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ABSTRACT

Coastal marine sediment samples collected from 17 locations along the Egyptian Red Sea
coast in June 2009 were analyzed for aliphatic, polycyclic aromatic hydrocarbons (PAHs),
and total organic carbon (TOC). Total concentrations of 16 Polycyclic Aromatic Hydrocar-
bons-Environmental Protection Agency (EPA-PAHSs) in the studied sediment samples varied
from 0.132 to 5.182pgg ' with an average value of 1.628ugg ' (dry weight). The total
aliphatic concentrations fluctuated between 4.232 and 71.874 ug g’l with an average value of
23.022 pgg ' (dry weight). The carcinogenic PAHs (PAHcagrc) concentrations were ranged
between 0.063 and 3.522pgg ' (dry weight). The highest PAHs contents found in the
samples from Ras Suder (5.182 ugg’l), El-Tour (4.052 ugg’l), and Sharm (3.367 ugg’l)
locations. Good correlations were observed between the individual PAHs concentrations.
The average total organic carbon percent (TOC%) varied between not-detected and 0.35%.
The concentration of total pyrolytic hydrocarbons (3 " COMB) was higher than the total fossil
hydrocarbons () "PHE), which indicated that the atmospheric fall-out was the significant
source of PAHs to the Red Sea marine sediments. Principal component analysis (PCA) was
used to determine the sources of hydrocarbon pollutants in the Red Sea sediments. Addition-
ally, individual PAHs compound ratios suggested the pyrogenic origins. Human hazard risk
assessment of PAHs was also studied to evaluate the possible risk of contaminated
sediments to the public health concerning PAHs intakes.

Keywords: Surface sediment; PAHs; Red Sea; Pollution monitoring; Hydrocarbons; Health risk
assessment; PCA

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a
group of ubiquitous environmental pollutants, some
of which are known to be mutagenic or carcinogenic

*Corresponding author.

[1-3]. The United States Environmental Protection
Agency has listed 16 PAHs as priority pollutants in
wastewater and 24 PAHs in soils, sediments, hazard-
ous solid waste, and groundwater [4,5]. PAHs have
been utilized extensively for source assessments [6-9].
Fossil fuel combustion, waste incineration, coal gasifi-
cation and liquefaction processes, petroleum refining,
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production of coke, carbon black, coal tar, pitch and
asphalt, and biomass burning have been identified as
important anthropogenic sources of PAHs [10]. PAHs
have been released into marine environments via
industrial wastewater, sewage, road runoff/street
dust, and as petroleum through oil spills and ship
traffic [5,11]. Aliphatic hydrocarbons can be of both
petrogenic and biogenic origin, while PAHs can be
petrogenic, pyrolytic, and biogenic. They arise from
the incomplete combustion of organic material, espe-
cially fossil fuels (pyrolytic origin), from the discharge
of petroleum and its products (petrogenic origin) and
from the postdepositional transformation of biogenic
precursors (diagenetic origin). Terrestrial plant waxes,
marine phytoplankton, volcanic eruptions, biomass
combustion, and natural oil seeps contribute as
natural inputs of aliphatic and aromatic hydrocarbons
[12-14].

The aliphatic hydrocarbons comprise n-alkanes,
branched alkanes, isoprenoids, and cyclic compounds,
including geochemical biomarkers, such as hopanes
and steranes. Both aliphatic hydrocarbons and PAHs
are often used to identify hydrocarbon sources. Their
analysis can be used to fingerprint spilled oils. They
also provide additional information on the source of
hydrocarbon contamination and the extent of degrada-
tion of the oil spill [14]. Because of their low aqueous
solubilities and high octanol-water partition coeffi-
cient (log Ko =3.4-7.6), PAH compounds in aquatic
system tend to be associated with sediments and biota
with reported cases of toxicity, carcinogenicity, and
mutagenicity [15].

Sediments are recognized as excellent sinks for
pollutants, such as the hydrocarbons of interest. These
compounds are readily adsorbed on particulate
material. Bottom sediments act as a reservoir for
hydrophobic contaminants. Therefore, sediments can
hold and release pollutants, causing detrimental
effects to biota long after the input of pollution has
ceased [16].

The effect of PAHs is usually widespread and
permanent in environmental media, and thus, PAHs
can be eventually deposited and persistent in bed
sediments (as a sink) in the aquatic system. This
occurs because most PAHs, with their high hydropho-
bicity, sorb strongly to the organic in sediments and
are resistant to bacterial degradation in an anoxic
environment.  Under favorable environmental
conditions, PAHs may be released to the water as a
continuing source and threaten the aquatic marine
ecosystem through bioaccumulation in food chains
[17]. Levels of PAHs in sediments vary, depending on
the proximity of the sites to areas of human activity
[18]. The analysis of sediment PAHs can serve as a
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useful index of the contamination level and the source
of PAHs input to the aquatic environments [19]. To
characterize PAHs distribution better, the molecular
indices based on the ratios of various selected PAHs
have been widely used to characterize their origins
[20-22]. These ratios are based on the differences in
the physicochemical behavior of various structural
isomers. For example, phenanthrene/anthracene and
fluoranthene/pyrene are two pairs of isomers whose
difference in reactivity and solubility proves useful in
providing a tracer of PAHs from its origin [22,23]. In
this study, gas chromatography (GC) and gas chroma-
tography mass techniques were used to identify the
types and to assess the sources of representative
PAHs in the samples collected from 17 locations along
the Egyptian Red Sea coast. In context, the importance
of this research is to study the risk assessment of
sediments contaminated by PAHs.

