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Abstract This study investigated the concentrations of 16 polycyclic aromatic hydrocarbons

(PAHs) in sediments from the shoreline of the Red Sea. 16 PAH concentrations ranged from

1.43 to 4990.69 mg/g dry weight to 1.64 to 6397.69 mg/g dry weight during spring and autumn,

respectively. Most sites with the highest PAH concentrations were (4–6 rings) compounds. The

sources of PAHs were analyzed using principal component analysis (PCA) and diagnostic ratios

between combinations of PAHs. The results indicated that the pyrogenic source was the primary

source of PAHs. The results showed that surface sediment from all sample sites presents low to spo-

radic toxicity concerns to marine organisms. Total carcinogenicity and mutagenicity of eight prior-

ity PAHs ranged from 0.03 to 863.96 and 0.09 to 1197.85 mg/g dry weight, respectively (TEQBaP

and MEQBaP). BaP accounted for most of the influence among the eight carcinogenic PAHs

and could be employed as a particular PAH toxicity indicator. Using the toxic equivalent quotient

(TEQcarc) and incremental lifetime cancer risk (ILCR) to estimate human health risk, it has been

determined that sediment contaminated with PAHs in some study area stations may possess the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2023.104999&domain=pdf
mailto:a.younis@qu.edu.sa
https://doi.org/10.1016/j.arabjc.2023.104999
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2023.104999
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 A.M. Younis et al.
capacity to cause cancer, particularly in children. The ecological risk posed by PAHs was evaluated

using a risk quotient (RQ). The RQPAHs estimated for the samples revealed that the study region

was at a high-risk level. Anthropogenic hydrocarbon inputs that were more pronounced in locations

connected to maritime activity are described in this study. Further monitoring studies encompassing

different environmental matrices about PAHs pollution and their toxicological relevance should be

conducted.

� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

One of the environment’s most well-known and substantial

classes of persistent organic contaminants is polycyclic aro-
matic hydrocarbons (PAHs). PAHs have recently drawn much
attention due to their short-term toxicity, mutagenicity, and

carcinogenicity worldwide (Hussain et al., 2015). Due to their
widespread occurrence and associated health risk, 16 PAHs
were selected by the US Environmental Protection Agency as

environmental contaminants. The International Agency for
Research on Cancer has classified seven of these chemicals as
confident (Group 1), probable (Group 2A), or possibly (Group
2B) carcinogens (Yang et al., 2014a;Yang et al., 2014b). In the

ecosystem, PAHs are pervasive, hazardous, and extensively
present. Water, suspended materials, and sediments are specif-
ically contaminated by PAHs (Yang et al., 2013;Bai et al.,

2014;Keshavarzifard et al., 2014;Younis et al., 2018;El-
Naggar et al., 2021). Pollution of aquatic ecosystems by metals
and PAHs, particularly in sediments and water, is one of the

most pressing contamination issues due to their toxicity, abun-
dance, significant non-degradability, and consequent bioaccu-
mulation (Younis et al., 2018;Younis, 2019;Younis et al., 2019;

Soliman et al., 2020;El-Naggar et al., 2021;Hanafy et al., 2021;
Younis et al., 2022).

There are two primary categories of sources for PAHs:
anthropogenic and natural. Pyrogenic and petrogenic sources

combine to form anthropogenic sources of PAHs. Pyrogenic
PAHs are often composed of 4–6 ringed high molecular weight
PAHs, such as benzo(a)pyrene (BaP), fluoranthene (Flu),

benzo(b) fluoranthene (BbF),benzo(k)fluoranthene(BkF),
chrysene (Chr), pyrene (Pyr), benzo (a)anthracene (BaA) (Liu
et al., 2009b;Riccardi et al., 2013). Pyrogenic is primarily

found in incomplete burning of organic substances, including
that produced by burning fossil fuels and biomass (Zakaria
et al., 2002;Khairy et al., 2009;Liu et al., 2009b). As a result

of their higher quantities of non-alkylated PAHs than petro-
genic sources, it is anticipated that pyrogenic sources will be
more stable at high temperatures and hazardous (Khairy
et al., 2009;Saha et al., 2009;Beyer et al., 2010). Naphthalene

(Naph), acenaphthylene (Acthy), acenaphthene (Ace), and flu-
orine (F) are examples of petrogenic PAHs. They are low
molecular weight or alkyl-substituted PAHs and have two to

three rings. It is suspected that these hydrocarbons resulted
from oil spills involving crude and fuel oil, new or old crank-
case oil, recurring or unintentional pipeline leaks on land

and at sea, and home and industrial wastes (Zakaria et al.,
2002;Liu et al., 2009b;Saha et al., 2009;Riccardi et al., 2013).

Like the hydrocarbons of interest, sediments are regarded
as superior contaminant sinks. These substances easily bind

to particle matter. Hydrophobic contaminants are stored in
bottom sediments. As a result, long after pollution input has
stopped, sediments can retain and release contaminants that

affect biota (da Luz et al., 2010).
Because of PAHs’ occasionally pervasive and long-lasting

effects on environmental media, they eventually become accu-

mulated and permanent in aquatic system bed sediments. This
occurs due to most PAHs’ strong sorption to organic materials
in sediments and resistance to bacterial breakdown in anoxic
environments due to their high hydrophobicity. PAHs are also

discharged into the water as an uninterrupted source when
favorable environmental conditions, such as dissolved oxygen,
organic matter, salinity, and pH (Tepe et al., 2022). PAHs

endangers the aquatic marine ecosystem by bioaccumulating
in food chains and persisting in their course despite difficulty
or resistance (Chen and Chen, 2011). Depending on how close

a location is to areas of anthropogenic activity, PAH levels in
sediment change (Bihari et al., 2006).

The Red Sea is strategically vital since it separates the Mid-
dle East, the Far East, Europe, and Asia from the African con-

tinent. Because it serves as a natural boundary between the
western and eastern coasts of the Arabian Peninsula and a cru-
cial route for unarmed oil traffic from the Bab El-Mandeb in

the south to the Suez Canal in the north, the Red Sea’s geopo-
litical location is significant.

According to Rasul et al. (2015), the Red Sea is an olig-

otrophic ecosystem with enormous coral reef systems that
make up 3.8% of the world’s coral reefs. These have been
prominent tourist attractions in Egypt’s coastal areas for dec-

ades. The Red Sea’s great biodiversity is partly due to a wide
variety of tropical ecosystems, including mangrove forests,
islands, shoals, and coastal lagoons. Along the Red Sea coast,
industrial and human activities have increased dramatically,

necessitating the need for up-to-date information to serve that
can help the decision-maker establish effective management
plans for the study area, which is of global importance. These

activities have frequently encountered difficulties in disposing
of the hazardous waste they generate.

