 22R) ratio has been also confirmed to be an
efficacious evidence of fossil fuel input (Hu et al., 2009). Tm/Ts ratio,
varied mostly from 0.20 to 1.10 (0.75) and 0.52 to 0.81 (0.77) in se-
diment and tar ball samples, respectively (Table S4). The ratios of 22S/
(22S + 22R) epimers of af3C3; homohopanes showed a narrow range of
0.41-0.47 in sediment and a wide range of 0.24-0.97 in tar balls,
confirming full maturity of oil (Mackenzie, 1984), consisting with other
studies all over the world (Ranjbar Jafarabadi et al., 2017a; He et al.,
2018; Hu et al., 2009; Pang et al., 2003). These conclusions indicate
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these biomarkers and proxies, the petrogenic hydrocarbon inputs in this
region were either from oil pollution most likely contributed by occa-
sional oil spills due to intense traffic of ships, or fossil organic carbon
from coastal areas of Bushehr Province with similar biomarker dis-
tributions.

3.3. Further statistical analysis

3.3.1. PCA

In the present study, the PCA analysis was specifically on n-alkanes,
PAHs and biomarkers (hopane and sterane) to further investigate their
sources in coastal sediments and tar balls (Fig. S2). The results from
PCA for n-alkanes exhibited three components; two PCs explained
81.5% of the total variance, whereas the third PC accounted for 18.5%.
The PC;, accounted for 44.25% of total variance, demonstrated a con-
siderably high positive loading of the variables of long-chain n-alkanes
HMW-AHs. LMW-AHs contained more even-numbered-carbons such as
n-Cyg, n-Cyo and some odd-numbered ones including n-C;,, n-Cyo, as-
cribable to high terrestrial and relatively petrogenic sources (Ranjbar
Jafarabadi et al., 2017a, 2018a). The PC, responsible for 35.1% of total
variance and was distinguished by the high positive loadings of HMW-
n-alkanes (n-C,, to n-Cs3). This could be elucidated by their source,
mixed and probably of marine biogenic contributions (Ranjbar
Jafarabadi et al., 2017a). Besides, the moderate-chain alkanes (n-C,, to
n-Cye) are mainly derivatives from marine aquatic and bacterial activ-
ities, such as bacterial degradation (Ranjbar Jafarabadi et al., 2017a).
PC3 associated with n-C;5 and n-C;, that might be ascribable to some
depleted marine bacteria (Grimalt and Albaigés, 1987; Ranjbar
Jafarabadi et al., 2018a).

Similar to n-alkane, PCA also performed for PAHs and revealed
three factors. The PC;, PC, and PCj; elucidated by 51.0%, 35.5% and
13.5% of the total variance. Component matrix identified by PCA de-
monstrated that the first and second components (PC;, PC,) have high
correlations with HMW (e.g., 5 and 6-rings PAHs) and LMW-PAHs,
respectively, whilst MMW- PAHs (4-rings) was well correlated with the
third component (PC3) (Fig. S2). Therefore, the study areas had nu-
merous sources of PAHs, chiefly from fossil combustion and natural oil
seeps. All together all the result obtained from analysis confirmed the
high petrogenic footprint in all study area.

The separation between the hopane and sterane compound patterns
of coastal sediments, and tar balls in PCA analyses (Fig. S2) revealed
that the sources of hopane and sterane were most likely petrogenic. The
results showed that the PC1 responsible for 59% and 63% of total
variances, predominately weighted by HC,9, HC3, (hopane) and 27fS,
28BPR, 28BBS, 28aaR (sterane) for sediment and tar ball samples.
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Hereupon, the PC; represents the sources of petroleum spill. Several
oilfields, petrochemical factories and refineries located near most sta-
tions, may contribute substantially to oil pollutants by oil extraction
and exploitation. PC, (30% and 27% of total variance for hopanes, and
steranes) was distinguished by high loadings of SS and SR (Cs, C35, C33,
Cs4, Ts, and Tm) for hopane and 28aaR, 29aaS, 2933R, 29BS, 29aaR
for steranes in coastal sediments and tar balls, typical markers of pet-
roleum profile. Hereupon, PC2 can be identified as combustion of bio-
fuels and fossil fuels. PC3 explained by 10% for hopane (correlated with
HC], HCz, HC3, HC4, HC5, HCG, HC7, HCs, SC35, RC35) and 11% for
steranes (associated with 27aasS, 2738R, 273(S, 27aaR). Accordingly,
PC; is apparently relative to crude oil processing facilities, transfer
pipelines of oil and gaseous condensate, and petrochemical factories
and oil and gas refinery.

