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Petroleum hydrocarbon pollution in the Gulf of Fos 
(South France) was studied following the cessation of 
petroleum waste discharge from an oil refinery in the 
Lavera area. Sediments were collected in core samples of 
30 cm at eight stations along a radial from the refinery to 
the open sea. Petroleum contamination has been detected 
up to the beginning of the open sea but decreased 
gradually (from 40 to 3 g kg - t  sediment dry wt). GC 
profiles (aHphatics and aromatics) are characteristic of 
petroleum. They reveal the disappearance of short chain 
n-alkanes (up to C2s) and of one and two aromatic ring 
compounds, the increase and the modification of the 
UCM depends on the depth and the situation, resulting 
from weathering processes. Biomarkers and three to five 
aromatic ring compounds are unaltered whatever the 
depth and the location. If some petroleum hydrocarbons 
are present for the open sea stations (perhaps from other 
sources), natural and pyrolytic hydrocarbons are also 
detected. Sediments from the open sea could he considered 
to be unpolluted (less than 0.1 g kg- l ) ,  and unaffected by 
the refinery wastes two years after the end of overspills. 
© 1997 Elsevier Science Ltd 

Keywords: sediments; hydrocarbons; biomarkers; PAHs; 
GC; GC/SM. 

The French Mediterranean coastal region and more 
particularly the 'Golfe de Fos' area has many petroleum 
industries. Petroleum treatments by refineries can 
contribute to increase the organic matter content in 
sediments. To implement the International Factory 
Acts, more and more refineries set up high performance 
waste treatment systems in order to reduce or even to 
stop petroleum inputs in the marine environment. 

This study focused on a site in the 'Golfe de Fos' 
which had been chronically polluted by petroleum 
effluents from a refinery (Lavera area) from 1956 to 
1992. From the beginning of the refining operations 
(1956) until 1978 the effluents ranged from 100 to 
250 kg a day, carried out by a great quantity of water 
(200 m 3 h-l) .  In 1978 a purification station was set up 
and allowed to reduce the quantity of petroleum 
residues to 90 kg a day. Since 1985 the refinery has 
reduced its effluent discharge by half and reduced the 
amount of oil released to 40 kg a day. Finally, since 
1992, an internal recycling system for cooling water has 
been used and the oil content of the effluents has 
decreased to less than 1 kg a day. 

The area has received very irregular quantities of 
hydrocarbons over the years and their compositions 
were very variable because of the different origins of the 
crude oils treated in the refinery. 

This site has not received petroleum residues coming 
from the refinery for 2 years, providing an opportunity 
to draw up a balance of the petroleum contamination in 
the site and its close environment in order to estimate its 
future evolution. 

Mater ia l s  and M e t h o d s  

Sample collection 
The petroleum residues were dumped in a canal 

flowing into a deep creek opening into the 'Golfe de 
Fos'. A series of samples was collected by core sampling 
along a 1000-m long transect running from the outlet of 
the refinery to the open sea (Fig. 1). The location, the 
water depth and the nature of sediments of the eight 
stations are given in Table 1. 

In each sampling station four sediment cores were 
collected in May 1994 and stored frozen ( -  18°C) until 
analysis. The 0-2 cm, 2-7 cm, 7-17 cm, 17-27 cm 
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TABLE 1 
Location and the nature of sediments of the eight stations. 

Stations Location Depth (m) Sediment type 

1 Outlet of the refinery < 1 Fine sandy sediment 
2 Canal < 1 Muddy sediment 
3 Canal < I Coarser and more 

permeable sediment 
4 Deep creek 1 Coarse sand sediment 
5 Deep creek 2 Sandy sediment 
6 Deep creek 5 Muddy sediment 
7 Open sea (100 m) 8 Fine sand 
8 Open sea (1000 m) 14 Coarse sand 

layers of  each of  the four cores were respectively joined 
together and homogenized before analysis. 

Chemical analyses 
Hydrocarbons  were extracted from wet sediment 

(about 50 g accurately weighed) by direct saponification 
via alkaline hydrolysis. Samples were heated under 
reflux for 4 hours in a mixture of  0.5 N K O H  in 95*/, 
methanol/toluene 2/1. After filtration on a glass fibre 
filter (Whatman GF/C)  and separation of  the two 

phases, the aqueous phase was extracted with 3 × 50 ml 
of  toluene. All toluenic phases containing hydrocarbon 
compounds were combined, dried on anhydrous 
MgSO4, evaporated to a residue and weighed to 
obtain the total extractable organic matter (EOM). 