Few research has been published on the health effects of

concurrent exposure to PAHs in multiple environmental media
through major exposure routes (Ma et al., 2021). Research on
health risk assessments for simultaneous exposure to PAHs

from multiple media in the same environment is lacking. It
has yet to be published, making it difficult to conclude the

potential dangers of PAHs for organisms. Considering the
above, this study seeks to answer related questions about

PAH pollution and its potential cancer risk in marine sedi-
ments on the Red Sea coast. Therefore, the current study aims
to investigate the spatial and temporal distribution of 16 PAHs

and their composition in surface sediment from the Red Sea
coast. After identifying the significant pollution sources, the
ecological risks related to PAHs in surface sediments have also

http://creativecommons.org/licenses/by-nc-nd/4.0/
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been examined. The health risks of PAHs were identified for
the first time in the study area.

2. Materials and methods

2.1. Sample preparation

During spring and autumn, sediments were collected from 14
different positions along the Red Sea coast (Fig. 1). Consider-

ing the anticipated contaminated area brought on by anthro-
pogenic activity; the locations were chosen to span around
450 km. The precise location of each site was defined using

the global positioning system (GPS). The locations of sampling
are depicted in (Fig. 1). A stainless-steel grab was utilized to
gather the sediments, which were then scraped off with a

stainless-steel spatula, scooped into wide-mouth glass bottles
that had already been cleaned, frozen, and brought to the
lab, where they were kept at �20 �C until analysis. Following
established procedures, the samples were examined for aro-

matic hydrocarbons (UNEP/FAO/IAEA/IOC, 1991; UNEP/
IOC/IAEA, 1992).

Several parameters, such as temperature, pH, levels of

nutrients, bacterial population size, etc., can influence the effi-
ciency of PAH degradation in marine sediments (Shahriari
Moghadam et al., 2014). Therefore, individual samples were

taken out of the deep freezer and given roughly 5 h to thaw
at room temperature. We used the method of (Gaudette
et al., 1974) to determine the total organic carbon (TOC). Each

sample was properly blended before 30 g of sediment and 90 g
of anhydrous sodium sulfate were added. The sediment sample
was then sonicated for roughly 3 min at settings that would
produce effective extraction in an ultrasonic bath with

100 ml of 1:1 v/v dichloromethane/acetone. The extract was
then filtered and dried using glass wool and anhydrous sodium
sulfate. Utilizing a rotary evaporator and nitrogen gas, dilute

the extract to 1 ml (UNEP/IOC/IAEA, 1992).
The extract was cleaned up and fractionated through a sil-

ica/alumina column. Before being partially deactivated with

5% water, the silica and alumina were activated at 200 �C
for four hours to remove moisture. The chromatographic col-
umn was created by slurry packing 10 ml of silica, 10 ml of alu-
Fig. 1 The location of the sam
mina, and 1 g of anhydrous sodium sulfate. To elute the first
fraction (aliphatic hydrocarbon), 40 ml of hexane was used,
followed by 40 ml of hexane/dichloromethane (9:1) and

20 ml of hexane/dichloromethane (1:1). (Which combined con-
tain PAHs). The resulting fractions were mixed with the cop-
per powder. The elimination of sulfur that hampered GC–

MS analysis was assumed to cause the copper’s color to change
from brassy red to black (Sundberg et al., 2005). Finally,
eluted samples were reduced to a volume of 0.2 ml by concen-

tration using an N2 gas stream.

2.2. Instrumentation (GC–MS)

Using a gas chromatography-mass spectrometer (GC–MS),
PAHs were measured (QP2010 Ultra, Shimadzu, Japan). The
following GC procedures were used: an autosampler, an injec-
tion volume of 1 ll, an injector temperature of 280 �C, a pres-

sure of 150 kPa, splitless injection mode with a purge flow of
3 ml/min, helium was used as the carrier gas (99.999%) with
a flow rate of 1.0 ml/min and an average velocity of

54.6 cm/sec, and compounds were separated on an RTX-
5MS capillary Initial temperature set at 60 �C; 20 �C/min to
160 �C; 3 �C/min to 280 �C, kept for 6 min; 20 �C/min to

300 �C, held for 5 min; were the settings for the oven. The elec-
tron impact (EI) ionization, ion source temperature of 230 �C,
transfer line temperature of 260 �C, and full scan mode for the
masses between 35 and 500 m/z were all used in the mass spec-

trometer processes. GC–MS software from Shimadzu was used
throughout the project to process the data automatically.

2.3. Analytical quality assurance

The samples were stored in clean containers after being cov-
ered with aluminum foil. The solvents, reagents, and standards

used were high purity (above 98%) and analytical grade. After
cleaning the equipment and glassware with water and liquid
soap, deionized water, acetone, and finally, oven drying at

150 �C, the glassware was rinsed. There were established
blanks, recovery tests, and detection limits. In order to deter-
mine the detection limits, a signal-to-noise ratio of 3:1 was
used. For recovery experiments, sediment samples from the
plings along the study area.
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Red Sea coast were used as blanks. Validation studies were
carried out by mixed standards with concentrations ranging
from 1 to 8.33 ppb introduced into the samples. Acceptable

recovery values for PAHs from sediments (n = 6) were found
to vary between 76 and 109.7%. The detection limits for sedi-
ments were from 0.003 to 0.009 ng/g for acenaphthene, Fluo-

ranthene, Anthracene, phenanthrene, benzo[a]anthracene, and
benzo[k] fluoranthene, and from 0.015 to 0.043 ng/g for benzo
[a]pyrene, benzo[b]fluoranthene, pyrene. Analyses that pro-

duced findings below these thresholds were labeled ‘‘Not
Detected.”.

2.4. Statistical analysis

An IBMSPSS 25.0 (SPSS Inc., USA) was used for the data
treatment and multivariate statistical analysis. Data normality
was assessed using Kolmogorov-Smirnov (K-S) tests. One-way

analysis of variance (ANOVA) for variables with normal dis-
tribution and the Kruskal-Wallis test for variables without
normal distribution were used to examine the statistical signif-

icance of the differences. To locate likely sources of the PAHs,
PCA was carried out using a varimax rotation. The Bartlett
and Kaiser-Meyer-Olkin (KMO) tests were employed to gauge

the PCA’s validity. The PAH concentration ratios were used to
calculate the source diagnostic indices.

