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Abstract Particulate-bound aliphatic and polycyclic aro-
matic hydrocarbons (AHs and PAHs) were investigated in
the surface waters of the Gulf of Gabès (Tunisia, southern
Mediterranean Sea). Samples were collected off the Sfax
and Gabès-Ghannouch coasts. Concentrations in total re-
solved n-alkanes ranged from 0.03 to 3.2 μg L−1, and
concentrations in total parents + alkylated PAHs ranged
from bdl to 108.6 ng L−1. The highest concentrations were
recorded in the southern Sfax. AHs were mainly of bio-
genic origin with odd n-alkane predominance, although an
anthropogenic contribution was also detected. The PAH
molecular patterns revealed a mixed origin with the pres-
ence of low molecular weight and alkylated compounds,

characteristic of uncombusted oil-derived products, and
the presence of high molecular weight compounds, typical
of combustion residues. Rainfall events induced an in-
crease in PAH concentrations by a factor 1.5–23.5. The
particle-water partition coefficients (Koc) suggest that the
partitioning of PAHs between the particulate and dis-
solved phases is driven by hydrophobicity and organic
matter composition.
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Introduction

Aliphatic (AHs) and polycyclic aromatic (PAHs) hydrocar-
bons are among the most investigated hydrocarbon classes
in the marine environment. AHs are known to have both bio-
genic and anthropogenic sources. They can be derived from
bacteria, viruses, fungi, zooplankton and phytoplankton, as
well as higher plant waxes (Cripps 1989; Rielley et al. 1991;
Volkman et al. 1992), but also from unburned petroleum/oil
(Bouloubassi and Saliot 1993; Readman et al. 2002; Wang
et al. 1997). Although PAHs may have biogenic sources
(Chen et al. 1998; Wilcke et al. 2002), they are generally
considered to originate exclusively from anthropogenic activ-
ities. They are issued from unburned petroleum or oil-derived
products (petrogenic PAHs) or from the incomplete combus-
tion of fossil fuels and biomass (pyrogenic PAHs) (Hylland
2006; Neff 2002; Wang et al. 1999).

Petrogenic PAHs are mainly composed of low molecular
weight (LMW) two-to-three-ring compounds and their
alkylated homologues. They enter marine waters mostly at
the dissolved state through different processes, such as air-
water gas exchanges, oil spills and sea-based activities
(Castro-Jiménez et al. 2012; Tornero and Hanke 2016;
Tsapakis et al. 2006). Pyrogenic PAHs include high molecular
weight (HMW) four-to-six-ring compounds. They enter ma-
rine waters mostly associated with soot and black carbon par-
ticles via dry and wet atmospheric depositions, rivers and run-
offs (Liu et al. 2012; Shrestha et al. 2010; Tsapakis et al.
2006). Sorption on biogenic (mainly LMW compounds) or
atmospheric (mainly HMW compounds) particles and the
subsequent downward settling is now recognized as being a
major process in the removing of PAH from surface marine
waters (Adhikari et al. 2015; Baker et al. 1991; Bouloubassi
et al. 2006).

Particulate-bound hydrocarbons may be thus deposited to
sediment through vertical sinking (Dachs et al. 2002; Duran
and Cravo-Laureau 2016), transferred from sediment to water
column via sediment resuspension events (Eggleton and
Thomas 2004; Ko et al. 2003), transferred to dissolved water
phase from desorption processes (Baker et al. 1991), may
undergo photodegradation and biodegradation (Dachs et al.
1999; Shang et al. 2015) or may enter marine food web
through ingestion of particles by filter feeders (Akkanen
et al. 2012). Overall, the fate and dynamics of hydrocarbons
in the water column are largely driven by their partitioning
between the particulate and dissolved phases, which is quan-
tified via the particulate-water or particulate organic carbon
(POC)-water partition coefficients (Kd and Koc, respectively)
(Herbes 1977).

The Gulf of Gabès, located in the southeast part of Tunisia
(southern Mediterranean Sea), is characterized by high marine
biodiversity and productivity, which makes it the main fishing
area of Tunisia (Bel Hassen et al. 2009; Ben Amor and

Gueddari 2016). However, in recent years, the Gulf of
Gabès has been strongly affected by anthropogenic activity
with various inputs from coastal urban centres, fishing and
commercial harbours, phosphate processing plants and other
industries, municipal landfills, wastewater treatment plants
(WWTPs) and olive oil waste storage ponds (Alaya-Ltifi
and Selmi 2014; Aloulou et al. 2012; Azri et al. 2002; Drira
et al. 2016). So far, studies dealing with hydrocarbons in the
Gulf of Gabès have mainly focused on surficial sediments
(Aloulou et al. 2010; Amorri et al. 2011; Louati et al. 2001;
Zaghden et al. 2005, 2007, 2014, 2017).

In this work, we characterized, for the first time, the hydro-
carbon (AHs and PAHs) content in the particulate phase of
surface waters of the Gulf of Gabès, in the Sfax and Gabès-
Ghannouch coastal areas. In a companion paper, we reported
the spatial distribution and sources of dissolved AHs and
PAHs (Fourati et al. 2017). As for dissolved hydrocarbons,
here we took into consideration several biogeochemical pa-
rameters (nutrients, organic matter (OM), chlorophyll) to bet-
ter understand the dynamics of particulate AHs and PAHs.
Our specific objectives are (1) to assess the spatial distribution
and identify the potential origins and sources of particulate-
bound AHs and PAHs, (2) to quantify the partitioning between
particulate and dissolved PAHs through Koc measurements
and attempt to understand factors that control this partitioning
and (3) to determine the effect of rainfall events on the distri-
bution of particulate hydrocarbons in this semi-arid, highly
anthropogenized environment.

Materials and methods

Study area

The study was conducted in coastal areas of the Gulf of Gabès
(southeast of Tunisia), i.e. the northern and southern coasts of
Sfax city, Mahrès delegation, Kerkennah Islands and Gabès-
Ghannouch area (Fig. 1). Sfax (34° 43′ N, 10° 46′ E) repre-
sents the second largest city in Tunisia in terms of population
and economic activity. The Sfax northern coast, which ex-
tends from the commercial harbour to Ezzit wadi and beyond
(Fig. 1), was recently restored thanks to the Taparura project,
which aimed to remediate the coast between the commercial
harbour and Sidi Mansour affected by past phosphate process-
ing activities. This coast also includes the outlet of the Ezzit
wadi, which receives untreated industrial and domestic efflu-
ents, the outlet of the rainwater drain channel PK4, which
crosses the city from the southwest to the northeast, and the
Poudrière industrial zone.

The Sfax southern coast, which extends from the commer-
cial harbour to the southern boundary of the Salina/Thyna
agglomeration (Fig. 1), encompasses a phosphate processing
plant, the industrial zones of Sidi Salem and Madagascar, the
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fishing and commercial harbours, a wastewater treatment
plant (WWTP) and the abandoned Thyna municipal landfill
(DGEQV 2008; Fourati et al. 2017). Some industrial effluents,
together with the wastewater effluent, are released into the sea
through a channel that joins the El Hakmouni wadi eastward
of the WWTP. The El Maou wadi also receives diverse wastes
from Sidi Salem industries, while the Sidi Salem channel
drains into the sea a large part of rainwater from the southern
coast and various untreated industrial wastes including those
from the Sfax slaughterhouse (DGEQV 2008).

Mahrès delegation lies 30 km south of Sfax city (Fig. 1)
and houses the British Gas plant, which provides more than
60% of Tunisian domestic gas production. The Kerkennah
Islands, which are located 20 km (offshore) east of the Sfax
city at the northern end of the Gulf of Gabès (Fig. 1), are
composed of two main islands (Gharbi and Chergui) and
marked by a flat relief (< 13 m) (Trabelsi et al. 2015, 2016).
The islands cover an area of 160 km2 and are characterized by
fishing, maritime traffic (transit of ferry and ships) and the
PETROFAC gas plant, located in the northwestern part of
the Chergui Island (< 10% of Tunisia’s gas production).