There are totally 357 offshore wells in the Persian Gulf (Amir-
Heidari and Raie, 2018) and most of these wells are located in the
central and west part of the Gulf, which natural spills or anthropogenic
activities such as crude oil extraction could impact on this area. Due to
some limitation of data, in this study the authors could obtain in-
formation about only 4 oil wells. The cross-plot diagram of the diag-
nostic ratios of Cy9/Cs3q versus £Cs3;-C3s/Caq for hopanes and Cyg aff/
(Ca7 apP + Coo aff) versus Cag afP/(Cay aff + Cog aff) for steranes
between all the tar balls and coastal sediments and also oil samples of
Bahregansar, Soroush, Abuzar and Nowruz were used to identify the
source of tar ball and coastal sediment samples (Fig. 7a, b) (Zakaria
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et al., 2001; Yim et al., 2011; Suneel et al., 2014; Shirneshan et al.,
2016). The results of both of the double ratio plots indicated that,
Abuzar and to some extent Soroush and Bahregansar crude oil fall
among the tar ball and sediment samples. In addition, to exhibit whe-
ther the source of contamination in tar ball and costal surface sediment
is from oil wells or rivers in the vicinity of the study area, and also to
better separate the characteristics of the reference oils of Bahregansar,
Soroush, Abuzar and Nowruz from the tar ball and coastal sediment
samples, a PCA was performed using 22 parameters viz. n-alkane bio-
markers (CPI, Pri/Phy, Pri/n-C;,, Phy/n-C;g, U/R), PAH biomarkers
(MPhe/Phe, LMW/HMW, Chr/BaA, Fluo/Pyr, Phe/Ant, Ant/Ant + Phe,
Fluo/Fluo+Pyr, BaA/BaA + Chr, Inp/Inp + Bghi), hopane and ster-
anes biomarkers (C23/Cs3p, Ol/C3zo (18a(H)-oleanane/Czo 17,21p3-ho-
pane), TS/(TS + Tm), ng/Cgo, C318/(C318 + R), ZCgl-Cgs/Cgo, ngaﬁﬁ/
(Co7 afP + Cpo afP) and Cog aff/(Coy afP + Cosaf). The results
demonstrated that two factors that were selected as the principal factors
elucidated about 98.50% of the total variability in the diagenic ratios of
the tar ball and coastal sediments and also crude oil samples (Fig. 7c).
As can be seen in Fig. 7c, it is obvious that the Nowruz crude oil are far
away from the remaining samples. This perspicuously reveals that the
Nowruz crude oil cannot be the source candidates. It appears that, the
tar ball and coastal sediment samples with Abuzar crude oil followed by
soroush and Bahregansar oils fell close together. This strongly infers
that the tar ball and costal sediment samples were originated from the
Abuzar (more), Soroush and Bahregansar oils.
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Additionally, in the whole study to abate the intricate interactions
between the biomarkers and bulk parameters (particle size data, TC,
TOC and BC) and prepare intuitions into commonalities and dis-
crepancies in the total study area and also between sampling stations,
PCA was conducted. The obtained results were plotted in a PCA scatter
diagram (Fig. S2). PC; elucidated 87% of the total variance. The re-
sultant data also revealed that 3,,AHs, UCM, X30PAHS, 355hopanes and
¥posteranes elucidated by 71.15% of the total variance from PC;
(23.60%, 30.15%, and 17.40 respectively), while other bulk physical
data accounted for 23.25% of the total variance. Overall, two separate
loadings from PCA was determined: X;,AHs, UCM, X3,PAHs,
¥ohopanes and 3,steranes along with value of TC, TOC, TN, clay, and
silt are loaded simultaneously toward the top right of the plot, while BC
and sand is closely grouped to the top left of plot (Fig. 8b). Variations in
concentrations of biomarkers could be interpreted by numerous factors
including the affinity of the sampling sites to polluted sources, sediment
properties, grain size and as well as TOC (Kucklick et al., 1997; Abdi
et al., 2018). It seems that noticeable differences, which were observed
for various concentration of petroleum hydrocarbons among various
sampling sites, could be due to the discrepancies in particle size of their
coastal sediments. Our study revealed that despite significantly strong
positive correlation among clay portion of coastal sediments with total
biomarkers, all detected biomarkers were not significantly associated
with sand sediment type (p > 0.05) and were associated by a negative
correlation with BC (Fig. 8b) and it is consistent with similar studies in
the Persian Gulf, which have reported the relationship between TOC,
clay and biomarker concentrations (Ranjbar Jafarabadi et al., 2017a,
2018b; Rostami et al., 2019; Wen et al., 2018; Bernabeu et al., 2013).