3. Results and discussion

3.1. Distribution of PAHs in sediments

In the current study, the total PAH levels in surficial sediments
varied from 1.64 to 6397.69 mg/g with a mean concentration of
1192.53 mg/g in the autumn season and from 1.43 to

4990.69 mg/g with a mean concentration of 901.29 mg/g in
the spring season (Tables 1 & 2). Station 5 at Hurghada Ship-
yard, which is affected by dockyards and ship repair activities,

has the highest PAH concentration during the autumn and
spring seasons. The sediments were found to be contaminated
with PAHs throughout the study, with higher concentrations

recorded in stations, particularly those that were close to the
Marine Sports Club Hurghada (station 4: 2196.43 and
1902.73 mg/g in the autumn and spring, respectively), Pre-
Hamraween harbor (station 10: 2684.92 and 1561.12 mg/g in

the autumn and spring, respectively), Safaga shipyard (station
7: 1866.40 and 1438 mg/g dw in the autumn and spring, respec-
tively), Hurghada Tourist Harbor (station 6: 872.81 and

512.37 mg/g dw in the autumn and spring respectively), fisher-
men harbor in Safaga (station 9: 765.33 and 596.94 mg/g dw in
the autumn and spring, respectively), Post-Hamraween harbor

(station 11: 720.14 and 618.02 mg/g dw in the autumn and
spring, respectively) and Marina Marsa in Marsa Alam (sta-
tion 13: 529.96 and 441.88 mg/g dw in the autumn and spring,

respectively).
Water emission sources and the physicochemical character-

istics of sediments may be the main variables affecting the vari-
ations in PAH levels. In both seasons, stations 4, 5, 6, 7, 9, 10,

11, and 13 were adjacent to dockyards and areas with a lot of
shipping activity. These sites were affected by the discharge of
PAH from raw sewage, wastewater from industry, household

activities, and other types of urban effluents.
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The present investigation also revealed that autumn had
higher overall PAH concentrations than spring. Analyzing
the spatial and temporal variability of PAH levels in sediments

necessitates taking into account two types of parameters: (1)
Intrinsic parameters, which are mainly connected to the con-
taminant’s physicochemical properties, and (2) different abi-

otic and biotic variables are both important (Gdara et al.,
2017).

The distribution and separation of average individual

PAHs (Tables 1 & 2) were noted in the examined area. DahA
and BP levels were not found at autumn and spring sampling
stations. Following in order of decline in autumn were the
remaining PAHs: BkF > IP > Chr > Pyr > Flu > BaA >-

BbF > BaP > Phe > Ant > F > Naph > Ace > Acthy.
Whereas the following is the order for spring: BkF > IP >
Pyr >Flu > BbF > BaA > Chr > BaP

> Phe > Ant > F > Ace > Naph > Acthy.
This study used regression analysis to examine the connec-

tion between PAH concentration and organic carbon content

(TOC%). The linear regressions in the autumn and spring sea-
sons demonstrate a strong association between PAHs and %
TOC (P < 0.01) (Fig. 2). It is widely known how important

sedimentary organic matter is to partition PAHs in sediments.
(Chiou et al., 1998) discovered that the numerous aromatic
portions of the organic matter were primarily responsible for
the high partitioning of PAHs to sedimentary organic matter.

For them, the organic soil was like a ‘‘heterogeneous polymer”
in nature, where PAHs interacted most strongly with aromatic
regions.

The varied geological features of the sites, the volume of
samples analyzed, and the set of PAH compounds evaluated
make it challenging to compare the quantities of PAHs in sed-

iments along the study area with those found in other coastal
regions. A broad understanding of pollution levels seen else-
where is frequently beneficial to determine the pollution level

in our study area. Baumard et al., (1998) categorized sediment
pollution into four categories: low, which is equal to 0.0–
0.1 mg/g of dry weight; moderate; 0.1–1.0 mg/g; high, 1.0–5.0
mg/g; and very high, which is above 5.0 mg/g. Therefore, the
PAH pollution levels in the current investigation were high
to very high (1.64–6397.67 mg/g in autumn and 1.43–4990.84
mg/g in spring). The sediments taken from all stations in both

seasons, except station 14, can be classified as severely polluted
based on the PAH levels found in the examined areas Table 3.
Fig. 2 Regressions of total PAHs with %TOC at the location of

the study area.
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The TOC, 16PAHs, and PAH contents did not follow a
normal distribution ((P < 0.05), as determined by the K-S test
for a single sample. There were no statistically significant dif-

ferences (P > 0.05) across the stations or seasons when
employing the non-parametric Kruskal-Wallis test (K-W).

3.2. Percent composition of PAHs

Although Dibenzo[ah]anthracene and Benzo(ghi)perylene in
both seasons were under the detection threshold, sixteen differ-

ent PAHs were found in the sediments. These 16 PAHs were
divided into five classes based on the number of aromatic rings
they contained (2–6). (Fig. 3) shows the PAHs’ % content

based on ring groups. In both seasons, typically, the 4-ring
group was the predominant, followed by the 5-ring group.
However, significant variances were seen depending on the sea-
sons and locations. During the autumn and spring seasons at

station 14, the 2- and 3-ring congeners known as low molecular
weight (LMW) PAHs predominated, making up 61.23% and
57.10% of the total PAHs, respectively.

For example, the existence of fused aromatic rings is corre-
lated with higher carcinogenicity of PAHs. chrysene, benzo(a)
anthracene, benzo(a)pyrene, benzo(k)fluoranthene, benzo(b)

fluoranthene, benzo(g,h,i)perylene, dibenzo(a,h)anthracene,
and indeno(1,2,3-cd)pyrene are eight polycyclic aromatic
hydrocarbons (PAHs) (Car-PAHs) commonly (IARC, 1983;
Menzie et al., 1992). Total quantities of these compounds in

sediments from the study region ranged from 0.37 to
4814.48 mg/g during the autumntime, accounting for 22.40–
96.47% of all PAHs. The overall amount of (Car-PAHs) var-

ied from 0.34 to 3537.93 mg/g during the springtime, making
Table 3 Polycyclic aromatic hydrocarbon (PAH) levels in sedimen

Location Min–Max (mg/g)

present study 1.64– 6397.67 in aut

1.43– 4990.84 in spr

Baltic Sea 0.80–1.90

Baltic Sea 0.00396–30.10

Gulf of Naples, Southern Italy 0.092–12.561

The Sea of Marmara (Turkey) 0.120–11.40

The Sea of Marmara (Turkey) 0.05–13.482

Mediterranean coast (Egypt) 0.088–6.338

Mediterranean coast (Egypt) 0.21–1.02

Mediterranean coast (Tunisia) 0.0256– 0.5768 in w

0.0449– 0.3958 in

summer

Red Sea coast (Egypt) 0.0074–0.457

Red Sea coast (Egypt) 0.132–5.182

Red Sea coast (Egypt) 1.01–1513.27

Suez Gulf, Red sea (Egypt) 0.0066–1.77

Red Sea coast (Saudi Arabia) 1.17–3.0

North Seas 0.00046–0.227

Kerala, India 0.001–55.83

Tourist Beaches of Bushehr, Persian Gulf 0.193–0.726

Giresun coastline of southeastern Black Sea

(Turkey)

0.04914–0.44426

Egyptian Mediterranean coast 13.156–34.852

N* Number of PAH compounds.
up between 23.39 and 95.93% of the total PAH
concentrations.