2. Materials and methods
2.1. Collection and preparation of sediment samples

Surface sediment samples were collected from
seventeen different locations along the Egyptian Red
Sea coast during June 2009 (Fig. 1). The locations were
selected according to the expected polluted areas that
are affected by the industrial and human activities
(Table 1). Sediments were collected utilizing a
stainless-steel grab. Six grabs were taken from each
location from which the top 5cm was scooped into
precleaned wide-mouth glass bottles, frozen, trans-
ported to the laboratory and stored at —20°C until
analysis. The boat was moved up to 4-6m between
grabs so that the samples would be representatives of
the area from which they were taken. The samples
were prepared for aliphatic and aromatic hydrocar-
bons following well-established techniques [24,25].
The samples were analyzed for aliphatic and aromatic
hydrocarbons, grain size distribution, total organic
carbon (TOC%), and total organic matter (TOM%).
About 3-4 g of each sample was oven-dried at 105°C
to a constant weight to obtain percentage water
content.

2.2. Grain size analysis

Grain size analysis was carried out using the
conventional method [26,27]. Raw samples were
treated with 30% (v/v) hydrogen peroxide solution to
destroy the organic matter content, and about 100 g of
the sediment was dried at 105°C and subsequently
placed in the topmost sieve, and the entire column of
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Fig. 1. Sampling locations along the Egyptian Red Sea
coast.

Table 1
Sources of pollution and other impacts and the main sites
of pollution in the Red Sea

Main sites of
pollution

Sources of pollution and other
impacts

Ain Sukhan (oil
terminate for
SUMED oil pipeline)

Offshore oil platforms
(oil discharge originating from
production water,
oil-contaminated cutting, well
testing, spill due to negligence
or malpractice accidents)

Ships (oil loading and unloading,
discharge of oil ballast, tank
washing and bilge oil)

Shipment of mineral products
(mainly phosphor)

El Tour and Ras
Gharib

Safaga and Quseir
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sieves was subsequently deposited on sediments. The
sieve meshes give the glass intervals 2, 1, 0, 0.5, 0.2,
0.125, and 0.063mm. The data for grain size analysis
were reported in (Table 2).

2.3. Extraction of hydrocarbons

Individual samples were removed from the
refrigerator and allowed to thaw at room temperature
for 5h. Each sample was then thoroughly mixed, and
30g of the sediment was mixed with 90g of
anhydrous sodium sulfate. Duplicates were taken
from each sediment sample. The sediment samples
were sonicated in an ultrasonic bath with 2 x 100ml
hexane for 30 min each, followed by a third extraction
with 100ml dichloromethane. The three extracts were
combined and desulfurized through activated copper
powder and then concentrated to a few milliliters in a
rotary evaporator at low temperature (~35°C),
followed by concentration with nitrogen gas stream
down to a volume of 2ml. Clean-up and fractionation
was performed by passing the concentrated extract
through a silica/aluminum oxide column.

The chromatography column was prepared by
slurry packing 20ml (10g) of silica, followed by 10ml
(10g) of aluminum oxide and finally 1g of anhydrous
sodium sulfate. The extract (2ml) was sequentially
eluted from the column with 25ml of hexane for the
saturated aliphatic fraction (F1) followed by 60ml of
hexane/dichloromethane (80:20) for the unsaturated
and aromatic hydrocarbons fraction (F2). F1 and F2
were concentrated to 1.5ml using a gentle stream of
nitrogen for instrumental analysis.

2.4. Analytical quality controls

To control the analytical reliability and assure
recovery efficiency and accuracy of the results, 6
analyses were conducted on the PAH compounds
reference materialsIAEA-408, as well as the sediment
samples of known PAH levels which were spiked
with a mixture consisting of 2 g each of PAHs and
were analyzed as above to validate the analytical
method used in this study. The lowest detection limit
(LDL) was 0.02pugml™ for lower molecular mass
compounds, while indeno [1,2,3-cd] pyrene has LDL
of 0.1pugml™. The recovery efficiency ranged from
96.3 to 105.2% for IAEA-408 (Table 3) and 95 to
105.1% for the spiked samples. The mean recovery for
PAHs were as follows: Naph 95.5%, Acthy 93.8%, Ace
104.5%, F1 103.7%, Phe 97.3%, Ant 105.1%, Flu 92.8%,
Pyr 90.8%, BaA 90.3%, Chr 106.4%, BaP 96.2%, BbF
88.6%, DBA 99.8%, BghiP 92.6%, and InP 94.9%.
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Table 3
Reference material IAEA-408 (PAHs concentration found
in ngg™") and total n-alkanes (Cy4 — Cs4 ngg™)

Hydrocarbons Requested Found Recovery%
Naphthalene 27 26.6 98.6
Anthracene 9.8 94 96.3
Fluoranthene 84 86.6 103.1
Pyrene 77 74.5 96.7
Benzolalanthracene 53 54.1 102.1
Chrysene 35 34.8 99.3
Benzo[b]fluoranthene 46 47.9 104.2
Benzo[a]pyrene 48 50.5 105.3
Benzol[ghi]perylene 38 377  99.1
Total n-alkaine (Cy4 —Css) 8.1 8.3 102.1

Concentrations reported in this study were not
corrected for recovery rates.

2.5. Chemical

Silica gel and aluminum oxide used for column
chromatography were solvent extracted with n-hexane
in a glass cartridge inserted into an extraction appara-
tus, as described by Ehrhardt [28]. After extraction,
they were first dried in the same cartridge with a
nitrogen stream, activated by heating the cartridge in
an electric tube oven to 200°C for 6h, and then
partially deactivated with 5% water and stored in
umber bottle. All solvents were pesticides grade
purchased from BDH. Anhydrous sodium sulfate was
extracted with n-hexane in a Soxhlet apparatus for 8h
and then with methanol or dichloromethane for
another 8h, precombusted in a muffle furnace at
approximately 400°C overnight and cooled in a
greaseless desiccators.