The Gabès-Ghannouch area (33° 56′N, 10° 03′ E; Fig. 1) is
characterized by important harbour and industrial activities.
The area houses an important chemical complex with a phos-
phate processing plant, which directly discharges phospho-
gypsum into the sea south of the commercial harbour
(Alaya-Ltifi and Selmi 2014; Béjaoui et al. 2004). This area
also includes a thermal power plant in the northern part of the
commercial harbour, a fishing harbour and various industrial
activities, such as cement works, petrochemical and offshore
petroleum infrastructures, energy production, agribusiness
and textile manufactures. Several wadis cover this area, such
as the El-Tine and the Gabès wadis, which are used as
evacuators of diverse industrial and domestic wastes (Fig. 1).

Sampling

Forty-nine stations were sampled off the northern and south-
ern coasts of Sfax city, Mahrès delegation, Kerkennah Islands
and Gabès-Ghannouch area in December 2012, January 2013,
October–November 2014 and March 2015 (details are given
in Table S1). Stations M3-AR, M4-AR, M8-AR and M12-AR

Fig. 1 Location of the study stations in the northern and southern coasts
of Sfax city, Mahrès delegation, Kerkennah Islands and Gabès-
Ghannouch area, in the Gulf of Gabès (southeastern Mediterranean Sea,
Tunisia). The detailed characteristics of the stations are given in Table S1.

The four groups of stations (G′1–G′4) identified according to the
hierarchical ascendant classification applied to the hydrocarbon contents
are presented with different colours
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were sampled within 24 h after rainfall events at M3, M4, M8
and M12, respectively. Stations M1–M4, M8, M12, M3-AR,
M4-AR, M8-AR and M12-AR were sampled from the coast,
while all the other stations were sampled on board the
Taparura vessel. This sampling occurred around high tide.
Seawater samples were collected at a depth of ~ 0.1 m using
4-L Nalgene® polycarbonate bottles, which were opened be-
low the water surface to avoid sampling of the surface
microlayer. Before their use, these bottles were washed with
1 M hydrochloric acid (HCl) and ultrapure water (i.e. Milli-Q
water fromMillipore system, final resistivity 18.2 MΩ cm−1).
They were then rinsed with each respective sample before
being filled and placed in a cold and dark area after collection,
until back to laboratory. On board, in situ measurements of
temperature and pH were carried out using measuring cells
with the TetraCon® four-electrode system, while salinitymea-
surements were conducted using a WTW refractometer
(Weilheim, Germany).

Filtration, handling and storage of samples

In the laboratory, samples were immediately filtered under
low vacuum conditions (< 50 mmHg) through pre-
combusted (500 °C, 4 h) GF/F (~ 0.7-μm) glass fibre filters
(25 or 47 mm diameter, Whatman) using glassware filtration
systems. Particulate hydrocarbons (AHs and PAHs) were re-
covered onto 47-mm-diameter GF/F filters. Filtered volume
comprised between 0.5 and 2 L depending on stations. Filters
were then stored in Nunc® cryogenic vials at − 20 °C until
analysis (see BHydrocarbons extraction, purification and in-
strumental analysis^ section). It should be noted that filtered
seawater was also used for dissolved AH and PAH analyses
(results presented in Fourati et al. 2017). In addition, from
filtered seawater and filters, several biogeochemical parame-
ters were analysed for stations S2, S9, S11–S13, S16, S18 and
S20–S36, i.e. total chlorophyll a (TChl a), suspended partic-
ulate matter (SPM), particulate organic carbon (POC) and
nitrogen (PON), dissolved organic carbon (DOC) and nutri-
ents: nitrates (NO3

−), nitrites (NO2
−), phosphates (PO4

3−) and
silicates [Si(OH4)]. Detail of these biogeochemical analyses is
provided in Fourati et al. (2017).

Hydrocarbons extraction, purification and instrumental

analysis

Particulate hydrocarbons on the filters (fraction ≥ 0.7 μm)
were extracted using Bligh and Dyer’s (1959) method for
stations M12–M15, M3-AR, M4-AR, M8-AR and M12-AR, and
using Accelerated Solvent Extraction (Dionex ASE 350) tech-
nique for stations M1–M11 and S1–S36. The extraction using
Bligh and Dyer’s method consists in adding a monophasic
solvent mixture [dichloromethane (CH2Cl2)/methanol
(CH3OH)/H2O; 1/2/0.8; v/v/v] to filters which were cut into

small pieces. This solvent mixture was sonicated (2 × 8 min)
then filtered, and a biphasic mixture [CH2Cl2/H2O; 1/1; v/v)]
was added to recover the hydrophobic compounds in the or-
ganic phase. For the ASE extraction technique, filters were
extracted in a 5-mL stainless-steel cell using CH2Cl2 as sol-
vent. The following ASE parameters were used: system pres-
sure at 10 MPa (1500 psi), oven temperature of 150 °C with
heat up time of 7 min, static time of 10 min, 3 static cycles,
rinsing volume: 100% of extraction volume and nitrogen
purge of 60 s. The extracted analytes were then collected in
vial inserts. Next, the analytic steps were similar for both
extraction methods (Bligh and Dyer and ASE). Extracts were
concentrated by using a rotary evaporator, and solvent was
changed to n-hexane. Hexane extracts were then purified to
separate the hydrocarbon fractions from more polar com-
pounds by fractioning them within a 500-mg silica column
(Silica gel extra pure, Merck), which had previously been
activated at 500 °C for 4 h and then partially deactivated with
ultrapure water (4% w/w). AHs and PAHs were eluted succes-
sively using 2 mL of n-hexane and a mixture of 3 mL of n-
hexane/CH2Cl2 (3:1; v/v), respectively (Guigue et al. 2015).
All solvents were of organic trace analysis quality (Rathburn
Chemicals Ltd).

Purified hydrocarbon fractions (AHs and PAHs) were
analysed by a gas chromatograph-mass spectrometer (GC-
MS) (TraceISQ, ThermoElectron, GC ultra and 5977A
Series GC/MSD System, Agilent Technologies) running at
an ionisation energy of 70 eV for a m/z range of 50–400,
and using simultaneously the full scan and the selected ion
monitoring (SIM) modes for TraceISQ GC and only the SIM
mode for Agilent GC. The GC-MS used helium at a flow rate
of 1.2 mL min−1 as a carrier gas and an HP-5 MS column
(30 m × 0.25 mm × 0.25 μm, J&W Scientific, Agilent
Technologies). The injector (used in splitless mode) and de-
tector temperatures were set at 270 and 320 °C, respectively.
The non-linear temperature program used for the column was
as follows: 70 °C for 3 min, 15 °C min−1 (ramp 1) to 150 °C
and then 7 °Cmin−1 (ramp 2) to a final temperature of 320 °C,
held for 10 min. The identification and quantification of hy-
drocarbons in samples and calibrations were performed in
SIM mode (Guigue et al. 2015).

Quality assurance/quality control

AH and PAH external calibration standards (16 parent PAHs
and 35 AHs, 04071, Fluka and 47543-U, Supelco, purchased
from Sigma-Aldrich) were run for the peak identification and
the evaluation of response factors between compounds.
Deuterated standard mixtures were introduced in samples pri-
or to extraction (n-C16-d34, n-C24-d50, n-C36-d74 for AHs, and
Naph-d8, Phe-d10, Per-d12 for PAHs) and prior to injection
(Ace-d10, Flu-d10 and Chrys-d12) in order to determine proce-
dural recoveries and quantify hydrocarbons in samples.
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Average recoveries of n-C16-d34, n-C24-d50 and n-C36-d74
were 74, 82 and 79%, respectively, and those of Naph-d8,
Phe-d10, Per-d12 were 50, 68 and 78%, respectively. Blanks
were run for the entire procedure including extraction, solvent
concentration and purification. All concentration values were
blank- and recovery-corrected. Detection limits of the method
used for individual compounds varied from 1 to 30 pg L−1.