Naphthalene, Anthracene, and phenanthrene are low-

molecular-weight PAHs that are more easily broken down
and are of particular concern (Fernandes et al., 1997;Macıas-
Zamora et al., 2002). As a result, sediments from the river

and marine habitats frequently show that HMW PAHs are
present at higher concentrations than LMW PAHs
(Mandalakis et al., 2014;Liu et al., 2015). The type of emission

was the primary variable affecting the seasonal composition of
PAHs. According to numerous studies, the prevalence of alky-
lated PAHs, besides 2- and 3-ring PAHs, petrogenic sources of
contamination, including crude oil and unburned petroleum

and its byproducts, are indicated. However, 4- to 6-ring PAHs
are associated with pyrogenic sources, including the incom-
plete combustion of organic molecules (Cerniglia, 1993;Xu

et al., 2007). Additionally, seasonal variations in temperature,
sunlight intensity, and the efficiency of photochemical break-
down (Fu et al., 2009) altered the buildup of PAHs in the

atmosphere, impacting the sediment loads. Additionally, in
fluids and sediments, 2-, 3-, and 4-ring PAHs were easier to
biodegrade and volatilize than 5- and 6-ring PAHs (Wang

et al., 2010).

3.3. Identifying the source of PAHs in sediment

Most polycyclic aromatic chemicals in the environment are

either petrogenic or pyrogenic, both of which are mostly
attributed to human activity. When fossil fuels are burned,
pyrogenic chemicals are released into the environment. In

comparison, pyrogenic compounds are specific types of sub-
ts from throughout the world.

Pollution level N* References

umn high to very high 16 ─
ing high to very high ─

Moderate to high 15 (Witt, 1995)

low to very high 24 (Baumard et al., 1999)

low to very high 15 (Romano et al., 2004)

Moderate to very

high

14 (Tolun et al., 2006)

low to very high 14 (Ünlü and Alpar, 2006)

low to very high 16 (El Nemr et al., 2007)

Moderate to high 16 (El Nemr et al., 2013)

inter low to moderate

low to moderate

17 (Nouira et al., 2013)

low to moderate 16 (Salem et al., 2014)

Moderate to very

high

16 (El Nemr et al., 2014)

high to very high 15 (Abdallah et al., 2016)

Low to High 16 (Ahmed et al., 2017)

high 16 (Al-Mur, 2019)

Low to moderate 18 (Wang et al., 2020)

Low to very high 16 (Yahiya and Miranda, 2021)

Moderate 16 (Ghasemi and Keshavarzifard,

2022)

Low to moderate 16 (Tepe et al., 2022)

very high 16 (El-Maeadny et al., 2023)



Fig. 3 Composition of PAH of the ring according to the percentage of aromatic rings in the study area’s sediments during the autumn

and spring.
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stances that can be extracted from petroleum. Compounds
having two or three benzene rings and a low molecular weight
(LPAH) are common in petrogenic sources. In contrast, pyro-

genic sources typically produce higher molecular weight
(HPAH) compounds with four to six benzene rings (Neff,
1979;Zakaria et al., 2002). Its diagnostic ratio is the most effec-
tive and frequent method for detecting the PAH compound’s

origin (Douben, 2003). By contrasting the estimated using
diagnostic ratios, the provenance of PAH molecules derived
from various sources can be ascertained. LPAHs/HPAHs,

Phe/Ant, Flu/Pyr, Ant/(Ant + Phe), Flu/(Flu + Pyr), BaA/
(BaA + Chr), and COMB/PAHs are the ratios that are most
frequently employed.

The current investigation uses a ratio of roughly two and
three rings to four-six rings to distinguish between the PAH
source (Soclo et al., 2000;De Luca et al., 2005;Wang et al.,
2006). Naph, Acthy, Ace, F, Phe, and Ant are among the

LPAHs; Flu, Pyr, BaA, Chr, BbF, BkF, BaP, IP, DahA, and
BP are among the HPAHs. Except for stations (13 and 14)
in the autumn and spring seasons, respectively, which were

produced from petrogenic sources since LPAHs/HPAHs ratios
were more than 1, all stations under study had LPAHs/
HPAHs ratios below 1 signify pyrogenic sources for these

chemicals (Table 4).
Both the Phe/Ant and Flu/Pyr systems were utilized in the

current study to look into potential PAH sources along the

Red Sea shoreline. Flu/Pyr > 1.0 was thought to imply pyro-
lytic origin (combustion sources), while Flu/Pyr < 1.0 was
typically associated with a petrogenic source (petroleum).
Phe/Ant ˃10 was primarily from a petrogenic source, although
Phe/Ant < 10 was typically viewed as a sign that the source

was pyrolytic (Sicre et al., 1987;Budzinski et al., 1997). This
study’s Phe/Ant ratios, greater than ten at stations (10 and
12) during both seasons, point to petrogenic origins. Addition-
ally, the Phe/Ant ratio of the remaining sites in both seasons is

under 10, indicating that the sources of the PAHs are
combustion-related. One possible cause in the area under
investigation is the incomplete combustion of fuel used by

the boats’ and vehicles’ engines.
Seasons of autumn and spring, respectively, the ratio of

Flu/Pyr < 1.0 at locations (1, 2, 4, 5, 6, and 7) and stations

(1, 2, 3, 4, 5, 6, 7, and 9) indicated that they were from pet-
roleum sources. The other locations in both seasons had
Flu/ Pyr values greater than 1, showing that combustion
was the main source of PAHs (Table 5). The genesis of

PAHs is petrogenic when the ratio of Ant/(Ant + Phe) is
below or equal to 0.1 and pyrolytic when it is>0.1
(Yunker et al., 2002).

These combined ratios were used in the current study to
accurately estimate the origin of PAH compounds. The PAHs
at station 5 during the autumn and stations 5 and 9 during the

spring were of mixed origin, according to the ratio of BaA/
(BaA + Chr) (Yunker et al., 2002). Stations 1 and 60s BaA/
(BaA + Chr) ratios of 0.2 over the course of both seasons sug-

gest that the PAH compounds were sourced from petroleum.
BaA/(Ba + Chr) ratios>0.35 were found in the remaining



Table 4 The diagnostic molecular ratios of polycyclic aromatic hydrocarbons (PAHs) for surficial sediments along the Egyptian coast

of the Red Sea and its original sources.