2.6. GC analyses

Blanks of 1,000-fold concentration (1,000ml of the
solvent used was concentrated to 1ml) were analyzed
by Gas Shimadzu Class LC-10 equipped with
Shimadzu Auto-injector, split/splitless injector and a
fused silica capillary B-5 (30m, 0.32mm, 0.17 pm)
100% dimethylpolysiloxane and a FID detector. The
temperature was programmed from 60 to 300°C with
a rate of 5°Cmin™" and was then maintained at 290°C
for 25min. The injector and detector temperatures
were set at 280 and 300°C, respectively. Helium was
used as the carrier (1.5mlmin~") and nitrogen as the
makeup (60 mlmin ') gas. Concentrations of individu-
ally resolved peaks were summed to obtain the total
PCB concentration. Two microliters volume of each
sample was injected in the split mode (1:10), and the
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purge time was 1 min. The response factor of individ-
ual PAH compounds to the internal standard was
measured and calculated at least three times at the
beginning, in the middle, and at the end for each
batch of GC injections (8 samples). Identification and
quantification of 16 PAH compounds were based on
matching their retention time with a mixture of PAH
standards. Compound identification was confirmed by
GC coupled to mass spectrometry in the chemical ion-
ization mode and negative ion recording (Trace DSQ
I Ms with capillary column: Thermo TR-35 MS Mass
Selective Detector. Ion repeller was 1.5V). Data were
scanned from m/z 50 to 450 at 1 s per decade. Data
were also acquired in selected ion-monitoring mode
with a dwell time and span of 0.06 s and 0.10 a.m.u.,
respectively. The 16 PAH compounds were naphtha-
lene (Naph, m/z 128), acenaphthalene (Acth, m/z
152), acenaphthene (Ace, m/z 154), fluorene (Fl, m/z
166), phenanthrene (Phe, m/z 178), anthracene (Ant,
m/z 178), fluoranthene (Flu, m/z 202), pyrene (Pyr,
m/z 202), benzolalanthracene (BaA, m/z 228),
chrysene (Chr, m/z 228), benzo[blfluoranthene (BDbF,
m/z 252), benzolk]fluoranthene (BkF, m/z 252), benzo
[alpyrene (BaP, m/z 252), benzo[ghilperylene (BghiP,
m/z 278), indenol[1,2,3-cd]pyrene (InP, m/z 278), and
dibenzola,hlanthracene (DBA, m/z 278).

2.7. Total carbonate, TOC%, and TOM%

The TOC content was determined by oxidation
with TN (K,CrO;) followed by acidification with
concentrated H,SO4 and then titrated against 0.5N [Fe
(NH,)»(SO4),] [29]. Total carbonate was estimated as
described by Molnia [30].

2.8. Risk assessment

2.8.1. Incidental ingestion of sediment

2.8.1.1. Exposure data. Incidental ingestion of sediment
may occur during recreational activities such as swim-
ming or wading. The intake equation includes differ-
ent intake scenarios for children and adults to account
for the likelihood that children will ingest more sedi-
ments than adults.

2.8.1.2. Estimated dose. (i) Chronic daily intake of inci-
dental ingestion of sediments is estimated as follows
in Eq. (1) [31]:

Intake (mg/kg — day) = CS x CF;

IRc XEFXED. +IRA><EF><EDA
BWc BWa (1)
AT x CF,
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where CS=contaminant concentration in sediment
(mg/kg); CF;=conversion factor (0.000001 mg/kg);
CF,=conversion factor (365days/year); IRc=intake
rate of child (200mg/day); IRs =intake rate of adult
(100mg/day); EF =exposure frequency (22 days/year);
EDc = exposure duration of child (6 years); ED A = expo-
sure duration of adult (24 years); BW._body weight of
child (15kg); BW4 =body weight of adult (70kg), and
AT =averaging time (10,950 days).

(ii)) Chronic intake from dermal contact with
sediments is calculated as follows in Eq. (2) [32]:

CS x CF x SA x AF x ABS x EF x ED 2
BW x AT

Intake (mg/kg — day) =

where CS=contaminant concentration in sediment
(mg/kg),CF=conversion factor  (0.000001 mg/kg);
SA =surface area (1,840 cm?); AF=adherence factor
(0.95mg/cm*-event); ABS=absorption factor (10.5%);
EF = exposure frequency (22 events/year); ED =expo-
sure duration (30years); BW=body weight (70kg),
and AT =averaging time (10,950 days).

2.9. Principal component analysis (PCA)

Data analysis was carried out using SPSS-19. The
statistical analysis was used to assess different sources
of PAH compounds and how they are being depos-
ited in the Red Sea coast. The statistical analysis was
used to elucidate linear combinations of PAHs that
may be useful to distinguish between the different
possible sources as has been demonstrated by other
researches [33,11].

3. Results and discussion
3.1. Distribution and sources of n-alkanes

Table 4 showed the concentrations of n-alkanes
from Cy to Cyp and the diagnostic criteria useful for the
identification of natural or anthropogenic origins as
well as the granulometric parameters of the sediments.
The concentrations below their limits of detection were
given a value of zero for the calculation. In the present
study, the total aliphatic hydrocarbon concentrations
varied from 4.23 to 71.87 g g—l (dry weight) with a
mean value of 23.02+17.15 ug g—". The highest concen-
trations occurred at Sharm, Safaga and Marsa Alam
stations (71.87, 38.62 and 35.45ugg—', respectively),
while the lowest concentrations were recorded at
Salatin 1, Ras Suder and Dahabstations (4.23, 6.73, and
7.78ugg—", respectively). The present work gave
values higher than those detected (0.57-7.8 pg g—) for
the Egyptian Mediterranean coast during October 2006
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Table 4

Concentrations of n-alkanes (ug g ') and calculated
distribution indexes in surface sediments of the Red Sea
coast

Stations Y Co—Cs LMW/HMW CPI TAR P4

1 26.02 0.24 093 812 0.35
2 25.01 0.22 035 254 0.12
3 7.781 0.40 040 4.22 0.30
4 9.483 0.24 041 2726 031
5 15.891 0.51 039 214 0.39
6 71.874 0.38 049 1.52 0.27
7 32.082 0.25 042 232 0.30
8 6.734 0.29 029 543 0.43
9 34.140 0.23 048 175 0.30
10 7.953 0.09 0.77 7.05 0.38
11 15.915 0.15 042 1976 0.29
12 8.472 0.74 035 0.62 0.51
13 38.619 0.56 050 1.14 0.29
14 18.440 0.49 038 041 0.38
15 35.445 0.35 053 3.10 0.23
16 4232 0.32 048 288 0.39
17 33.279 0.15 0.16 3.36 0.34
Mean 23.022 0.33 046 5.51 0.33
S.D. 17.145 0.17 018 722 0.09

LMW/HMW ratio: Y >Cy3/> <Cp;. CPI: carbon preference
index.TAR: terrigenous/aquatic ratio.