To distinguish the individual stations based on concentration of
petroleum biomarkers and bulk parameters (TC, TOC, BC, TN, clay, silt
and sand), NPMDS was also conducted and the results revealed four
groups (Fig. 8a). As can be seen in Fig. 8a, based on the intensity of
anthropogenic activities, NPMDS analysis revealed four clusters of
sampling sites. Groupl belongs to GP, BAB, NNP, AP and KP with high
concentration of n-alkanes, PAHs, and petroleum biomarkers (hopanes
and steranes), in sediments and tar balls, plus higher values of TC, TOC,
clay, and silt, and undergoing extremely anthropogenic effects. Group 2
includes BUB and BAB along with moderate to almost high amounts of
petroleum hydrocarbons and undergoing moderate anthropogenic ef-
fects. Group 3 belonged to BSB, KP, NNP and MPA with medium con-
centration of petroleum compounds and as well as dominance of silt.
AP, MPA and GP were classified in group 4 with low to medium
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concentrations of biomarkers and lower influence of industrial activ-
ities. Generally speaking, these findings demonstrate that our study
area are impacted by a number of human activities from oil extraction
of oil wells (either located in the offshores and onshore) to crude oil
processing facilities, and the cross-plot diagram and PCA indicated that
the tar ball and coastal sediment samples deposited along the Southwest
of the BP beaches in the Persian Gulf during 2014 are most likely ori-
ginated from the Abuzar oil.

4. Conclusion

We reported the first study of the occurrence, spatial distribution, as
well as source apportionment of n-alkanes, PAH, hopanes and steranes
in coastal sediment and tar ball samples from a matrix of eight coastal
ecosystems in the BP, Persian Gulf, Iran. The main consequences of this
study were:

e The distribution of TOC correlated strongly with coastal sediment
grain size with the clay particles having the highest concentration,
suggested the influence of hydrodynamics on the accumulation of
organic matters and the C/N ratios revealed different inputs of OM
(mostly marine and to some extent terrestrial origins), plausible
post-depositional biodegradation and possibly hydrodynamic
sorting processes.

n-alkanes, PAH and petroleum biomarker (hopane and sterane)
concentrations in this coastal environment varied significantly
among sampling locations and two matrices (coastal sediments and
tar balls). Similar trend for total hydrocarbons in both matrices was
not observed.

The presence of UCM exhibited the presence of petroleum con-
tamination in the majority of sampling sites, mostly from anthro-
pogenic activities such as offshore and onshore oil exploration and
extraction along with shipping.

PCA analysis revealed that among the congeners of petroleum bio-
markers, HMW-n-alkanes (> n-Cyy) and UCM for n-alkanes, alky-
lated phenanthrene, BaP, BghiP and perylene for PAHs, C3oaf3 and
Cooa3 for hopanes and 27 BfS, 27BBR, 28 PPS, and 28BPR for
steranes, were discriminated from their other congeners in sedi-
ments and tar balls, suggesting a combination of petrogenic (more)
and pyrolytic sources of organic matters.

Based on the diagnostic ratios of n-alkane, PAHs, hopane, and
steranes analysis, it is inferred that the tar balls that were deposited
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along the Southwest coast of the Bushehr Province (BP) in 2014
have the features of floating tar balls. The tar ball samples were all
noticeably analogous and consistent with the same source. The
consequences of source identification by using PCA and cross plot of
the diagnostic ratios of Abuzar, Soroush, Bahregansar and Nowruz
oil wells prove that the source of the coastal sediment and tar ball
samples analyzed is most likely from the Abuzar oil. Further esti-
mation is needed to confirm a definite source for the tar balls.
Based on the intensity of anthropogenic activities, NPMDS revealed
sampling sites of GP, BAB, NNP, AP and KP have high concentration
of detected organic pollutants, in sediments and tar balls, plus
higher values of TOC, clay, and silt, and undergoing extremely an-
thropogenic effects.
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