Diagnostic ratio Value Source Reference
P

LMW/
P

HMW <1 Pyrogenic (Soclo et al., 2000;De Luca et al., 2005;Wang et al., 2006)

>1 PetrogenicP
COMB/

P
PAHs <0.3 Petrogenic (Ravindra et al., 2008;Liu et al., 2017a)

0.3 – 0.7 mixed sources

>0.7 high-temperature combustion

Anth/(Anth + Phe) <0.1 Petrogenic (Yunker et al., 2002)

>0.1 Pyrogenic

Phe/Anth >10 Petrogenic (Sicre et al., 1987;Budzinski et al., 1997)

<10 Pyrogenic

Flu/Pyr <1.0 Petrogenic (Sicre et al., 1987;Budzinski et al., 1997)

>1.0 Pyrogenic

Flu/(Flu + Pyr) <0.4 Petrogenic (Yunker et al., 2002)

0.4 – 0.5 Fossil fuel combustion

>0.5 Grass, wood, coal combustion

BaA/(BaA + Chr) <0.2

0.2 – 0.35

Petrogenic

mixed petrogenic and pyrogenic

(Yunker et al., 2002)

>0.35 Combustion

TIPAH < 4 Petrogenic (Orecchio, 2010)

> 4 Pyrogenic

8 A.M. Younis et al.
sites, proving that pyrolysis was the predominant PAH source.
Based on the ratio of Ant to (Ant + Phe), PAH levels at sta-

tions (10 & 12) in the autumn and spring originated from pet-
roleum, whereas in contrast, the remaining sites in both
seasons originated from a combustion source. During the

autumn and spring, the ratio of Flu/ (Flu + Pyr) at locations
(4, 5, 6, and 7) and stations (3, 4, and 9) was between 0.4 and
0.5. It showed that the PAHs in these stations originated from

sources of petroleum burning. Nonetheless, during the
autumn, the Flu/ (Flu + Pyr) ratio for locations (1 and 2)
and locations (1, 2, 5, 6, and 7) during the fall and spring sea-
sons were<0.4. Consequently, it can be assumed that PAH

chemicals at these sites originated from contamination by pet-
roleum sources. Other stations observed Flu/ (Flu + Pyr) > 0.
5, indicating that fossil fuel burning constituted the main

source of PAHs (Yunker et al., 2002).
COMB concentrations ranged from 0.63 to 6041.53 mg/g in

the autumn and from 0.62 to 4668.20 mg/g in the spring. The

highest COMB/PAHs ratio (0.99 and 0.98) was observed at
station 11 during both seasons, indicating that the PAHs at
this location was primarily derived from combustion. In addi-
tion, the high COMB/PAHs ratio values suggested that wide-

spread combustion activities influenced the PAHs in sediment
along the investigation area (Ravindra et al., 2008; Liu et al.,
2017a).

The overall TIPAH index was also computed using the fol-
lowing formula: (Orecchio, 2010).

TIPAH ¼ Flu=ðFluþ PyrÞ=0:4þAnt=ðAntþ PheÞ=0:1
þ BaA=ðBaAþ ChrÞ=0:2þ IP=ðIPþ BPÞ=0:2

In general, LPAH/HPAH, and TIPAH values indicated
that pyrogenic sources are prevalent; hence, it is reasonable
to assume that the primary source of the PAHs in this study

was pyro genesis.
3.4. Assessment of sediment quality and toxic potential

3.4.1. PAHs Evaluation using biological threshold

Sediment quality guidelines (SQGs) are valuable techniques

for assessing PAH contamination in marine sediments. The
ecological effects range low (ERL), and biological effects vary
median (ERM) are common ecological risk assessment criteria

(Long et al., 1995). The probable effects level (PEL) and the
threshold effects level (TEL) are additional (Macdonald
et al., 1996). This study used two sets of SQGs to assess the

ecological toxicity of specific PAHs to aquatic species, includ-
ing ERL/ERM and TEL/PEL values. These two sets of SQGs
facilitated the construction of massive toxicity databases for

marine creatures and their application to evaluating major
chemistry/toxicity connections for individual PAHs
(McCready et al., 2006;Liu et al., 2009a). The sediment is cat-
egorized as having the lowest potential for adverse effects on

organisms that live in the sediment. As a result, as being the
least contaminated if the concentration of PAHs in the sedi-
ment is lower than ERL/TEL. The � ERL/TEL concentration

ranges and < ERM/PEL reflected transitional zones from pre-
dominately non-toxic to predominately toxic environments.
The sensitivity of the toxicity tests and several geological con-

ditions may significantly impact actual toxicity in these con-
centration ranges. PEL and ERM values represent the
chemical concentrations above which there is a relatively high
risk of harm to sediment-dwelling species.

Table 6 presents the ERL/ERM and TEL/PEL values for
individual PAHs. Within the three PAH concentration ranges
a value of (<ERL/TEL) indicates that the pollutants cause

ecological problems infrequently. However, a value of
(�ERL/TEL and < ERM/PEL) suggests that the contami-
nants produce ecological risks occasionally. A value of

(�ERM / PEL) shows that pollutants frequently pose ecolog-
ical concerns (Long and MacDonald, 1998;Liu et al., 2009a).



Table 5 PAH diagnostic ratios in the study area.

Season 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Phe/Ant

Autumn 0.70 1.14 0.91 1.96 3.78 0.03 0.77 0.76 2.14 12.56 0.58 36.76 1.70 1.14

Spring 0.76 ND 0.92 1.34 3.60 0.05 0.86 0.71 2.32 13.03 0.73 18.15 1.40 1.11

Flu/Pyr

Autumn 0.58 0.31 1.92 0.88 0.66 0.94 0.85 6.45 1.02 1.35 25.84 2.05 2.06 ND

Spring 0.54 0.33 0.76 0.81 0.62 0.63 0.63 6.74 0.71 1.71 32.94 2.17 1.92 ND

Flu/(Flu + Pyr)

Autumn 0.37 0.23 0.66 0.47 0.40 0.48 0.46 0.87 0.51 0.57 0.96 0.67 0.67 ND

Spring 0.35 0.25 0.43 0.45 0.38 0.39 0.39 0.87 0.42 0.63 0.97 0.68 0.66 ND

Ant/(Ant + Phe)

Autumn 0.59 0.47 0.52 0.34 0.21 0.97 0.57 0.57 0.32 0.07 0.63 0.03 0.37 0.47

Spring 0.57 ND 0.52 0.43 0.22 0.95 0.54 0.58 0.30 0.07 0.58 0.05 0.42 0.47

BaA/(BaA + Chr)

Autumn 0.07 0.41 0.56 0.76 0.32 0.10 0.46 0.85 0.39 0.44 0.56 0.63 0.69 ND

Spring 0.05 0.40 0.51 0.88 0.35 0.09 0.45 0.85 0.34 0.89 0.48 0.60 0.68 ND

COMP/
P

PAHs

Autumn 0.90 0.97 0.76 0.84 0.94 0.97 0.94 0.92 0.96 0.97 0.99 0.62 0.60 0.39

Spring 0.89 0.97 0.63 0.94 0.94 0.96 0.93 0.93 0.95 0.95 0.98 0.72 0.62 0.43

LMW/HMW

Autumn 0.12 0.03 0.32 0.20 0.06 0.03 0.07 0.09 0.04 0.03 0.01 0.60 0.68 1.58

Spring 0.12 0.03 0.58 0.06 0.07 0.04 0.08 0.07 0.05 0.05 0.02 0.39 0.62 1.33

TI

Autumn 7.15 7.33 9.68 8.34 4.71 11.38 9.12 12.09 6.38 4.37 11.53 5.10 8.86 4.68

Spring 6.82 2.02 8.85 9.78 4.87 10.95 8.59 12.29 5.73 6.72 10.60 5.22 9.22 4.74

Table 6 Evaluation of the ecological risk posed by PAHs in the sediment of the study area.