Determination of hydrocarbon indices and ratios

For AHs, we determined the concentration of resolved com-
pounds (R), i.e. n-alkanes from n-C15 to n-C40, including pris-
tane (Pr) and phytane (Phy), and the concentration of the un-
resolved complex mixture (UCM). AH molecular pattern dis-
tributions were examined in conjunction with several ratios
and indices to distinguish biogenic from anthropogenic AHs.
First, we used the carbon preference index (CPI15–40), com-
puted as the odd/even ratio in the n-C15–n-C40 range, as an
indicator of biogenic AHs (CPI15–40 ≥ 2 or < 1) or AHs issued
f rom pe t ro leum contamina t ions (CPI 1 5 – 4 0 ~ 1)
(Commendatore et al. 2012). Second, we used the Pr/Phy ratio
as an indicator of biogenic AHs (when > 1) (Cincinelli et al.
2008; Commendatore and Esteves 2004; Cripps 1989). Due to
the controversial origin of these isoprenoids, we did not use
this ratio to highlight the possible petrogenic origin of AHs
(when it is < 1). Finally, we modified the terrigenous/aquatic
ratio (Ter/aq), used by Bourbonniere and Meyers (1996) and
Mille et al. (2007), to give a better fit to our molecular profile
distributions. This ratio was calculated as the concentrations
of long-chain n-alkanes (n-C29 + n-C31 + n-C33) to short-chain
n-alkanes (n-C15 + n-C17 + n-C19), as an index of the relative
importance of terrestrial (higher plants; Ter/aq > 1) and aquatic
(algae, phytoplankton and zooplankton; Ter/aq < 1) materials.

We quantified 29 PAH compounds (∑29 PAHs-P+A) in these
samples: 19 parent PAHs (PAHs-P) and 10 alkylated homo-
logues (PAHs-A). PAHs-P include naphthalene (Naph), ace-
naphthylene (Acy), acenaphthene (Ace), fluorene (Flu),
dibenzothiophene (DBT), phenanthrene (Phe), anthracene
(Ant), fluoranthene (Flt), pyrene (Pyr), benz[a]anthracene
[BaA], chrysene (Chr), benzo[b]fluoranthene [BbF],
benzo[k]fluoranthene [BkF], benzo[a]pyrene [BaP],
benzo[e]pyrene [BeP], perylene (Per), dibenzo[a,h]anthracene
[DA], benzo[g,h,i]perylene [BP] and indeno[1,2,3-cd]pyrene
[IP]. PAHs-A comprise methyl (C1), dimethyl (C2) and
trimethyl (C3) of Naph and Phe and C1 and C2 of Flu and
Pyr. Several ratios were used to discriminate petrogenic and
pyrogenic PAHs (Budzinski et al. 1997; Lipiatou and Saliot
1991; Mille et al. 2007). First, we used the ratio between
alkylated homologues and parent compounds (Alk/Par), and
the ratio between LMW and HMW compounds (LMW/
HMW-P+A). Petrogenic PAHs are rather characterized by the
dominance of alkylated homologues over their parent com-
pounds and the dominance of LMW (two to three rings) over

HMW (four to six rings) compounds (Alk/Par > 1; LMW/
HMW-P+A > 1), whereas the inverse pattern is observed for
pyrogenic PAHs (Alk/Par < 1; LMW/HMW-P+A < 1)
(Youngblood and Blumer 1975). Second, we used the Flt/
(Flt + Pyr) ratio, as an indicator of pyrogenic PAHs (grass,
coal and wood combustion) (> 0.5), petroleum combustion
(0.4–0.5) or petrogenic PAHs (< 0.4) (Asia et al. 2009; Li
et al. 2015; Yunker et al. 2002). It should be mentioned that
all these AH and PAH ratios and indices have to be used with
precaution given the multiplicity of hydrocarbon sources and
transformation processes they have undergone (Katsoyiannis
et al. 2007; Katsoyiannis and Breivik 2014; Tobiszewski and
Namieśnik 2012).

Statistical treatment

Hierarchical ascendant classification (HAC) based on Ward’s
method (squared Euclidean distance) was applied on selected
hydrocarbon parameters (R, CPI15–40 and Ter/aq for AHs,∑29

PAHs-P+A, Alk/Par and LMW/HMW-P+A for PAHs). Clusters
issued from this HAC were represented by box-and-whisker
plots. Principal component analysis (PCA) based on
Spearman’s rank-order correlation matrix was also applied to
these hydrocarbon variables. All tests and analyses were per-
formed with XLSTAT 2013.5.01.

Results

Concentration levels and spatial distribution of particulate

hydrocarbons

Particulate total AH and PAH concentrations and ratios are
reported in Table 1. HAC analysis reveals the presence of four
groups of stations (G′1, G′2, G′3 and G′4) according to their
concentrations and ratios. These groups are represented by
PCA (Fig. 2), in the form of box-and-whisker plots (Fig. 3)
and colour maps (Figs. S1–S3). AH and PAH molecular pro-
files are shown in Figs. 4, 5, 6, and 7. Below, we describe the
hydrocarbon content of each of these four HAC/PCA groups
of stations. It is worth noting that UCM was not detected for
these different stations.

Group G′1

G′1 includes stations S14, S15, M5, M6, S19 and M9–M11
from the southern coast of Sfax and M13 from the Mahrès
delegation (Fig. 2). This group of stations is characterized by
relatively high R concentrations, including Pr and Phy, com-
pared to the rest of the stations, with concentrations varying
from 0.31 (S14) to 3.2 μg L−1 (M13) (mean 1.1 ± 1 μg L−1)
(Table 1; Fig. 3a, Fig. S1a). These stations are marked by the
dominance of LMWcompounds in the n-C15–n-C24 range and
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Table 1 Particulate aliphatic (AHs) and polycyclic aromatic (PAHs) hydrocarbons: concentrations and ratios

Stations R

(μg L−1)
CPI15–40 Pr/

Phy
Ter/
aq

MH ∑16

PAHs
(ng L−1)

∑19

PAHs-P
(ng L−1)

∑29 PAHs-
P+A (ng L−1)

LMW/
HMWP+A

Alk/
Par

Flt/
(Pyr + Flt)

LMWP+A

(%)
HMWP+A

(%)