All or part of  the EOM was dissolved in a minimum 
of n-hexane and applied to a half silica (8 g) and a half 
alumina (8 g) (both of  these 5% desactivated with 
water) chromatography column (30xl  cm). Aliphatic 
fraction (F1) was eluted with 30 ml of  n-hexane on the 
column. Elutions with 20 ml of  n-hexane/dichloro- 
methane (9/1) and 40 ml of n-hexane/dichloromethane 
(4/1) yield an aromatic fraction (F2). Each fraction was 
evaporated on a rotary evaporator,  and under a stream 
of  nitrogen and residues were quantified gravimetrically. 
The sum of  the aliphatie fraction and the aromatic 
fraction gave the total hydrocarbon content. 

Procedural blanks were carried out between each 
batch of  four samples and no contamination was found. 

Instrumental analyses 
Both F1 and F2 fractions were diluted in an adequate 

quantity of n-hexane and were analysed by capillary gas 
chromatography under the following conditions: GC 
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6000 Vega serie Carlo Erba chromatograph, on-column 
injection, JW Scientific DB5 column, (30 mx0.32 mm 
(i.d.) ×0.25 ~tm), helium as carrier gas, temperature 
programme from 70 to 285°C at 5°C min - t  and at 
285°C for 30 min, flame ionization detector at 290°C. 

Fractions were also analysed by GC/MS (5890 II HP 
gas chromatograph and 5989 A HP mass spectrometer) 
in full scan and selected ions recording (SIR) modes 
under the following conditions: splitless injection (45 s), 
HP5-MS (low bleed) capillary column, 30 m x0.25 mm 
(i.d.)×0.25~tm, helium as carrier gas, temperature 
programme from 70 to 110°C at 50°C min - l  then from 
110°C to 295°C at 5°C rain-! and 295°C for 30 min. 

The aromatic fractions were analysed by UV 
synchronous fluorescence spectroscopy. Synchronous 
fluorescence spectra were recorded on a 3000 Perkin 
Elmer spectrometer. The interval A~ between ~x and 
Zero was constant at 23 nm. Solutions of samples in n- 
hexane were analysed using a 1-cm optical pathlength 
quartz cell. 

Results and Discussion 

Gravimetric results 
Gravimetric data are given in Table 2 for each 

station. They point out two tendencies: 
1. The distribution of hydrocarbon concentrations in 
the sediments (g kg-  i sediment dry wt) is dependent on 
the depth. An accumulation zone in depth is observed 
for the distant stations (3 to 7). For example the 
hydrocarbon levels vary from 0.28, 0.17 and 
0.05 g kg -~ sediment dry wt for the 0-2 cm core to 
2.11, 1.53 and 1.88 g kg - I  sediment dry wt for the 2- 
27 cm core (average values), respectively, for the 
stations 4, 5 and 6. For the most contaminated stations 
(stations 1 and 2) near the refinery a decrease of 
hydrocarbon concentrations with depth down to 17 cm 
and an important concentration in the deepest layer are 
observed. 
2. The hydrocarbon levels decrease according to the 
distance from the pollution source. The average values 
for the 0-27 cm core vary from 19.37 and 26.64 g kg -~ 
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(sediment dry wt) for respectively, stations 1 and 2 to 
0.12 g kg - l  (sediment dry wt) for station 8 (the most 
remote one). 

Station 2 at the beginning of the canal is more 
contaminated than station 1 at the exit of the refinery. It 
is a stagnant zone, which is not submitted to the 
influence of the sea and it represents an accumulation 
zone. On the contrary, station 3, at the end of the canal, 
which is under the influence of waves, is far less 
contaminated (about 15 time less) than station 2. The 
hydrocarbon concentrations are much lower ( < l g  
kg-~) near the surface than at depth at stations 4 and 
5 in the deep creek, and show the dispersing effect of the 
sea and the percolation through sediments. The break- 
ing zone between the deep creek (a still sheltered area) 
and the open sea is station 6. Nevertheless the 
hydrocarbon concentrations in the 2-27 layers at this 
station are still relatively high. The hydrocarbon 
concentrations for station 7 are very low, even if 
higher at depth than at the surface. Beyond these two 
stations the hydrocarbon concentrations greatly de- 
crease from 2.28 g kg- i  (sediment dry wt) (station 6) 
and 1.05 g kg - t  (sediment dry wt) (station 7) to 
0.12 g kg - l  (sediment dry wt) for station 8 (average 
values for 0--27 cm layer). The concentrations of station 
8 are analogous to those found in uncontaminated 
sediments (Volkman et al., 1992) and in Mediterranean 
coastal sediments (Mille et al., 1992). 