[34]. Also, the presented work showed total aliphatics
concentrations higher than those reported for
coastal sediments collected during 2005 from
Bahrain (0.7-4.4pgg—"), Iran (0.3-1.1pgg—"), Kuwait
(02-27pgg—"), Oman (02-14pgg—'), Qatar
(0.1-4.4pgg—"), Saudi Arabia (0.4-2.3ugg—'), and
United Arab Emirates (0.2-1.6 ug g—") [35].

The variation in n-alkanes content may refer to the
anthropogenic sources (sewage, industrial discharges,
and shipping activities) and natural inputs (sub-
merged/floating macrophytes and emergent terrestrial
plants and microbial activity) [36]. To assess the possi-
ble sources of n-alkanes in the Red Sea sediments, two
hydrocarbon distribution indexes were calculated: (1)
the low molecular weight to high molecular weight
ratio (LMW/HMW), and (2) the carbon preference
index (CPI). These two indexes have been frequently
used as source indicators for n-alkanes in marine
sediments [37,38].

The LMW /HMW is the concentration ratio of the
LMW (3"Cy—Cy3) to HMW (3 _Cy3 — Cyp) n-alkanes. It
has been reported that the LMH/HMW ratios less
than 1 usually represent the n-alkanes produced by
higher plants, marine animals and sedimentary
bacteria, while the LMW/HMW ratios close to 1
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suggest n-alkanes that mainly come from petroleum
and plankton sources [39]. The LMW/HMW ratios
more than 2often indicate the presence of fresh oil in
sediments [40].

CPI (Eq. (3)) [41] representing the predominance of
odd over even n-alkanes is:

Z(ng, — C39)Odd
2 Z( C24 — C40)even

CPI = 3)

The CPI of n-alkanes is a robust indicator that is
used to identify sources of hydrocarbons from vascu-
lar plants vs. fossil fuel contamination. n-Alkanes
contributed from terrestrial vascular plants usually
have CPI values ranging from 3 to 6, while petrogenic
hydrocarbons show CPI values close to 1 [42,43]. The
CPI values of the n-alkanes in the studied samples
were found to vary from 0.16 to 0.93 in sediments at
different locations (Table 4). This finding indicates
that only four of the studied locations have CPI value
close to 1, which indicates that these four locations are
contaminated by petrogenic hydrocarbons [38].

The terrigenous/aquatic ratio (TAR) (Eq. (4)) [44]
is defined as:

(Co7 4+ Coo + Cs1)

TAR =
(Ci5 + Ci7 + Cuo)

(4)

which evaluates the importance of terrigenous inputs
verses aquatic inputs. This ratio was below one for
Hurghada and Quseir regions (0.60 and0.41), possibly
due to a high bacterial activity or a marine contribu-
tion of short n-alkanes (<Cy3) [45]. P,q plant-type ratio
[46] quantifying the different plant types in the sea (e.
g. submerged vs. emergent) and can be represented
by the following Eq. (5):

(Cas +Cy5)
P, = 5
1 (Cp + Cos 4+ Co9 + Cs1) ©)

An n-alkane proxy (P,q) was proposed by [46], to
categorize the sources of submerged and emergent
vegetation. P,q values for emergent and submerged
freshwater vegetation are generally within the range
of 0.01-0.23 and 0.48-0.94, respectively [46,47]. P,q val-
ues in the Red Sea sediments ranged between 0.12
and 0.51, which indicated the contribution of both
higher plant/macrophyte waxes derived and phyto-
plankton-derived OC.

The results obtained showed the contribution of
both higher plant/macrophyte waxes derived and
phytoplankton-derived OC. There was no correlation
between (n-alkane and TOC%) (r=0.002), which
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indicated that the changes in n-alkane concentration
cannot be depended on TOC contents.

3.2. Polycyclic aromatic hydrocarbons

Individual and total concentrations of PAHSs, as
well as characteristic ratios for the identification of
PAH origins are given in Tables 5 and 6. Total PAHs
(XPAHSs) concentrations in sediments varied signifi-
cantly among the studied locations. The values ran-
ged from 0.132 to 5.182ug g—', with an average 1.628
+1.477 pg g—'. The highest concentration of the total
PAHs is recorded in sediments collected from Ras
Suder (5.182 pg g™'), followed by that in El-Tour
(4.052 pg/g), Sharm (3.367 pg g-"), Quseir
(2.888ugg—"), Taba (2.233pgg—") and Hurghada
(1.631ugg—"). Low concentrations were detected in
Ras Gharib, Shalatin 1 and Na’ama Bay (0.132, 0.179,
and 0.279ngg—', respectively). The variability in
PAHs content along the Red Sea sediments may be
attributed to the different sources of discharged
waters and proximity to human activities and fuel
combustion emissions. The concentrations of PAHs in
sediments were affected by the chemical composition
of the sediments such as organic matter, clay, and
sand [34,48].

Sediments with high organic carbon content were
characterized with high values of PAHs [23,49].
According to the present data, no correlation
(R*=0.045) was found between XPAHs and TOC%
concentrations in the Red Sea sediments. The same
result was observed by Vifias et al. [50] and de More
et al. [35] in different polluted areas.