M1 0.41 11.0 0.32 0.16 n-C17 0.62 0.80 3.70 14.3 4.86 0.93 93.45 6.55

M2 0.03 3.31 1.70 0.71 n-C15/n-C31 0.43 0.52 1.94 21 3.42 1.00 95.41 4.59

S1 0.13 1.50 0.46 0.72 n-C20/n-C31 20.0 26.0 34.5 0.50 0.89 0.48 33.27 66.73

S2 0.29 4.72 3.70 1.12 n-C15/n-C31 4.98 6.29 11.6 5 1.03 0.46 83.03 16.97

S5 0.06 5.34 nd 0.72 n-C15/n-C31 0.75 0.97 2.34 3.18 2.23 0.55 76.07 23.93

M3 0.10 2.04 0.95 0.40 n-C15 0.64 0.83 2.30 9.32 2.14 0.63 90.31 9.69

M3-AR 2.36 1.44 0.61 0.86 n-C17/n-C31 5.85 9.60 51.21 3.83 8.6 0.44 79.28 20.72

S8 0.10 3.45 0.31 0.40 n-C15/n-C31 2.87 4.00 6.63 0.94 2.01 0.48 48.42 52

S9 0.27 6.15 6.00 0.42 n-C15 1.07 1.11 2.07 25.7 0.94 0.61 96.25 3.75

S11 0.22 7.93 22.5 1.80 n-C31/n-C15 0.53 0.62 1.04 2 1.11 0.48 64.55 35.45

S12 0.22 21.0 29.5 0.08 n-C15 0.70 0.95 1.75 43.4 0.87 0.40 97.75 2.25

S13 0.11 11.6 2935 0.05 n-C15 0.03 0.04 0.27 9.13 12.92 nd 90.13 9.87

S14 0.31 1.79 0.89 0.05 n-C15 1.47 1.70 3.67 13.9 1.26 0.49 93.29 6.71

S15 0.47 1.19 0.72 0.04 n-C15/Phy 2.07 2.37 8.19 11.8 2.65 0.21 92.17 7.83

S16 0.18 8.32 11.6 0.31 n-C15/n-C31 0.75 0.87 2.08 13.1 1.91 nd 92.92 7.08

S18 0.22 9.46 1.70 0.01 n-C15 1.19 1.52 3.20 4.45 2.02 0.46 81.65 18.35

M4 0.07 4.92 6.61 0.11 n-C15 1.19 1.79 2.75 6.65 0.67 0.76 86.93 13.07

M4-AR 1.31 1.59 0.82 0.16 n-C17 3.83 4.69 20.8 2.59 6.78 0.46 72.15 27.85

M5 0.74 1.40 1.27 0.01 n-C15/n-C17 0.95 1.53 6.23 6.07 4.17 0.41 85.85 14.15

M6 0.85 1.57 1.19 0.03 n-C15 1.11 2.04 6.49 5.51 3.46 0.50 84.65 15.35

M7 0.10 5.50 2.81 0.003 n-C15 0.63 0.70 1.79 10.6 2.08 nd 91.34 8.66

M8 1.62 1.97 0.68 0.27 n-C17 9.33 13.7 70.6 7.15 6.08 0.41 87.73 12.27

M8-AR 3.24 2.25 1.14 0.37 n-C17/n-C29 8.29 13.1 108.6 9.05 9.19 0.36 90.05 9.95

S19 0.42 1.50 0.74 0.07 n-C15/n-C17 2.00 2.51 9.17 9.12 2.99 0.46 90.12 9.88

S20 0.16 6.86 10.2 0.22 n-C15/n-C31 2.48 3.73 5.19 1.96 0.70 0.41 66.21 33.79

S21 0.27 36.0 39.6 0.01 n-C15 1.16 2.15 2.94 4.13 0.48 0.39 80.49 19.51

M9 2.50 1.20 1.17 0.01 n-C17 1.12 2.00 12.5 7.87 7.04 0.37 88.72 11.28

M10 0.65 1.33 1.25 0.002 n-C15 1.25 1.30 5.41 11.4 3.78 0.23 91.94 8.06

M11 0.64 1.52 1.22 0.05 n-C15 1.68 2.14 6.52 18.5 2.18 0.38 94.86 5.14

S22 0.19 5.46 2.53 0.10 n-C15 1.45 2.18 4.66 2.28 3.90 0.36 69.52 30.48

S23 0.36 25.0 5.61 nd n-C15 2.21 2.73 4.66 1.50 2.09 0.34 59.96 40.04

S24 0.13 135 nd 0.01 n-C15 0.41 0.47 0.67 0.91 2.09 nd 47.61 52.39

S25 0.22 19.6 nd 0.08 n-C15 0.24 0.41 0.97 2.43 4.78 0.36 70.87 29.13

S26 0.25 30.8 nd 0.02 n-C15 0.27 0.38 4.26 22.9 20.25 nd 95.81 4.19

M12 0.08 3.62 0.34 0.88 n-C15/n-C31 0.29 0.40 0.7 1 1.47 0.57 50.94 49.06

M12-AR 0.29 4.65 0.18 1.11 n-C15/n-C31 1.36 1.47 2.10 1 0.97 0.45 49.35 50.65

M13 3.20 1.15 1.24 0.001 n-C17 0.90 1.27 11.9 7.92 12.6 0.38 88.79 11.21

M14 0.14 36.0 nd 0.04 n-C15 0.23 0.23 0.32 1.34 0.63 0.54 57.20 42.80

M15 0.21 5.75 2.37 0.02 n-C15 0.23 0.27 0.43 0.92 1.21 0.56 48.01 51.99

S27 0.15 6.73 7.84 0.07 n-C15 0.52 0.52 0.97 4.77 0.91 nd 82.67 17.33

S28 0.18 4.28 31.8 0.14 n-C15 0.06 0.06 0.17 0.71 1.83 nd 41.42 58.58

S29 0.15 5.55 6.00 0.11 n-C15 bdl bdl bdl nd nd nd nd nd

S30 0.17 4.47 6.50 0.10 n-C15 0.92 1.00 2.25 1.70 1.35 0.12 63.00 37.00

S31 0.15 5.22 12.0 0.10 n-C15 0.21 0.21 0.45 0.52 1.18 0.08 34.30 65.70

S32 0.23 3.14 2.25 0.09 n-C15 0.43 0.46 2.16 1.94 4.38 0.08 65.95 34.05

S33 0.19 4.48 6.30 0.08 n-C15 0.62 0.76 2.70 0.52 2.99 0.06 34.32 65.68

S34 0.23 3.07 3.64 0.11 n-C15 1.34 1.70 6.50 1.20 3.85 0.04 54.45 45.55
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a notable depletion of the HMW compounds in the n-C24

−n-C40 range (Table 1; Fig. 4a). AHs display monomodal dis-
tributions centred on n-C15 or n-C17, with no dominance of
odd or even compounds, resulting in CPI15–40 values close to
1 (1.4 ± 0.2) (Table 1; Fig. 3b). The Pr/Phy values are very
close to 1 (1.1 ± 0.2) (Table 1), and the Ter/aq ratio is low with
an average of 0.03 ± 0.02 (Fig. 3c).

Concentrations of ∑29 PAHs-P+A varied from 3.7 (S14) to
12.5 ng L−1 (M9) (mean 7.8 ± 3 ng L−1) (Table 1; Fig. 3d, Fig.
S2a). These stations are characterized by the dominance of
LMW PAH compounds over HMW compounds (LMW/
HMW-P+A = 10 ± 4) (Table 1; Figs. 3e and 5a) and the dom-
inance of alkylated homologues over parent compounds (with
most of Alk/Par > 2, mean 4.5 ± 3.4) (Fig. 3f). LMW com-
pounds represent 90 ± 3.4% of total PAHs, for which alkylated
phenanthrenes/anthracenes (C1-, C2- and C3-Phe/Ant) are the
major compounds (51 ± 16% of total PAHs), followed by
naphthalenes (Naph, C1-, C2-, C3-Naph) (Fig. 5a). HMW

PAHs are also present with very low concentrations. The Flt/
(Pyr + Flt) ratios are in the range 0.4–0.5 at S14, M5, M6 and
S19 and < 0.4 at S15, M9–M11 and M13 (Table 1).

Group G′2

This group comprises stations M3 andM3-AR, from the north-
ern coast of Sfax, and stations M4-AR, M8 and M8-AR, from
the southern coast of Sfax (Fig. 2). These stations are distin-
guished by the highest R concentrations, which vary from 0.1
(M3) to 3.24 μg L−1 (M8-AR) (mean 1.73 ± 1.2 μg L−1)
(Table 1; Fig. 3a, Figs. S1a and S3a). A bimodal distribution
of n-alkanes is observed, in which LMW compounds are
centred on n-C15 or n-C17 and HMWs are centred on n-C29

or n-C31with a clear dominance of LMWs (Fig. 4b). CPI15–40
values are close to 2 (mean of 1.86 ± 0.33), indicating a slight
odd carbon-numbered predominance (Fig. 3b). The Pr/Phy
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Fig. 2 Principal component analysis (PCA) of hydrocarbon dataset. a Correlation circle. b Projection of samples on the first factorial plane
(PC1 versus PC2)

Table 1 (continued)

Stations R

(μg L−1)
CPI15–40 Pr/

Phy
Ter/
aq

MH ∑16

PAHs
(ng L−1)

∑19

PAHs-P
(ng L−1)

∑29 PAHs-
P+A (ng L−1)

LMW/
HMWP+A

Alk/
Par

Flt/
(Pyr + Flt)

LMWP+A

(%)
HMWP+A

(%)

S35 0.21 3.35 4.21 0.08 n-C15 0.64 0.73 1.28 2.26 0.84 nd 69.29 30.71

S36 0.19 4.00 3.40 0.08 n-C15 0.89 1.03 4.01 0.67 3.86 0.05 40.08 59.92

nd not determined, bld below detection limit, R total resolved n-alkanes from n-C15 to n-C40 including two isoprenoids, pristane (Pr) and phytane (Phy),
Ter/aq terrigenous/aquatic ratio: n-C29 + n-C31 + n-C33/n-C15 + n-C17 + n-C19, CPI15–40 carbon preference index: ∑odd n-alkanes n-C15–n-C40/∑even
n-alkanes n-C15–n-C40, Pr/Phy pristane to phytane ratio,MHmajor hydrocarbons,∑19PAH-P sum of 19 parent PAHs,∑29 PAH-P+A sum of 29 parent and
alkylated PAHs,∑16 PAH sum of the 16 priority PAHs listed by EPA, Alk/Par sum of alkylated PAHs/sum of parent PAHs, Flt fluoranthene, Pyr pyrene,
LMW low molecular weight (two to three rings), HMW high molecular weight (≥ 4 rings)
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ratio is close to 1 (0.8 ± 0.2), and the Ter/aq ratio is mainly < 1
(mean 0.41 ± 0.26) (Table 1; Fig. 3c).