PAHs Samples concentrations (mg/g X10 -3
) TEL PEL US NOAA Sample locations > ERL ─ <

ERM

Sample locations > TEL ─ < PEL

Autumn Spring ERL ERM Autumn Spring Autumn Spring

Naph ND � 17.72 ND � 13.99 34.6 391 160 2100 ─ ─ ─ ─
Acthy ND � 2.17 ND � 1.84 5.87 128 44 640 ─ ─ ─ ─
Ace ND � 18.16 ND � 17.14 6.71 88.9 16 500 St. 5 St. 5 St. 4, 5 St. 5

F ND � 38.55 ND � 35.47 21.2 144 19 540 St. 4, 5, 7 St. 4, 5, 7 St. 4, 5, 7 St. 4,5,7

Phe ND � 220.87 ND � 198.16 86.7 544 240 1500 ─ ─ St. 4, 5, 13 St. 5, 13

Ant 0.15–105.28 ND � 64.80 46.9 245 85.3 1100 St. 4 ─ St. 4, 5, 13 St. 5, 13

Flu 0.27–487.13 0.22–432.20 113 1494 600 5100 ─ ─ St. 4,5,7,10,11 St. 4,5,10,11

Pyr ND � 739.92 ND � 698.06 153 1398 665 2600 St. 5 St. 5 St. 4,5,10 St. 4,5,10

BaA ND � 474.81 ND � 367.40 74.8 693 261 1600 St. 4, 5, 10 St. 4,5, 10 St. 4,5,7,10 St. 4,5,7,10

Chr ND � 989.49 ND � 688.33 108 846 384 2800 St. 5, 10 St. 5 St. 1,5,7,10 St. 1,5,7

BbF 0.37–769.69 0.34–838.65 ─ ─ 320 1800 St. 5,10 St. 5, 10 ─ ─
BkF ND � 710.46 ND � 514.30 ─ ─ 280 1620 St. 5,6,7,11 St. 4, 6,7,11 ─ ─
BaP ND � 268.75 ND � 635.69 88.8 763 430 1600 ─ St. 5 St. 5,7,10 St. 5,7,10

DahA ND ND 6.22 135 63.4 260 ─ ─ ─ ─
BP ND ND ─ ─ 430 1600 ─ ─ ─ ─
IP ND � 1854.40 ND � 999.03 ─ ─ ─ ─ ─ ─ ─ ─

ND = Not detected, St. = station.

Polycyclic aromatic hydrocarbons (PAHs) in Egyptian red sea sediments 9
With only a few exceptions, as shown in (Table 6) for all sam-

pling sites, the majority of individual PAH concentrations
reached < ERLs. These exceptions include Acenaphthene
and Pyrene in station 5 during the autumn and spring seasons,

Fluorene in stations 4, 5, and 7 during the autumn and spring
seasons, Anthracene in station 4 during the autumn season,
Benzo[a]anthracene in station 4, 5, and 10 during the autumn

and spring seasons, Chrysene in station 5 and 10 during the
autumn; station 5 during the spring season, Benzo[b]Fluoran-

thene in station 5 and 10 during the autumn and spring season,
Benzo[k] Fluoranthene in stations(4 and 5) in spring and
autumn seasons, and stations 6, 7 and 11 in both seasons

and Benzo[a]Pyrene in station 5 during the autumn season.
As a result, site sediments may be linked to decreased toxicity.
Comparable results were obtained when PAH levels in sedi-

ments were examined in light of TEL and PEL SQG values



Fig. 4 BaA, Chr, BbF, BkF, BaP, and IP contributions to the

overall TEQ values along the study area.
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(Table 6). The only TELs that were much lower than their own
were those of Naph, Acthy, and DahA. Most PAH concentra-
tions, including Ace, F, Phe, Ant, Flu, Pyr, BaA, Chr, and

BaP, exceeded the corresponding TELs but not the PELs, indi-
cating that the pollutants can occasionally be hazardous to the
environment.

3.4.2. Mutagenic and carcinogenic risks of PAHs in surface
sediment

The TEQBaP and MEQBaP were computed using the follow-

ing equations (Safe, 1998;Jung et al., 2010;Benson et al., 2017):

TEQBaP ¼
X

i

CiXTEFi

MEQBaP ¼
X

i

CiXMEFi

Where Ci is the concentration of a single PAH, TEFi is the
toxic equivalence factor, and MEFi is the mutagenic equiva-

lence factor, respectively (Nisbet and LaGoy, 1992;Durant
et al., 1996;Durant et al., 1999).

While the total MEQ ranged from 0.09 to 1030.11 mg/g and

ranged from 0.09 to 1197.85 mg/g in the autumn and spring
seasons, respectively, the total TEQ values for red sea coast
samples varied from 0.04 to 521.02 mg/g and ranged from
0.03 to 863.96 mg/g. During the autumn and spring seasons,

station 5 (Hurghada shipyard) recorded the highest levels for
both BaP TEQ and BaP MEQ, indicating a highly contami-
nated local source that may depend on dockyards and ship

maintenance Table 7.
The average contribution of the following eight cancer-

causing PAHs to the total TEQcarc of surface sediments: In

the autumn season, the average TEQcarc contributions from
eight carcinogenic PAHs were ranked as follows: BaP (51.84
%) > BkF(17.17%) > BbF (13.58%) > IP

(12.46%) > BaA (11.02%) > Chr(1.90%). In the spring sea-
son, the mean contribution of these eight PAHs was as follows:
BkF (16.71%), BbF (13.40%), IP (11.50%), BaA (10.55%),
and Chr (1.77%) are all higher than BaP (54.02%). Thus, most

of the toxicological risks that the examined area experienced
appeared to be caused by BaP and BkF (Fig. 4). Similar out-
comes for the contribution of BaP to overall TEQ were discov-

ered elsewhere. Both (Savinov et al., 2003) and (Gdara et al.,
2017) showed BaP contribution to be between 49 and 76 per-
cent, demonstrating the value of employing BaP as a marker

for carcinogenic PAHs that are impacting sediments.

3.4.3. Ecological risk assessment

Based on risk quotients, the ecological danger of PAHs in

water and sediments was determined during this experiment
Table 7 TEQBaP, MEQBaP of PAHs (mg/g) in sediments in the area

1 2 3 4 5 6 7

Total TEQ

Autumn 11.06 2.55 1.69 146.52 521.02 160.31 278

Spring 10.59 2.04 1.00 158.67 863.96 98.63 199

Total MEQ

Autumn 20.10 3.87 2.22 210.95 1030.11 172.29 331

Spring 19.47 3.07 1.29 219.25 1197.85 127.74 238
(RQ). The quality values of negligible concentrations (NCs)
and maximum permissible concentrations (MPCs) of PAHs

in the medium were reported by (Kalf et al., 1997). NCs are
the environmental concentrations below which it is anticipated
that there will be little risk of adverse consequences. MPCs are
the environmental concentrations over which the danger of

unfavorable effects is considered unbearable for ecosystems
(Crommentuijn et al., 2000). Thus, the following formulas
were used to derive RQ, RQ(NCs), and RQ(MPCs):

RQ ¼ CPAHs

CQV

RQðNCsÞ ¼
CPAHs

CQVðNCsÞ

RQðMPCsÞ ¼
CPAHs

CQVðMPCsÞ
of study.