Distribution between saturated and aromatic hydro- 
carbons is not fraction of depth (Table 2). In station 8 
the proportion of saturated hydrocarbons is between 34 
and 50% (about 80% in the other stations). This could 
be explained either by a different origin of the polluting 
hydrocarbons or by a greater alteration of the same 
aliphatic hydrocarbons. These hypotheses will be 
discussed later in the GC/MS results. 

GC and GC]MS results 
The GC/FID chromatograms of the saturated 

hydrocarbon fractions (Fig. 2) show a fairly clear 
Unresolved Complex Mixture (UCM). Station 1 
shows a regular wide range (from Cl2 to C3o) of odd 

TABLE 2 

Gravimetric data (g kg-I  sediment dry wt). 

STATIONS FI F2 THC F 1/THC% 

0-2 cm 2-7 cm 7-17 cm 17-27 cm 17.24 12.59 6.15 27.66 
0-2 cm 2-7 cm 7-17 cm 17-27 cra 43.83 20.40 12.57 17.40 
0-2 cm 2-7 cm 7-17 cm 17-27 cm 1.00 0.94 2.55 1.43 
0-2 cm 2-7 cm 7-17 cm 17-27 cm 0.20 0.87 1.40 1.43 
0-2 cm 2-7 cm 7-17cm 17-27 cm 0.12 1.57 1.47 1.49 
0-2 cm 2-7 cm 7-17 cm 17-27 cm 0.02 3.50 2.07 1.67 
0-2 cm 2-7 cm 7-17 cm 17-27 cm 0.09 0.13 2.81 0.44 
0-2 cm 2-7 cm 7-17 cm 17-27 cm 0.05 O.lO 0.05 0.02 

2.65 2.60 3.25 5.31 19.90 15.19 9.40 32.98 87836584 
3.75 2.43 2.92 3.24 47.58 22.83 15.49 20.64 92898184 
0.32 0.34 0.48 0.33 1.32 !.28 3.03 !.76 76738481 
0.08 0.24 0.34 0.33 0.28 1.11 1.74 1.76 72798081 
0.05 0.45 0.46 0.20 0.17 2.02 1.94 1.68 72787688 
0.03 1.00 0.75 0.08 0.05 4.50 2.82 1.75 40787395 
0.03 0.02 0.56 0.10 0.12 0.15 3.37 0.54 82868381 
0.09 0.11 0.05 0.02 0.14 0.21 0.10 0.04 34474950 

F! = Saturated hydrocarbon fraction. 
F2 = Aromatic hydrocarbon fraction. 
THC= total hydrocarbons. 
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Fig. 2 Gas chromatograms of saturated hydrocarbon fractions 
(stations 1, 3, 6, 8; 2-7 cm layer). UCM = Unresolved Complex 
Mixture, n (12 to 29)=alkanes with 'n' atoms of carbon, 
Pr=Pristane (2, 6, 10, 14 C19), Ph=Phytane (2, 6, 10, 14 C20), 
A=Norfarnesane (2, 6, 10 CI4), B=Farnesane (2, 6, 10 Cis), 
C = Isoprenoid (2, 6,10 C~), D=Norpristane (2, 6,10 CI8). 
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and even n-alkanes, without a predominance of  either 
which monotonically decreases with the increase of  the 
molecular weight. The presence of  pristane, phytane and 
other lighter branched alkanes as norfarnesane, 
farnesane, norpristane (Gassmann, 1981) is detected 
and identified by GC/MS. A medium UCM is observed. 
These chromatographic characteristics correspond to 
criteria mentioned by Requejo and Boehm (1985) and 
by Kennicutt et  al. (1991), which are specific to 
petroleum hydrocarbons. Chromatograms relative to 
stations 2 and 3 do not show any evidence of  peaks 
corresponding to n-alkanes. Only peaks corresponding 
to isoprenoid compounds (pristane and phytane 
especially) which emerge from a large UCM. No 
compounds were identifiable and only a large UCM 
was visible on chromatograms for stations 4 to 6 (in the 
deep creek). 

The GC profiles for stations 7 and 8 (in the open sea) 
are notably different from the others. They show a 
strong predominance of  odd n-alkanes between C2~ to 
C29, which are characteristic of  hydrocarbons of  
terrestrial origin. A similar distribution of n-alkanes 
has also been found in sediments from the Derwent 
River (Volkman et al., 1992) and attributed to plant 
wax inputs. A far smaller UCM, in which the maximum 
is in the higher carbon atom numbers (about C25) zone 
than for the other stations, is also observed for stations 
7 and 8. 