Also, the absence of a correlation between total
hydrocarbons and PAHs (R*=0.102) indicated
different primary sources and/or different transport
processes for the two classes of compounds. Also the
same lack of correlation was reported in offshore
sediment from the Black Sea [21,51]. According to the
classification suggested by Baumard et al. [20] and
Mostafa et al. [52], the concentration of PAHs in sedi-
ments can be considered as low ZPAH (between 0.0
and 0.10pgg™"), moderate SPAH (between 0.10 and
1.0pgg™), high TPAH (between 1.0 and 5.0pgg™),
and very high PAH concentrations (above 5.0 ugg™).
In this study, the highest value found was at Ras
Suder (5.182 pg g'), which classifies this sampling
point as very high levels of pollution [16]. According
to the total PAHs recorded in the studied locations,
the sediments collected from stations 3, 4, 9, 10, 11, 13,
and 16 can be considered as moderately polluted,
while the sediments collected from stations 1, 2, 5, 6,
7, 12, 14, 15, and 17 can be considered as highly
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polluted (Table 5). Table 7 lists worldwide concentra-
tions of total aliphatic and PAHs in coastal sediments.

3.3. Calculation for carcinogenic PAHs (XPAHcarc) in
sediment samples

Eight PAHs (Car-PAHSs) typically considered as
possible carcinogens are: benzo(a)anthracene, chry-
sene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(a)pyrene, dibenzo(a,h)anthracene, indeno
(1,2,3-cd)pyrene and benzo (g,h,i) perylene [60,61]. In
particular, benzo(a)pyrene has been identified as being
highly carcinogenic [62,63]. The US Environmental
Protection Agency (EPA) has promulgated16 unsubsti-
tuted PAHs (EPA-PAH) as priority pollutants [64].

Table 7
Worldwide concentrations
sediments (ng g’1 dry wet)

of total hydrocarbons in

Site Concentration range References

(ng g”' dry wet)

Red Sea coast 0.132-5.182 Present work
Western Mediterranean 0.180-3.200 [53]
Baltic Sea 0.720-1.900 [49]
Baltic Sea 0.005-22.10 [54]
Cretan Sea (South 0.015-0.159 [55]
Aegean Sea)
Black Sea 0.014-0.368 [21]
Ukraine, Black Sea 0.007-0.64 [21]
Marmara Sea (Turkey) 0.120-11.40 [56]
Marmara Sea (Turkey) 0.05-13.482 [57]
Mediterranean 0.088-6.338 [58]
Mediterranean 0.45-44.490 [34]
Marmara Sea 0.144 [59]

B ERL B ERM & Present data

5000

4000 -

3000 -

2000 A

Concentrations (ng/g)

1000 -

0
‘\9&@%@ Qo® qq&%&o@\%g&vq}é\s &
PAHs
Fig. 2. Diagram showed the average concentrations (ng/g

dry wet) of the individual PAH in the Red Sea sediments
relative to ERL and ERM.
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The highest value of the eight carcinogenic PAHSs
(ZPAHcarce) was recorded at Ras Suder (3.522 pg g_l),
while the highest ZPAHcarc percentage (CARC%
=78.6%) was recorded at Marsa Alam station. Ras
Suder (67.87%), El Tour (75.48), Hurghada (74.86),
Marsa Alam (78.60) and Shalatin-1 (63.13) reported
high carcinogenic PAHs percentage. This indicates the
adverse effect of sediments at Ras Suder, Hourghada,
El Tour and Marsa Alam stations on the human
health. The carcinogenic benzo(a)anthracene was very
high at Taba, El Tour, Ras Suder and Hurghada
stations, while the second carcinogenic PAH chrysene
was very high at Ras Mohamed, Sharm, El Tour, Ras
Suder, Quseir and Marsa Alam stations.

1600 - & TEL ® PEL ® Present data

1400 -
1200 1

Concentratons (ng/g)
g

TN
<& & & <8 Q@? & 6:3 oev‘

° @
‘\13 o é.:s\ W

PAHs
Fig. 3. Diagram showed the average concentrations (ng/g

dry wet) of the individual PAH in the Red Sea sediments
relative to TEL and PEL.

M 2ring W 3ring W 4ring M 5ring W 6ring

‘\ 0.4%

1.6%

73%

Fig. 4. Percentage of individual PAH to the total PAHs in
the Red Sea sediments.
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Table 8

Diagnostic ratios between PAHs in the Egyptian surface coastal Red Sea sediments
Locations St. no. D-1 D-2
Taba 1 0.60 0.79
Nuweiba 2 0.60 0.48
Dahab 3 0.86 0.42
Na’ama Bay 4 0.23 0.04
Ras Mohamed 5 0.40 0.31
Sharm 6 0.20 0.48
El Tour 7 0.24 0.53
Ras Suder 8 0.50 0.43
Suez 9 0.26 0.38
Ain Sukhna 10 0.71 0.48
Ras Gharib 11 0.25 0.25
NIOF HU 12 0.50 0.36
Safaga 13 0.30 0.66
Quseir 14 0.54 0.50
Marsa Alam 15 0.64 0.45
Shalatin-1 16 0.48 0.09
Shalatin-2 17 0.31 043

D-3 D-4 D-5 D-6
0.20 0.88 0.50 0.12
0.39 0.67 0.36 0.34
0.23 0.05 0.41 0.95
0.28 0.48 N.D. 0.52
0.01 0.48 0.75 0.52
0.02 0.30 0.59 0.70
0.01 0.50 1.10 0.50
0.01 0.61 0.52 0.39
0.11 0.28 0.53 0.72
0.01 0.25 0.64 0.75
N.D 0.58 N.D 0.42
0.20 0.32 0.47 0.68
0.39 0.57 0.69 0.43
0.02 0.17 0.47 0.83
0.01 0.08 0.56 0.92
0.29 0.41 0.27 0.59
0.08 0.33 4.33 0.67

D-1 = InP/(InP + BghiP); D-2 = Flu/(Flu + Pyr); D-3 = BaP/(BaP + Chr); D-4 = Phe/(Phe + Ant); D-5 = BbF/BKkF; D-6 = Ant/(Ant + Phe);

NA = not available.