8 9 10 11 12 13 14

.64 12.59 118.85 397.20 59.56 14.34 83.00 0.04

.34 9.67 85.78 227.15 51.00 10.23 75.81 0.03

.14 14.20 185.30 502.55 80.62 16.96 87.35 0.09

.27 11.14 145.55 284.79 67.36 12.41 79.25 0.09



Table 8 RQ (NCs) % based on the number of Rings PAHs in the study area’s sediment.

Station RQ(NCs) of 2 rings% RQ(NCs) of 3 rings% RQ(NCs) of 4 rings% RQ(NCs) of 5 rings% RQ(NCs) of 6 rings%

Autumn Spring Autumn Spring Autumn Spring Autumn Spring Autumn Spring

1 1.12 1.12 32.79 32.24 61.67 62.18 3.29 3.33 1.13 1.14

2 4.41 5.68 7.32 5.15 66.03 67.67 20.07 19.42 2.17 2.08

3 9.40 15.28 44.26 47.72 37.47 31.07 8.30 5.62 0.57 0.31

4 0.55 0.59 22.28 11.74 72.68 81.37 3.88 5.51 0.61 0.79

5 1.06 0.89 11.71 11.67 64.43 63.02 20.19 22.90 2.61 1.51

6 2.86 4.35 36.02 41.14 3.40 4.56 57.12 43.82 0.60 6.13

7 0.70 0.76 25.11 26.15 57.98 58.22 15.06 13.90 1.14 0.97

8 9.77 9.66 18.55 15.13 55.95 57.28 15.42 17.58 0.32 0.35

9 0.62 0.70 17.38 19.69 33.30 34.79 44.44 39.82 4.27 4.99

10 0.03 0.04 4.48 5.25 63.19 65.88 31.93 28.65 0.37 0.18

11 1.09 1.15 13.29 14.65 35.19 31.81 47.89 50.16 2.54 2.24

12 0.00 0.00 40.31 34.69 51.14 55.85 8.48 9.38 0.07 0.07

13 1.19 1.25 65.07 64.27 25.81 26.96 7.88 7.46 0.05 0.06

14 50.14 40.47 34.25 41.45 1.44 1.79 14.17 16.29 0.00 0.00

Polycyclic aromatic hydrocarbons (PAHs) in Egyptian red sea sediments 11
Where CPAHs represented the concentration of a single
PAH in the medium, CQV represented the associated quality

values of a specific PAH in the medium, and RQ risk quo-
tient values. Only ten distinct PAHs, nevertheless, could be
detected using this technique. The ecological danger of the

remaining six individual PAHs could not be assessed using
this method (Acthy, Ace, Flu, Pyr, BbF, DaA). To deal with
this issue, a novel approach proposed by (Cao et al., 2010)

was used in this study, and RQ-PAHs, RQ-PAHs (NCs),
and RQ-PAHs (MPCs) were exposed to the equations
below:

RQRPAHs ¼
CRPAHs

CQVðRPAHsÞ

RQRPAHsðN:C:sÞ ¼
CRPAHs

CQVðNCsÞ

RQRPAHsðMPCsÞ ¼
CRPAHs

CQVðMPCsÞ

RQ (NCs) < 1.0 demonstrated that PAHs’ potential lim-
ited contribution to ecological risk, whereas RQ (MPCs) > 1.0

would indicate that the pollution of the individual PAHs posed
a serious concern, according to other studies (Sun et al., 2009;
Cao et al., 2010). If RQ (NCs) > 1.0 and RQ (MPCs) < 1.0, it
is implied that PAHs pose a moderate ecological concern and

that the necessary remedial or control measures must be
implemented.

All of the RQ (NCs) for different PAHs in sediment were

greater than one during the autumn and spring seasons, as
shown in (Table 8), indicating that the sediment of the research
area posed a significant level of ecological risk. In general, RQ

(PAHs(NCs)) and RQ (PAHs(MPCs)) in sediments at all sites
in the autumn and spring were high ecological risk of PAHs
(RQ (PAHs(NCs)) > 800, RQ (PAHs(MPCs)) > 1) except

station 14, which was regarded a moderate risk.
Individual PAH contributions to RQ (NCs) and their con-

tributions to RQ (MPCs) were extremely similar. It was dis-
covered that the ecological load in sediment varied

seasonally and was mostly influenced by the 4-ring PAH RQ
(NCs) ratio.
While 5-ring PAHs made up the majority of the ecological
risk load in the sediment at the stations (6, 9, and 11) in both

seasons, 3-ring PAH contributions to RQ (NCs) in sediment at
the stations (3 and 13) were>4-ring in the autumn and spring
seasons. The main ecological risk load in the sediment at sta-

tion 14 in the autumn and spring was the RQ (NCs) of
2 + 3-ring PAHs.

3.4.4. PAHs’ health risks

The hazardous level of all PAHs, equal to the toxic concentra-
tion of BaP, determines the carcinogenic risk value. This study
evaluated the potential health concerns posed by PAHs in sed-

iments through ingestion and skin contact. The following for-
mulae are suggested for these two pathways to calculate
exposure (USEPA, 2004).

CancerRiskingest ¼ Csed X IngR X EF X ED

BWXAT
XCFXSFO

CancerRiskdermal ¼ Csed X SA X AF X ABS X EF X ED

BWXAT
XCFXSFO

Where, Cancer Risk ingest is cancer risk via ingestion from
sediment; Csed is the concentration equivalent to B[a]P toxic-

ity in sediment; IngR is the ingestion rate: 100 mg day�1 for
adults and 200 mg day�1 for children; EF is the exposure fre-
quency: 350 days year�1; ED is the exposure duration: 30 years

for adults and 6 years for children; BW is the body weight:
70 kg for adults and 16 kg for children; AT is the average
day: 10,950 days for adults and 2190 days for children; CF is
the unit conversion factor: 10�6 kg mg�1; SFO is the oral slope

factor: 7.3 mg (kg day)�1; Cancer Risk dermal is the cancer risk
via dermal contact of sediment; SA is the exposed skin surface
area: 5700 cm2; AF is the adherence factor from the sediment

to skin: 0.07 mg cm�2 for adults and 0.2 mg cm�2 for children;
ABS is the dermal absorption from the sediment: 0.13.

Where cancer-causing sediment may be ingested; The inges-

tion rate (IngR) is 100 mg for adults and 200 mg for children;
the exposure frequency (EF) is 350 days per year; the exposure
duration (ED) is 30 years for adults and six years for children;

and the concentration (Csed) of B[a]P in sediment is equal to
its toxicity. Body weight abbreviated as ‘‘BW,” is 70 kg for
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adults and 16 kg for children daily, or 10,950 days and
2190 days, respectively.