G′2 exhibits the highest PAH concentrations, with ∑29

PAHs-P+A varying from 2.3 (M3) to 108.6 ng L−1 (M8-AR)
(mean 51 ± 42 ng L−1) (Table 1; Fig. 3d, Figs. S2a and S3b).
PAH molecular distributions reveal the predominance of
LMWs (LMW/HMW-P+A = 6.4 ± 3; Fig. 3e), as well as the
alkylated compounds, with the highest Alk/Par ratio > 2 (mean
6.6 ± 2.7; Table 1; Fig. 3f). LMW PAHs represent 84 ± 8% of
total PAHs, of which naphthalenes (Naph, C1-, C2-, C3-Naph)
and alkylated phenanthrenes/anthracenes (C1-, C2-, C3-Phe/
Ant) are the major compounds (Fig. 5a). Nevertheless,
HMWs are also present in significant proportions and they
represent 20–30% of total PAHs, at stations M3-AR and M4-
AR, with Pyr and alkylated fluoranthenes/pyrenes (C1-, C2-Flt/
Pyr) as major compounds (Table 1; Fig. 5a). The Flt/(Pyr + Flt)
ratio is > 0.5 at M3, in the range 0.4–0.5 at M3-AR, M4-AR and
M8, and < 0.4 at M8-AR (Table 1).

Group G′3

Group G′3 comprises stationM2, from the Kerkennah Islands,
S1, S2, S5, S8 and S11, from the northern coast of Sfax, and
M12 and M12-AR from the Mahrès delegation (Fig. 2). R

concentrations are the lowest and range from 0.03 (M2) to
0.29 μg L−1 (S2 and M12-AR) (mean 0.15 ± 0.10 μg L−1)
(Table 1; Fig. 3a, Figs. S1a and S3a). All stations display
bimodal distributions in which light compounds are centred
on n-C15 or n-C17 and heavy ones on n-C31 or n-C33 (Fig. 4c).
The AHmolecular profiles reveal a large odd-to-even carbon-
numbered predominance that results in CPI15–40 values widely
> 2 (mean 4.2 ± 1.9) (Table 1; Fig. 3b). The Pr/Phy ratio is
> 1 atM2, S2 and S11 stations (Table 1), and the Ter/aq ratio is
the highest of all groups with values ranging from 0.4 (S8) to
1.8 (S11) (mean 0.9 ± 0.4; Table 1; Fig. 3c).

G′3 records moderate PAH concentrations, with∑29 PAHs-
P+A varying from 0.7 (M12) to 34.5 ng L−1 (S1) (mean
7.6 ± 11.5 ng L−1) (Table 1; Fig. 3d, Figs. S2a and S3b).
This group of stations present the lowest alkylated homologue
contributions with a mean Alk/Par ratio of 2.0 ± 0.8 (Figs. 3f
and 5b). While the molecular distribution reveals the domi-
nance of naphthalenes as major LMW compounds, especially
at M2, S2, S5 and S11 (Figs. 3e and 5a), an equal contribution
between LMWand HMW compounds is observed for stations
S1, S8, M12 and M12-AR, with HMW PAHs representing
54.5 ± 8.2% of total PAHs (Figs. 3e and 5b). The Flt/(Pyr +
Flt) ratio is in the range 0.4–0.5 at all stations, except for M2,
S5 and M12 with values > 0.5 (Table 1).
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Fig. 5 Relative abundances of particulate PAHs (%) for stations aG′1–G
′4 (M1–M11, M13, M3-AR, M4-AR, M8-AR, S2, S5, S9, S11–S16,
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G′4 (S22–S24, S28, S30–S36). Note that station S29 is not included in
figures since it displays PAH concentration below detection limit
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Group G′4

The G′4 group contains stations M1, from the Kerkennah
Islands; S9, S12 and S13, from the northern coast of Sfax;
S16, S18, M4, M7 and S20–S26, from the southern coast of
Sfax; M14 and M15, from the Mahrès delegation and all sta-
tions from the Gabès-Ghannouch coastal area (S27–S36)
(Fig. 2). R concentrations are low to moderate and range from
0.07 (M4) to 0.36 μg L−1 (S23) (mean 0.20 ± 0.07 μg L−1)
(Table 1; Fig. 3a, Fig. S1a). G′4 molecular distributions reveal
a monomodal distribution with n-C15 as a major compound,
which reaches up to 82% of total AHs at M14 (mean
52 ± 18%; Fig. 4d). The CPI15–40 values are > 3 at all stations
(mean 16 ± 26), highlighting a large odd carbon-numbered
compound predominance (Fig. 3b). This group is also charac-
terized by a high Pr/Phy contribution with most of the values
>> 1 (Table 1). G′4 is also marked by the highest LMW con-
tributions (n-C15 and n-C17 representing 65 ± 16% of the total
R concentration), resulting in low Ter/aq values (mean
0.097 ± 0.094) (Fig. 3c).

PAH concentrations are the lowest with ∑29 PAHs-P+A
ranging from bdl (S29) to 6.5 ng L−1 (S34) (mean
2.4 ± 1.7 ng L−1) (Table 1; Fig. 3d, Fig. S2a). Stations S22–
S24, M14, M15, S28 and S30–S36 display molecular profiles
with a moderate-to-high contribution of HMW compounds,
which represent 47 ± 13% of total PAHs. Among these HMW
PAHs, Pyr and alkylated fluoranthenes/pyrenes (C1- and C2-
Flt/Pyr), BaA and BP are the major compounds (Fig. 5b, c).

These stations display moderate alkylated homologue contri-
butions with Alk/Par values ~ 2 (mean 2.5 ± 1.3) (Table 1; Fig.
5b, c). For the rest of the stations, PAHs-P+A distribution pat-
terns reveal the dominance of LMW compounds (87 ± 10%;
mean LMW/HMW-P+A ratio of 12.6 ± 11.9), in which naph-
thalenes (Naph, C1-, C2-, C3-Naph), Phe and/or alkylated
phenanthrenes/anthracenes (C1-, C2-, C3-Phe/Ant) are the ma-
jor compounds (Figs. 3e and 5a). For these stations, the
alkylated homologues were relatively abundant, with Alk/
Par values > 2 (mean 4.1 ± 5.9). The Flt/(Pyr + Flt) ratio is
> 0.5 at M1, S9, M14 andM15, in the range of 0.4–0.5 at S12,
S18 and M4, and < 0.4 at S20–S25 and S30–S36 (Table 1).

Hydrocarbon distributions after rainfall

R concentrations of samples collected after rainfall (M3-AR,
M4-AR, M8-AR and M12-AR), which ranged from 0.29 to
3.24 μg L−1, increased by a factor of 2–23.5 compared to
those of samples collected before rain at the same sites
(Table 1). This concentration enhancement is associated with
a decrease (M3-AR and M4-AR) or an increase (M8-AR and
M12-AR) in CPI15–40 values (Table 1). Besides, an increase
in Ter/aq ratio is recorded at all stations, particularly at M3-
AR and M12-AR (Table 1; Fig. 6a–d).

∑29 PAHs-P+A concentrations ranged between 2.10 and
108.6 ng L−1 in samples collected after rain, underlying an
increase by a factor of 1.5–22 compared to those collected
before rain at the same sites (Table 1). These after-rain
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samples display thus the highest PAH-P+A concentrations re-
corded during this study. This concentration increase is asso-
ciated with a decrease (M3-AR and M4-AR), an increase (M8-
AR) or no variation (M12-AR) in the LMW/HMW-P+A ratio
(Table 1; Fig. 7a–d); Alk/Par ratios strongly increase for M3-
AR, M4-AR and M8-AR but decrease for M12-AR, while Flt/
(Flt + Pyr) ratios slightly decrease for M3-AR, M4-AR, M8-AR
and M12-AR (Table 1).