3.4. Classification of sediments according to sediment
quality criteria

Two widely used sediment quality guidelines, the
effects range-low (ERL) and effects range median
(ERM) value guidelines [65,66] as well as the thresh-
old effects level (TEL) and probable effects level (PEL)
guidelines [67] were applied to evaluate the possible
ecotoxicological risks of PAHs in the studied area.
The measured concentrations of PAHs were compared
with the ERL, ERM, TEL, and PEL values. The aver-
age PAHs content in all studied sediments were lower
than the ERM value (44,792 ng g'). The total PAH
concentrations recorded in the present study were
much lower than the total ERM values (Fig. 2). On the
other hand, similar observations were found relative
to the TEL and PEL (0.655 and 6.676 ugg™, respec-
tively) for the total PAH [68] (Fig. 3). The concentra-
tion levels of Ace, Fl, Phe, Ant, Flu, Pyr, BaA, and
Chr were higher than TEL values. These findings indi-
cated that the studied sediments may represent a
potential biological impact [69].

3.5. The PAH composition pattern

The PAH composition pattern is helpful to track
the contaminant source and illustrate the fate and
transport of PAHs in multimedia environment [70].
Different sources of PAHs have different PAHs

patterns. Anthropogenic PAHs are formed mainly via
two mechanisms: incomplete combustion of fossil
fuels and the discharge of petroleum-related materials.
The petroleum-derived residues contain relatively
higher concentrations of two- and three-ring PAH
compounds such as Nap, Ph, and Ant [71]. At low to
moderate temperature, as in the wood stove [72]), or
as from the combustion of coal [73] low-molecular-
weight parent PAH compounds are abundant. At high
temperature, the high-molecular-weight parent PAH
compounds are dominant [74]. Therefore, on account
of the anthropogenic source, the low-molecular-weight
parent of PAHs has both petrogenic and combustion
(low-temperature pyrolysis) sources, whereas the high

0.45
0.40 -
0.35
0.30 -
0.25
0.20 -
0.15 1
0.10
0.05
0.00

D-3

0.0

Fig. 5. Plot between D-1 vs. D-3.
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Table 9

Factor loadings (varimax normalized: marked loadings
are>0.70) for four principal components (PCs) for
non-contaminated and for fairly contaminated areas

PAH PCF1 PCF2 PCF3 PCF4
Naph —0.616  0.057 0.371 0.525
Acthy 0.570 —0384 0517 -0.117
Ace 0.821 —0350  0.289 0.188
Fl 0.766 0279 0.440 0.134
Phe 0.723 —0214  0.026 —0.014
Ant 0.613 0.429 0059  —0.361
Flu 0.691 0.569 0250  0.032
Pyr 0.656 0.636 —0.171  0.056
BaA 0.653 —0409  —0.066  0.267
Chr 0.728 —0.074 0207 0.169
BbF 0.188 0.527 0269  0.689
BKF 0.390 0.734 0214  —0.083
BaP 0.097 0.819 0.270 —0.004
DBA —0340  0.330 0.189 0313
Bghip —0274 0445 0.686 0.088
InP —0.128 0580 0.659 ~0.332
% of variance ~ 32.07 22.58 12.23 7.98
Cumulative % 32.07 54.65 66.89 74.86

Note: Extraction method: PCA.
Rotation method: Varimax with Kaiser normalization.

molecular parent of PAHs is predominantly pyrogenic
[75]. As presented in Fig. 4, high-molecular-weight
PAHs with four rings are predominated (73% of the
total PAHs) in the sediment samples. The PAHs with
three rings were reported 21% of the total PAHs,
while the PAHs with the two, five, and six rings were

7975

reported only 6% of the total PAHs in the studied
sediment samples. These results can be explained as
the total PAHs in the studied sediment samples may
have come from a pyrogenic source.

3.6. Possible sources of PAHs in the studied locations

It is possible to classify the contaminant sources as
either petrogenic or pyrolytic using the ratios between
some individual PAHs in the sediments. The use of
ratios is based on the temperature of the formation of
PAHs, taking into account the individual chemical sta-
bilities [16]. Pyrogenic (e.g. fossil fuel combustion and
vegetation fires) and petrogenic (e.g. oil spill and
petroleum products inputs) are the primary sources of
PAHs found in coastal marine sediments [73,76]. To
assess the main source of PAHs in the Red Sea sedi-
ments, some calculated PAH distribution indexes such
as the ratio of > PLpaps/> PHpaps (sum of two and
three rings PAHs to the sum of more than three rings
PAHs) and the ratio of phenanthrene to anthracene
(Phen/Ant).

Studies have shown that high > PLpars/> PHpans
ratios (>1) often indicate PAHs with petrogenic pre-
dominate sources, while low > Plpaps/> PHpaps
ratios suggest PAHs of pyrolytic origin [19,38,77]. The
data of Y PLpans/Y PHpaps reported in Table 6
showed that Ras Gharib station is the only site that
has a value more than 1, which indicated petrogenic
origin. As for Phen/Ant ratios, PAHs from petrogenic
sources usually have values larger than 15 and less
than 10 when they are of a pyrolytic origin [7,38,78].

IndP
Ba 0.8 -
DBA

Fluo
Pyr

BaP
BkA

Fig. 6. Score plot of PCF1 vs. PCF2 illustrating the distribution of individual PAH compounds in the Red Sea sediments.
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Rescaled Distance Cluster Combine

CARSE 0 5 10 15 20 25
Label Num +————————m Fommmm Fomm e Fom Fomm +
Ace 3 :'7
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Acthy 2
Chr 10
Phe 5
Bah 9 ;

Flu 7 ji

Pyr 8

Ant 6 —_— —
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BbF 11

Bghip 15

1nP 16 g
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DBA 14 ‘

Fig. 7. Hierarchical dendogram for 16 PAHs represented by Ward’s hierarchical clustering method.
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Fig. 8. Hierarchical dendogram for 17 sampling locations
represented by Ward'’s hierarchical clustering method.

Further discrimination of PAH sources can be
achieved using the ratios of other isomers. IcdP/
(BghiP +IcdP) ratio is used in this study, and values
for this ratio greater than 0.5 are also due to
petrogenic origins. The Flu/(Flu+ Py) ratio is<0.5 for
petrogenic sources and>0.5 for pyrogenic PAH
sources.