Cancer Risk Dermal is the risk of developing cancer from

dermal contact with contaminated sediment. The surface area
(SA) of visible skin is 5700 cm2. The AF, or adherence factor,
is 0.07 mg cm�2 for adults and 0.2 mg cm�2 for children when

the sediment adheres to the skin. The dermal absorption of the
sediment (ABS) is 0.13. Since there are many degrees of cancer
risk, the characteristics of each can be stated qualitatively as

follows: Minimal risk exists when the predicted value is
510�6, a small risk exists between 10�6 < to < 10�4, a mod-
erate risk exists between 10�45 to < 10�3, a high risk exists
between 10�35 to < 10�1, and a very high risk exists when

the value is 10�15 (Man et al., 2013).
In this study, the Cancer Risk ingest for adults in autumn

and spring varied from 4.00 � 10-7 to 5.21 � 10-3 and from

3.00 � 10-7 to 8.64 � 10-3, respectively. In contrast, the
ranges for children in autumn and spring varied from
3.50 � 10-6 to 4.56 � 10-2 and from 2.63 � 10-6 to

7.56 � 10-2, representing a range from very low to high risk
for adults and from low to high risk for children (Table 9).
Dermal cancer incidence rates in adults in autumn and

spring were 2.07 � 10-7 to 2.70 � 10-3 and 1.56 � 10-7 to
4.48 � 10-3, respectively, and it ranged from 2.59 � 10-6

to 3.38 � 10-2 and 1.95 � 10-6 to 5.60 � 10-2 for children,
indicating adults were at very low to high risk, while kids

were also at low to high risk. According to the findings of
this study, practically all samples that were polluted with
PAHs had CRs that surpassed, in comparison, the

USEPA-recommended level (10�6), indicating possible health
hazards. Sediments in the study area pose a greater threat to
children’s health than adults, according to the overall CRs

value. According to the analysis results, station 5 recorded
the highest CRsing and CRsdermal values in the spring
and autumn. Consequently, PAH-contaminated sediments

in a few study sites could have a severe cancer-causing
impact, especially on young people. Compared to adults,
children may absorb more harmful substances through der-
mal and gastrointestinal contact due to their shorter stature

and a higher surface area-to-volume ratio (Verbrugge, 2008;
Ghasemi and Keshavarzifard, 2022) This is because children
tend to engage in more hand-to-mouth activities, weigh less,

and consume more per unit of body mass than adults.

3.5. Principal component analysis

For the first main component, the variance percentage was
46.96%. The component matrix showed that the four-ring
PAHs Flu, Pyr, BaA, and Chr, the five- and six-ring PAHs
BbF, BaP and IP, and the two- and three-ring PAHs Naph,

Acthy, Ace and Phe had the highest contribution rates. There-
fore, the majority of PAHs that were either petrogenic or pyro-
genic showed a high loading in PC1. As a result, PAH genesis

in Red Sea coast sediments is influenced by both petrogenic
and pyrogenic sources. Additionally, these substances are
mostly composed of high molecular weight PAHs with 4–6

rings and primarily result from incomplete combustion and
pyrolysis of fuel (Chen et al., 2012; Zhang et al., 2012). High
Naph loading is another thing to note. Acthy and Ace oil spills

are where the majority of naphtha is found (Ekpo et al., 2012).
Phe and Flu are thermodynamically stable 3- and 4-ring



Fig. 5 The component plot of PAHs in the investigated sediment

samples.
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PAHs, and their abundance is assumed to indicate petrogenic
origins (Saha et al., 2009; Wang et al., 2011).

The component matrix revealed that several three-ring
PAHs had substantial amounts of Ace, F, Phe, and Ant. The
variance percentage of the second main component was
26.84%. The primary sources of three-ring PAHs with low

molecular weight were petrogenic or low-temperature combus-
tion processes (Harrison et al., 1996;Jenkins et al., 1996). In
addition, Ace, Phe, Ant, and Flu are common coal compounds

that are not entirely burned (Larsen and Baker, 2003). Accord-
ing to a previous study (Yunker et al., 2002;Zakaria et al.,
2002;Boonyatumanond et al., 2006) Phe and F were identified

in larger proportions in crude oil, crankcase oil, and unburned
fuel, and it was believed that they originated from diesel engine
soot. The Ace, F, Phe, Ant, Flu, and Pyr contexts were sub-
stantially laden with TOC due to the presence of these compo-

nents (PC2). These compounds played an important part in the
silt’s organic matter.

As indicated by the third principal component variance per-

centage of 11.42 percent, there was a great deal of BkF in the
component matrix. BkF is one of the markers of gasoline and
diesel engine emissions (Zakaria et al., 2002;Larsen and Baker,

2003;Boonyatumanond et al., 2006;Liu et al., 2017b).
The results of our PCA indicate that incomplete combus-

tion and pyrolysis of fuel are the principal pyrogenic sources

of PAHs in surface sediments. In comparison, the inputs from
the petrogenic source, such as oil spills, are insignificant
(Fig. 5).

4. Conclusions

The study area’s fourteen surface sediment locations tested six-
teen polycyclic aromatic hydrocarbons (PAHs). The composi-

tion profile revealed that sediments were predominantly
composed of high molecular weight (4-ring) PAHs. The major-
ity of the study area appeared to have a pyrogenic origin for

PAHs based on the diagnostic ratios. According to the
RQNCs and RQMPCs values, the bulk of the PAHs examined
in this area constitute a significant ecological risk level.

According to the ecotoxicological risk, PAH levels were found
in several stations (ERL/TEL and ERM/PEL), suggesting that
the toxicity risk posed by PAHs was minimal and intermittent.
The numerical effect-based sediment quality standards are met

by this (SQGs). The TEQs ranged from 0.03 to 863.96 mg/g dry
weight for benzo(a)pyrene and 0.09 to 1197.85mg/g dry weight
for benzo[k] Fluoranthene, respectively (the two most toxic).

The estimated cancer risk from PAH exposure in children
and adults leads to a very low to high risk for adults and a
low to high risk for children, which may be quite alarming.

The levels of 16PAHs in the current investigation were high
when compared to those discovered elsewhere. All activities
creating more severe pollution in the area should be restricted
to preserve the ecosystem’s health for aquatic species and the

human lives that benefit from them along the food chain.
From the previous conclusion, we recommend the following:

1- This study’s findings may help inform an additional dis-
cussion on the standard requirements for long-
term monitoring of PAH and the existing legislation that

should be used to address PAH pollution in Egypt’s
coastal areas and raise awareness among scientists and
government agencies about the risks of cancer caused

by pollution levels in the marine environment.
2- Due to many economic activities along the Red Sea

coast, further monitoring studies encompassing different
environmental matrices, the biological impact, and pos-

sible factors and diseases related to environmental pollu-
tion should be conducted.
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