Correlation between particulate hydrocarbons

and biogeochemical parameters

Table 2 displays Spearman’s rank-order correlation matrix
for particulate hydrocarbons and biogeochemical parame-
ters. Note that the spatial distribution of biogeochemical
parameters is provided in Fig. S4 and fully described in
Fourati et al. (2017). R concentration is significantly pos-
itively correlated with ∑29 PAHs-P+A concentration
(r = 0.65, n = 48, p < 0.05), suggesting that AHs and
PAHs in this coastal area might have common origins or
undergo similar processes. Evidence of this coupling can
also be seen from PCA, in which AH and PAH concen-
trations are located on principal component 1 (PC1)

(Fig. 2). Correlations between ∑29 PAHs-P+A and POC
and PON concentrations (r = 0.56–0.60, n = 23,
p < 0.05) also suggest a possible coupling between
PAHs and organic carbon in the particulate phase. On
the other hand, no significant relation is observed between
AH content, including R, n-C15 and n-C17, and TChl a
concentration, neither when considering all stations
(r = − 0.08–0.21, n = 23, p > 0.05), nor when taking into
consideration individual groups of stations (data not
shown). LMW PAHs-P+A are found to correlate with n-
C17 considering all stations (r = 0.67, n = 23, p < 0.05)
and considering groups G′1, G′2 and G′4 (data not
shown). As reported by Fourati et al. (2017), the correla-
tions between biogeochemical parameters point out the
strong interconnections between phytoplankton biomass,
nutrients and organic carbon pool in this area. Particulate
OM content recorded in surface waters may be derived
from autochthonous biological activity, terrestrial material
entering marine waters via channels, wadis and runoffs, as
suggested by the positive significant correlation between
particulate matter and Si(OH)4 (r = 0.44–0.68, n = 23,
p < 0.05), or sediment particles, which are enriched in
macrophyte material in decomposition.
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Fig. 7 Relative abundances of particulate PAHs (%) of stations collected before and after rainfall events. aM3 and M3-AR. bM4 andM4-AR. cM8 and
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Discussion

Significance of particulate AH and PAH concentrations

Studies dealing with hydrocarbons in marine waters have
mostly focused on PAHs. That is why our AH concentrations
cannot be compared with as many works as for PAHs.
Particulate total R concentrations (n-C15–n-C40 with Pr and
Phy) recorded here in the surface coastal waters of the Gulf
of Gabès (0.03 to 3.24 μg L−1) are within the same range as
those observed in the Marseilles coastal area (∑n-C16–n-C35

0.04–4.30 μg L−1; Guigue et al. 2011) and the Tyrrhenian Sea
(∑n-C14–n-C34 0.27–5.62 μg L−1; Cincinelli et al. 2001). On
the other hand, our measured concentrations are much higher
than those measured in the northern Black Sea (∑n-C14–n-C36

0.002–0.2 μg L−1; Maldonado et al. 1999) and in the Catalan
Sea (northwestern Mediterranean Sea) (∑n-C15–n-C35 0.01–
0.02 μg L−1; Dachs et al. 1999) (Table 3).

Particulate PAH concentrations measured here in the sur-
face waters of the Gulf of Gabès are five times higher when
alkylated homologues are included (∑29 PAHs-P+A bdl–

108.6 ng L−1) than when only parent compounds are consid-
ered (∑19 PAHs-P bdl–26 ng L−1). Considering ∑19 PAHs-P,
concentrations are within the range as those reported in the
Marseilles coastal area (∑17 PAHs-P 1.9–21 ng L−1; Guigue
et al. 2011) and in the Rhône River Delta (∑11 PAHs-P 1.1–
19 ng L−1; Bouloubassi and Saliot 1991). However, they are
higher compared to those reported in the Black Sea (∑15

PAHs-P 0.05–0.27 ng L−1; Maldonado et al. 1999) and in the
Baltic Sea (∑15 PAHs-P 1.8–8.1 ng L−1; ∑11 PAHs-P 0.05–
0.33 ng L−1; Broman et al. 1991; Witt 2002). Cincinelli et al.
(2001), El Nemr and Abd-Allah (2003) and Wu et al. (2011)
reported higher concentrations in the Tyrrhenian Sea (∑15

PAHs-P 550–7540 ng L−1), in the Egyptian coastal waters
(∑7 PAHs-P 13–120 ng L−1) and in the South China Sea
(∑15 PAHs-P 10.3–45.5 ng L−1), respectively (Table 3). On
the other hand, our ∑29 PAHs-P+A concentrations are higher
than those measured in the Gulf of Fos-sur-Mer (∑~ 80 PAHs-
P+A 2–37 ng L

−1; Bouloubassi and Saliot 1991) and in the Gulf
of Mexico (∑43 PAHs-P+A 0.30–1.3 ng L−1; Adhikari et al.
2015), but lower than those recorded in the Marseilles coastal
area (∑32 PAHs-P+A 11–208 ng L−1; Guigue et al. 2011)
(Table 3).

Origin and potential sources of particulate hydrocarbons

G′1 hydrocarbon content (CPI15–40, LMW/HMW-P+A and
Alk/Par) reveals a strong anthropization attributed to recent/
chronic unburned oil products (Figs. 2, 3b, e, f, 4a and 5a)
(Guigue et al. 2011; Mille et al. 2006; Youngblood and
Blumer 1975). Therefore, it seems not relevant to use biogenic
indicators and ratios (Pr/Phy and Ter/aq) for this group.
Additionally, the Flt/(Pyr + Flt) ratio suggests a contributionT
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of incomplete petroleum combustion residues at stations S14,
M5, M6 and S19 and supports a petrogenic signature at sta-
tions S15, M9–M11 and M13 (Table 1) (Asia et al. 2009;
Budzinski et al. 1997; Li et al. 2015; Yunker et al. 2002).
AH profiles exhibit a molecular distribution similar to that
recorded for mid-range distilled petroleum, particularly diesel
products (Wang and Fingas 2003), very likely related to in-
tense maritime activities.

G′2 reveals more pronounced anthropogenic inputs (hydro-
carbon concentrations, Alk/Par) compared to G′1 (Figs. 2 and
3a, d, f), but also highlights, via CPI15–40 values, a slight
emergence of biogenic signatures (Table 1; Fig. 3b). The latter
are of marine origin, i.e. phytoplankton and macroalgae, with
the presence of n-C15 and n-C17 (Blumer et al. 1971; Colombo
et al. 1989; Commendatore and Esteves 2004; Goutx and
Saliot 1980), and of terrestrial origin, i.e. epicuticular waxes
of higher plants released from channels and wadis (especially
the Sidi Salem channel), with a slight emergence of n-C29 and
n-C31, as seen from Fig. 4b and Ter/aq ratio (Fig. 3c) (Douglas
and Eglinton 1966). The Flt/(Pyr + Flt) ratio indicates the
presence of pyrogenic inputs (wood, coal, grass) at M3 and
petroleum-combusted PAHs at M3-AR, M4-AR and M8, and
supports petrogenic signatures for M8-AR. These widespread
petrogenic signatures observed in G′1 and G′2, which encom-
pass the most coastal stations, are likely issued from maritime
traffic (fishing and commercial harbours), especially for the
southern coast of Sfax, and industrial and domestic discharges
from PK4 channel (M3 and M3-AR), Sidi Salem channel (M8
and M8-AR) and El Maou wadi, which cross over several in-
dustrial areas of Sfax city and thus collect their effluents and
wastes.

G′3 and G′4 stations have a less pronounced anthropo-
genic fingerprint. G′3 is characterized by the dominance
of biogenic markers, that is CPI15–40 and Ter/aq (Figs. 2
and 3b, c), which may be related to marine primary pro-
duction, with the emergence of n-C15, n-C17 and Pr, and
to terrestrial inputs, with the emergence of n-C31 and n-
C33 (Fig. 4c). For G′4, the AH patterns reveal a typical
biogenic marine contribution from phytoplankton and al-
gae, underlying a strong primary production as observed
by high n-C15, n-C17, CPI15–40 and Pr/Phy, and low Ter/aq
values (Figs. 2, 3b, c and 4d). Since microalgae and
macroalgae are abundant in the Gulf of Gabès (Bel
Hassen et al. 2008; Drira et al. 2014; Rekik et al. 2014),
this assumption seems plausible. Generally, low AH con-
centrations and the dominance of n-C15 and n-C17 char-
acterize biogenic sources (Dauner et al. 2015). Despite
this pronounced biogenic fingerprint and the high TChl
a concentration, no correlation was observed between R,
n-C15, n-C17 and TChl a concentrations (Table 2).
Therefore, a high phytoplankton biomass does not sys-
tematically induce a coupling between AH and TChl a
concentrations, as pointed out by Goutx and Saliot
(1980).