Table 6 shows the ratios obtained from the studied
sediments. By comparing these data, it was possible to
extract some information that is important to consider.
In this case, Y PLpaps/Y PHpaps ratios ranged from
0.07 to 1.02; most of the location had low values (<1),

which confirmed a suspected pyrogenic input. In all
of the studied sites, the Phen/Ant indices were less
than 10, which also indicated important pyrogenic
sources. IcdP/(BghiP +IcdP) indices for the present
samples ranged from 0.20 to 0.71, which again
indicated pyrogenic sources. The Flu/(Flu+Py) ratio
ranged from 0.04 to 0.79, and this fact indicated that
the contamination may have occurred due to both
petrogenic and pyrolytic sources. However, by
analyzing the results in Table 6, it can be suggested
that the PAHs detected in the studied sediment
samples may be due to contributions of both pyrolytic
and petrogenic sources, but the majority was from the
pyrolytic sources.

The ratio of the sum of major combustion-specific
compounds (XCOMB =Flu, Pyr, BaA, Chr, BbF, BKF,
BaP, InP, and BghiP) to the sum of 16 EPA-PAHs
(XCOMB/XPAHSs) ranged from 0.50 to 0.94, and the
YXCOMB concentrations displayed values from 67 to
4,117 ng g (Table 6). The highest ratio (0.94) was
detected at station 7 and indicated that the PAHs at
this site mainly came from combustion origin. The
high XCOMB/ZPAHs ratio values further indicated
that extensive combustion activities affected the PAHs
in sediment samples along the Egyptian Red Sea
coast.

Other six diagnostic ratios between individual
PAH concentrations were calculated and used to make
the identification of the PAHs origin more precisely
(Table 8): D-1=InP/(InP+BghiP); D-2=Flu/(Flu
+Pyr); D-3=BaP/(BaP +Chr); D-4=Phe/(Phe+ Ant),
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Table 11
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Chronic daily intake and dermal contact of individual hydrocarbons compounds and total hydrocarbons of sediment

from the Red Sea coast

PAHs Intake

(mg kg™ dw) Dermal

(mg kgf1 dw)

Naph 7.03092E—10 2.930E—04 160
Acthy 6.8829E—09 2.869E—03 44
Ace 2.91598E—08 1.215E—-02 16
F1 2.77536E—08 1.157E—-02 19
Phe 5.88377E—08 2.452E—-02 240
Ant 7.04943E—08 2.938E—02 85
Flu 1.3677E—07 5.701E—02 600
Pyr 1.43986E—07 6.001E—02 665
BaA 1.92721E—-07 8.033E—-02 261
Chr 3.04476E—07 1.269E—01 384
BbF 1.27667E—08 5.321E—03
BkF 1.81324E—08 7.558E—03
BaP 5.99479E—09 2.499E—-03 430
DBA 2.55334E—-09 1.064E—03 63
Bghip 8.10406E—09 3.378E—03
InP 4.77363E—09 1.990E—-03
Max 3.04476E—07 1.269E—01
Min 7.03092E—-10 2.930E—04
Mean 6.401E—08 2.668E—02
S.D 8.735E—-08 3.641E-02

ISQG-Low
(Trigger value)*(mg kg™' dw)

ISQG-high*(mg kg™ dw)

2,100
640

500

540

1,500
1,100
5,100
2,600
1,600
2,800

1,600
260

D-5=BbF/BkF and D-6=Ant/(Ant+Phe) [34,79]. D-1
ratio is less than 0.4 for petroleum and >0.5 for petro-
leum/combustion mixture. Literature values of D-1
ratio are above 0.5 for grass combustion, wood soot,
and creosote [80]. D-3 ratio values are less than 0.2 for
combustion and between 0.6 and 0.9 for petroleum,
while ratios between 0.4 and 0.6 are due to a petro-
leum/combustion mixture. D-6 ratio<0.1 is usually
taken as an indication of petroleum, while a ratio>0.1
indicates a dominance of combustion [19]. D-6
ratios > 0.1 represent the combustion of diesel oil, shale
oil, coal and some crude oil samples. D-2 ratio of 0.4 is
usually defined as petroleum, while ratio of 0.5 is for
the petroleum/combustion transition point, however,
this boundary appears to be less definitive than 0.1 for
D-6. Generally, the D-2 ratio is below 0.4 for most
petroleum samples and above 0.5 in kerosene, grass,
most coal, and wood combustion samples and creo-
sote, but ratio between 0.4 and 0.5 is a characteristic of
liquid fossil fuel such as gasoline, diesel, fuel oil, and
crude oil combustion and emissions from cars and die-
sel trucks. Eight diagrams were plotted to clarify the
results obtained from the above ratios. These diagrams
gave three groups indicating three sources; the first

represented the stations of petrogenic sources, the
second group represented the stations of pyrogenic
sources (most stations), and the third group
represented the stations of a mixture of petrogenic and
pyrogenic sources. Plot of D-1 vs. D-3 divided the loca-
tion to three groups: the first group contains 1, 2, 3, 4,
12, 13, and 16 stations; the second group contains 6, 7,
9, 11, and 17; and the third group contains 5, 8, 10, 14,
and 15 (Fig. 5).