G′3 stations from the northern coast of Sfax are marked
by mixed PAH inputs for the most coastal stations con-
nected directly to the Ezzit wadi (S1) and the PK4 outfall
channel (S8). The Flt/(Flt + Pyr) values highlight PAH
inputs from petroleum combustion at S1 and S8. Indeed,
the area around the Ezzit wadi is marked by the highest
SPM, POC and PON concentrations (Fig. S4). In general,
HMW PAHs are preferentially adsorbed onto particulate

Table 3 Comparison of particulate hydrocarbon concentrations recorded in the surface waters of the Gulf of Gabès with those reported in other
environments (without considering the surface microlayer)

References Area Particulate AHs (μg L−1) Particulate PAHs (ng L−1)

This study SE Mediterranean Sea (Gulf of Gabès) ∑C15–C40 0.03–3.24 ∑29 PAHs-P+A bdl–109

∑19 PAHs-P 0–26

Adhikari et al. (2015) Gulf of Mexico nd ∑43 PAHs-P+A 0.30–1.31

Guigue et al. (2011) NW Mediterranean Sea (Marseilles) ∑C16–C35 0.04–4.30 ∑32 PAHs-P+A 11–208

∑17 PAHs-P 1.9–21

Wu et al. (2011) Western Taiwan Strait. South China Sea nd ∑15 PAHs-P 10.3–45.5

El Nemr and Abd-Allah (2003) Alexandria coast. Egypt nd ∑7 PAHs-P 13–120

Witt (2002) Baltic Sea nd ∑15 PAHs-P 1.8–8.1
a

Cincinelli et al. (2001) Tyrrhenian Sea ∑C14–C34 0.27–5.62 ∑15 PAHs-P 550–7540

Dachs et al. (1999) NW Mediterranean (Catalan Sea) ∑C15–C35 0.01–0.02 Nd

Maldonado et al. (1999) NW Black Sea shelf and slope ∑C14–C36 0.002–0.2 ∑15 PAHs-P 0.05–0.27

Bouloubassi and Saliot (1991) NW Mediterranean Sea (Gulf of Fos) nd ∑11 PAHs-P 1.1–19

∑~80 PAHs-P+A 2–37

Broman et al. (1991) Central Baltic Sea nd ∑11 PAHs-P 0.05–0.33

nd not determined
a PAH concentration includes dissolved and particulate phases
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OM (Gustafsson et al. 2001; Kennish 1992). This can
explain the high HMW PAH contribution and the pyro-
genic signature recorded at these stations (Fig. 5b). This
obvious pyrogenic signature is not observed in the rest of
the stations from the Sfax northern coast, where a
petrogenic signature predominates with only the Flt/
(Flt + Pyr) ratio suggesting a pyrogenic contribution from
wood, grass and coal (Table 1). This may be related to a
lower particulate OM content (Fig. S4). Coastal stations
from the Mahrès area (M12 and M12-AR) are also marked
by mixed PAH sources (Fig. 5b), which could be due to
inputs from natural gas burning from the British Gas plant
(Fig. 1), and thus to inputs from water-air exchange.
Interestingly, in G′3, the Alk/Par ratio is low for all sta-
tions (Fig. 3f), which would confirm the dominance of the
pyrogenic source for stations displaying mixed PAH sig-
natures and reflect degradation processes for stations with
dominant petrogenic fingerprints.

For G′4, stations M14 and M15 from the Mahrès delega-
tion show a mixed PAH contribution, similar to that observed
at M12 and M12-AR, confirming the mixed character of PAHs
in this area (Fig. 5b). In the same way, El Maou wadi stations
(S22–S24) in the Sfax southern coast, as well as Gabès sta-
tions (S28, S30–S36) are also marked by petrogenic and py-
rogenic sources (Figs. 3e, f and 5c). For the rest of the stations
(M1, S9, S12, S13, S16, S18, M4, M7, S20, S21, S25–S27),
PAH molecular distributions reveal petrogenic signatures
(LMW/HMW-P+A, Alk/Par; Figs. 3e, f and 5a). The Flt/
(Flt + Pyr) ratio highlights a supplementary pyrogenic origin
from combustion of wood, grass and coal at M1 and S9 and
petroleum combustion at S12, S18 and M4, and supports a
PAH petrogenic origin at S20–S21 and S25 (Table 1).

In the Sfax coastal area, the pyrogenic PAH signature could
be related to inputs from the Ezzit wadi and PK4 channel for
the northern part (G′3) and the El Maou wadi for the southern
part (G′4), which are known to carry numerous industrial and
domestic wastes. For the Mahrès delegation (G′3, G′4), the
pyrogenic contribution would be mainly from atmospheric
inputs since there are neither effluents nor wadis close to this
zone. The widespread pyrogenic contributions observed for
the rest of stations could be related to inputs from waste in-
cinerations and motor vehicles. For the Gabès coastal area (G′
4), pyrogenic PAHs are observed for the coastal stations but
also for stations off the coast. Moreover, we observe at these
Gabès stations the highest Si(OH)4 concentrations, high POC
and SPM concentrations (Fig. S4) and a positive significant
correlation between Si(OH)4 and HMW PAH concentrations
(not shown). This underlines different sources of PAHs com-
pared to the Sfax zone, possibly with inputs from the petro-
chemical infrastructure and thermal power generation, as well
as terrestrial inputs from wadis and runoffs (Fig. 1).
Atmospheric deposition may also contribute to this high py-
rogenic fingerprint.

Link and partitioning between particulate and dissolved

PAHs

A quite high contribution of LMW and alkylated compounds
(petrogenic signatures) is found for particulate PAHs, especially
for some G′1 and G′2 stations, and, to a lower extent, for G′3
and G′4 stations. This could reflect the sorption of dissolved
LMWPAHs to phytoplankton (Dachs andMéjanelle 2010; Del
Vento and Dachs 2002; Gobas et al. 1999). Indeed, dissolved
PAHs may be adsorbed to phytoplankton cells and enter phy-
toplankton membranes through passive diffusion (Del Vento
and Dachs 2002). This phytoplankton uptake (adsorption and
absorption) is considered as a key process in the transport,
occurrence and distribution of particulate PAHs in the marine
environment (Baker et al. 1991; Berrojalbiz et al. 2011; Duran
and Cravo-Laureau 2016; Lipiatou et al. 1997). This assump-
tion is reinforced by the positive correlation observed between
LMWPAH and n-C17 concentrations (Table 2). In addition, the
coupling and possible mobility between particulate and dis-
solved PAHs is observable through the positive significant cor-
relation between the concentration of particulate PAHs (this
study) and the concentration of dissolved PAHs (data issued
from Fourati et al. 2017) (r = 0.41, n = 29, p < 0.05).
Besides, the high TChl a, POC, PON, DOC and PO4

3− concen-
trations, as well as AH biogenic signatures recorded in the Sfax
coastal area, in particular on its southern coast, reveals an ele-
vated phytoplankton biomass and eutrophic conditions that
may stimulate the sorption of LMW PAHs onto biogenic parti-
cles (Fig. S4). It should be noticed that the coupling between n-
C17 and LMWPAHsmight also mimic a possible natural origin
of PAHs from the OM turnover or pigment degradation, as
mentioned by Nizzetto et al. (2008). In contrast, the pyrogenic
PAH signatures (dominance of HMWs) would be rather related
to the adsorption of these compounds onto atmospheric/abiotic
particles with inputs from wadis, surface runoff and sediment
remobilisation in the Sfax coastal area, atmospheric particle
deposition in the Mahrès area and a mixture of all these in the
Gabès coastal area.

To better understand the partitioning of PAHs between the
dissolved and particulate phases in the Gulf of Gabès, we
determined the POC-water partition coefficients of PAHs
(Koc). Koc is calculated for each individual compound by di-
viding the concentration associated with SPM (Cs, weight/
weight; data from the present study) by the concentration in
the dissolved phase (Cw, weight/volume; data from Fourati
et al. 2017). This ratio (Kd) is then normalized by the POC
fraction (ƒoc, POC concentration/SPM concentration). We
plotted our measured log Koc for selective PAHs (Naph, Phe,
Acy, Ace, Flu, Ant, Flt, Pyr, BaA, Chr, BbF, BkF, BeP, BaP,
IP, DA and BP) against corresponding log Kow (partition
coefficients between octanol and water; values issued from
Mackay et al. 1992) (Fig. 8). We observe a significant positive
linear relationship of the form: log Koc = 0.45 log Kow + 3.29
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(r = 0.71, n = 16, p < 0.05). This equation reveals that the
linear free energy relationship is applicable and that the hy-
drophobicity of the concerned PAHs influences their
partitioning between POC and water. This result is in accor-
dance with previous studies (Deng et al. 2006; Fernandes et al.
1997; Gustafson and Dickhut 1997; Li et al. 2014). We also
plotted the theoretical relationship between log Koc and log
Kow proposed by Means et al. (1980) (Fig. 8). Because the
slope of our equation (0.45) is < 1, which is in agreement with
several works as well (Deng et al. 2006; Li et al. 2014), most
of our measured log Koc are above the predicted log Koc

values from Karickhoff et al. (1979) and Means et al.
(1980). This shows that the strength of retention in particles
is higher for LMW compounds (Bouloubassi and Saliot 1991;
Fernandes et al. 1997), whereas measured log Koc of HMW
PAHs are closer to theoretical log Koc values. This could be
explained by the fact that LMW PAHs tend to preferentially
sorb to biogenic particles, as stated above. This scavenging by
biogenic particles is favoured for LMW PAHs and less effi-
cient for HMW PAHs whose distribution is rather controlled
by combustion (soot) particles, which limits their interactions
with phytoplankton-derived particulate OM (Bouloubassi
et al. 2006; Dachs et al. 1996). Hence, the sorption of LMW
PAHs to biogenic particles in this phytoplankton-rich coastal
area may account for the decoupling between LMW and
HMW PAHs in their relationships between their log Koc and
log Kow. The partitioning of PAHs between POC and water
would be thus driven by both hydrophobicity and the quality
of particulate OM (i.e. high contribution of biogenic particles).

Effect of rainfall on the distribution of particulate

hydrocarbons

For this study, the load factors after rainfalls for particulate R

and PAHs-P concentrations varied from 2 to 23.5 and from 0.96
to 11.6, respectively. Guigue et al. (2011) reported lower factors
for particulate R and PAHs-P in the Marseilles coastal area
(0.36–1.4 and 0.87–2.0, respectively). On the contrary, Lim
et al. (2007) indicated higher load factors for PAHs-P of the
Singapore subsurface waters (0.7–38.5). Sfax is characterized
by a semi-arid climate with annual average precipitations of
237 mm. Even though precipitation events are very scarce
and of low intensity during the year (Daoud and Dahech
2012), they allow the leaching of roads and the atmospheric
washout, and thus the drainage of important amounts of pollut-
ants, accumulated during long periods of time, to the coastal
marine environment. This may explain the high concentrations
(the highest PAH levels) and enrichment in hydrocarbons en-
countered at stations M3-AR, M4-AR, M8-AR and M12-AR.

AH molecular profiles and ratios after rain indicated an
input of petrogenic hydrocarbons at M3-AR and M4-AR, while
enrichment in biogenic hydrocarbons occurred at M8-AR and
M12-AR (Fig. 6a–d). In addition, all stations present a higher

terrigenous contribution (Ter/aq), especially at M3-AR and
M12-AR (Table 1). These patterns show that road run-offs with
an accumulation in the PK4 outfall and the washout of har-
bours very likely represent the petrogenic sources for M3-AR
and M4-AR. For M8-AR and M12-AR, biogenic enrichment
with higher terrestrial inputs and higher phytoplankton contri-
butions (n-C15) may be related to the Sidi Salem channel that
carries nutrients and biological material to the southern Sfax
area. The PAHmolecular profiles after rain are very similar to
those recorded before rain (Fig. 7a–d). The rain input at M3-
AR and M4-AR seems to increase petrogenic contributions,
with an enrichment in alkylated Phe/Ant, as well as pyrogenic
contributions, with mainly enrichment in Pyr and alkylated
Flt/Pyr, leading to a decrease in LMW/HMW-P+A and Flt/
(Flt + Pyr) (Fig. 7a, b). StationM8-AR is marked by petrogenic
inputs (decrease in Flt/(Flt + Pyr)) with an enrichment in
alkylated Naph and Flu and the preservation of the significant
alkylated Phe/Ant contributions (Fig. 7c). HMW PAHs are
known to be dominant in the atmospheric particulate
(aerosols) phase, while LMW PAHs are dominant in the at-
mospheric gaseous phase. PAHs entering marine waters via
the atmospheric gaseous phase are present at the dissolved
state. Wet depositions (rains) lead to the deposition of both
particulate and gaseous phases (Lipiatou et al. 1997).
Therefore, the inputs of both petrogenic and pyrogenic partic-
ulate materials after rain at M3-AR and M4-AR may be due to
the inputs of particulate HMW PAHs from aerosols and of
dissolved LMW PAHs (such as phenanthrene) from the gas-
eous phase that are subsequently sorbed to (biogenic) marine
particles. Besides, the road runoffs may also be a significant
contributor to the input of LMW PAHs, especially in M8-AR
through the Sidi Salem channel. The PAHmolecular profile of
M12-AR is similar to that of M12 (Fig. 7d), indicating that
atmospheric deposition would be a significant source of hy-
drocarbons (mainly pyrogenic PAHs) in the Mahrès
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Fig. 8 Relationship between log Kow, reported by Mackay et al. (1992),
and log Koc determined in this study (black circles), and the theoretical
relationship between log Kow and log Koc proposed by Means et al.
(1980) (blue circles). Standard deviations and mean values of log Koc

are given for n = 6–22, depending on the compound
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delegation. This pyrogenic input, also seen from Flt/(Flt +
Pyr) values, highlights the potential influence of burning gas
from the British Gas plant in this zone.

Conclusion

The present study reports for the first time the spatial distribu-
tion of particulate hydrocarbons in the surface waters of the
Gulf of Gabès. Concentration levels indicate that the Gulf of
Gabès is moderately impacted by particulate hydrocarbons.
AHs and PAHs display similar repartitions, with the highest
concentrations observed in the vicinity of harbours, channels
and wadis or petrochemical activity areas. In these stations,
petrogenic hydrocarbons dominate. We also observe the pres-
ence of pyrogenic (HMW) PAHs, which reflects combustion
inputs. In the Sfax coastal area, hydrocarbon concentrations,
as well as Alk/Par ratios, decrease within a coast-open sea
gradient. This may underline the occurrence of weathering
processes, such as biodegradation, which would contribute
to the removal of hydrocarbons, especially the LMW com-
pounds, off the coast. On the contrary, in the Gabès-
Ghannouch area, hydrocarbon content does not decrease from
coast to open sea. This may imply lower biodegradation pro-
cesses due to a less eutrophicated system, as indicated by
biogeochemical data. The partitioning of PAHs between the
dissolved and particulate phases in the Gulf of Gabès seems to
be controlled by hydrophobicity and OM nature. LMW PAHs
exhibit a higher retention capacity in POC compared to HMW
PAHs. This could be due to the fact that LMW compounds are
preferentially sorbed to biogenic/sinking particles, i.e. phyto-
plankton and faecal pellets. The biogenic fingerprint of AHs
and biogeochemical data suggest indeed that this environment
is enriched in particulate biogenic organic matter favouring
the transfer of LMW PAHs from the dissolved phase to the
particulate phase. Interestingly, we found that in this semi-arid
environment, rainfall events significantly increase the hydro-
carbon concentrations in seawater (up to 23 times), due to the
accumulation of pollutants for long periods of time. Thereby,
inputs from surface runoffs, wadis and channels are consid-
ered as substantial sources of anthropogenic hydrocarbons in
the coastal area of the Gulf of Gabès.
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