3.7. Risk assessment

Tables 11 and 12 demonstrate the chronic daily
intake and dermal contact with contaminated sedi-
ment values of total hydrocarbons and individual
PAH compounds along the Red Sea coast of Egypt.
The present results of the Red Sea sediment were
compared with the Interim Sediment Quality Guide-
lines (ISQGs), which contain two concentrations, the
ISQG-Low concentration (or trigger value) and the
ISQG-High concentration. The trigger value is a
threshold concentration, and below this concentration,
the frequency of adverse effects is expected to be very
low. The ISQG-High concentration is intended to
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Table 12
Chronic daily intake and dermal contact
hydrocarbons of sediment from the Red sea coast

of total

Station >"PAHs™ Intake >"PAHs™ Dermal
(mg kg™ dw) (mg kg™' dw)
1 1.40474E—-06 5.855E—-01
2 8.37938E—07 3.493E-01
3 1.96274E—07 8.181E—-02
4 1.75514E—-07 7.315E—-02
5 1.01534E—-06 4.232E-01
6 2.11812E-06 8.828E—01
7 2.54904E—-06 1.062E+00
8 3.25991E—-06 1.359E+00
9 1.96903E—07 8.207E—-02
10 4.7307E—07 1.972E—-01
11 8.30389E—08 3.461E-02
12 1.02603E—06 4.276E—-01
13 4.90055E—-07 2.043E-01
14 1.81679E—06 7.572E-01
15 8.55552E—-07 3.566E—01
16 1.12606E—07 4.693E—02
17 7.98935E—07 3.330E—-01
Max 3.25991E—-06 1.359E+00
Min 8.30389E—08 3.461E—-02
Mean 1.02411E—-06 4.268E—01
S.D 9.28815E—-07 3.871E-01

Note: The values are extracted from Australian interim sediment
quality guideline ISQG) values [81].

**The ISQG-Low and ISQG-high values for the total hydrocarbons
are (4,000 and 45,000, respectively).

Interim Sediment Quality Guidelines—Low: Probable effects con-
centrations below which biological effects would rarely occur.
Interim Sediment Quality Guidelines—High: Probable effects con-
centrations below which biological effects would possibly occur.
Concentrations above these values represent a probable-effects
range within which effects would be expected to frequently occur.

represent a concentration above which the adverse
biological effects are expected to occur more
frequently. In the present study, both of the total
PAHs and individual PAH compounds were less than
the trigger values of ISQGs for all studied stations
which indicated that no health effect may occur due
to the intake and dermal contact with the studied
sediment samples [65,66].

3.8. Principal component analysis

Data submitted for the PCA analysis were
arranged in a matrix, where each column corresponds
to one of the PAH component and each row repre-
sents one location. The number of factors extracted
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from the variables was determined according to
Kaiser’s rule, which retains only factors with eigen-
values that exceed one. The first step in the multivari-
ate statistical analysis was the application of PCA
with the aim to group the individual PAH compo-
nents by the loading plots for 17 contaminated sites.
Since the raw data have provided negative loadings,
the VARIMAX rotation for the correlation greater than
0.30 were applied. Concentrations of 16 EPA-PAHs as
active variables and 17 sites were selected. The major-
ity of the variance (74.86%) of the scaled data was
explained by four eigenvectors/principal component
factors (PCF). The first principal component factor
(PCF1) explained 32.07%, the second (PCF2) explained
22.58%, the third (PCF3) explained 12.23%, and the
fourth (PCF4) explained 7.98%. PCF1 had a significant
correlation with Ace (0.821), Fl (0.766), Phe (0.723),
and Chr (0.723) (Table 9). Thus, PCF1 is a quantitative
correlation component and corresponds to the total
PAHs concentration. The compounds of Phe and Pyr
are components of fossil fuels, and a portion of them
is associated with their combustion. Thus, it can be
seen that PCF1 reflected the effects of traffic pyrolysis
or combustion on the sum of PAHs. PCF2 is domi-
nated by BKF (0.734) and BaA (0.82) which is also
associated with traffic emission. The property of
individual PAH components, which causes their
dominancy in each factor can be clearly indicated and
their clustering was observed from the PCF1 and
PCF2 plot (Fig. 6). The strong adsorption of PAHs by
sediments caused by long-range atmospheric transport
processes and regional fallout deposition in
combination with their transformation, behavior in
sediment-water system and mobility imply the
random distribution.

The correlations between the individual PAHs,
TOC%, and TH are illustrated in Table 10. This
statistical approach is based on the fact that each
pollution source produces a characteristic PAH
pattern; so, the correlations of all the individual PAHs
can give an idea on whether they all originate from
the same source or not. The total PAHs were
correlated with Ace (0.757), F1 (0.716), Phe (0.601), Flu
(0.678), BaA (0.685), and Chr (0.867), where TH was
correlated with Flu (0.668), Pyr (0.603), and BbF
(0.502).

Hierarchical cluster analysis (Ward’s method
applying Pearson correction) of PAHs components
using average linkage between groups and square
Euclidean distance and standard deviation <1 showed
a good efficiency for sediment samples collected from
the Egyptian Red Sea coast, which present different
sources deposition (Figs. 7 and 8). Three big clusters
with subgroups could be distinguished, which
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coincide with the previously defined factor analysis
and plot between D-1 and D-3. The first group in the
cluster was contained by Ace, Fl, Acthy, Chr, Phe,
and BaA. The second group was represented by Flu,
Pyr, Ant, BKF, BaP, and BbF (Fig. 7). The third group
was represented by BghiP, IndP, Naph, and DBA. The
linkage distance between classes is high (15.0-20.0)
implying a significant distance between them. Statisti-
cally sufficient numbers of data can explain the
obtained high values for linkage distance. Fig. 8
shows the cluster analysis of the 17 sampling loca-
tions, which is explained by three major groups. The
first group was represented by eight stations (7, 5, 6,
8,9, 10, 14, and 15), while the second group was rep-
resented by four stations (2, 3, 13, and 17). The third
group was represented by only three stations (1, 11,
and 12), and the remaining two stations were repre-
sented in separated clusters. Most of statistical done
on the data obtained were arranged the analysis data
in three groups.

4. Conclusion

The detailed study of aliphatic (n-alkanes) and
PAHs was investigated in surface sediments of the
Egyptian Red Sea coast. The distribution of both of
n-alkanes and PAHs showed great variations in the
studied sediment samples. By examining the distribu-
tion indexes, it was confirmed that the aliphatic
hydrocarbons were mainly from petroleum contami-
nation, while the distribution of PAHs came from
both pyrolytic and petrogenic sources. The four rings
hydrocarbons were predominated in the sediment
samples presenting 73%. The human risk assessment
calculation showed that there is no health effect may
occur due to the PAHs contaminated in the studied
samples.
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