A UCM on the saturated hydrocarbon gas chroma- 
togram is often attributed to degraded petroleum 
contamination (Jones et al., 1983) although an 
alternative source can be the degraded algal detritus 
and other microorganisms (Johnson and Calder, 1973). 
The UCM is usually said to contain a multitude of  
branched and cyclic compounds that cannot be resolved 
by capillary columns. However Gough and Rowland 
(1990) have shown using chemical degradation techni- 
ques that the UC M primarily consists of  linear chains 
connected to branched points giving rise to 'T-shaped' 
molecules. These molecules are resistant to biodegrada- 
tion and thus accumulate in sediments. The UCM is 
shifted to the higher carbon atom number zone when 
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the alteration degree increases. This phenomenon is 
clearly observed for stations 1-6. 

The indices given in Table 3 were calculated from the 
chromatographic analyses. The Carbon Predominance 
Index (CPI) represents the relative abundance of  odd 
numbered linear alkanes in front of even numbered 
linear alkanes (Bray and Evans, 1961). This CPI is 
around 1 for the first four stations, which characterizes 
petroleum hydrocarbons (Morel et al., 1991). However 
these indices are higher (around 2) for stations 7 and 8 
and indicate the presence of  biogenic compounds 
(Volkman et aL, 1981). 

Pristane and phytane are common isoprenoids 
detected in coastal marine sediments (Clark and 
Blumer, 1967) with an abundance depending on the 
local environment, but they are also present in most 
crude oils. In most cases it has been shown that they 
derive from the phytyl side chain of  chlorophyll, either 
under reduction conditions (phytane) or oxidation 
conditions (pristane) (Blumer et  al., 1963), but some- 
times pristane and phytane may have other sources. For  
example, pristane can originate as a direct input from 
the lipids of  certain zooplankton and phytane has been 
identified in the lipids of  archeobacteria such as 
methanogens (Risatti et al., 1984). 

The ratios of  n-Cl7 to pristane and n-C~s to phytane 
(calculated from the GC/MS data) are very low 
(0<Cl7 :Pr<  1) for the stations located in the canal 
and at the mouth of the deep creek, which reveal a 
weathering process on linear alkanes rather than on 
branched alkanes (Seifert and Motdowan, 1979; Wang 
et  al., 1994). These ratios are higher (0.5 < ClT:Pr< 2.1) 
for stations 7 and 8 showing biogenic inputs. 

In contrast to petroleum distributions, n-Cl7 is 
predominant in algae lipid distributions (Gelpi et al., 
1970; Wakeham, 1990) and in lipids of  several marine 
bacteria (Han and Calvin, 1969; Shiea et al., 1991), 
whereas n-C29 is abundant  in terrestrial plants 
(Simoneit, 1978). Thus the n-C29:n-Ct7 ratio gives 
information about the relative contribution of  terrestrial 
inputs and marine inputs to the repartition of  
sedimental biogenic hydrocarbons (Eglinton and 

TABLE 3 

Indices calculated on the basis of GC/MS analysis of acyclic alkanes. 

STATIONS CPI CiT/Pr C1 s/Ph C29/CI7 

0-2 cm 2-7 cm 7-17 cm 17-27 cm 
0-2 era 2-7 era 7-17 era 17-27 cm 
0-2 cm 2-7 cm 7-17 era 17-27 cm 
0-2 cm 2-7 cm 7-17 ¢m 17-27 cm 
0-2 cm 2-7 cm 7-17 era 17-27 cm 
0-2 cm 2-7 ¢m 7-17 era 17-27 ¢m 
0-2 cm 2-7 cm 7-17 cm 17-27 cm 
0-2 crn 2-7 cm 7-17 cm 17-27 era 

0.67 0.77 0.91 1.75 0.00 0.37 0.67 0.34 0.00 0.36 0.21 0.00 
0.99 0.92 1.12 0.67 0.22 0.32 0.66 0.36 0.14 0.20 0.26 0.28 
0.59 0.98 0.53 0.00 0.97 0.71 0.12 0.00 l.ll 0.38 0.00 0.00 
0.84 1.09 1.18 1.32 0.50 0.50 0.44 0.46 0.25 0.18 0.21 0.18 
0.74 1.40 1.10 0.92 1.02 0.98 0.84 0.96 0.29 0.31 0.57 0.43 
0.65 ND ND ND 1.23 ND ND ND 0.38 ND ND ND 
1.93 1.86 1.21 1.97 2.24 1.43 1.41 1.14 !.50 1.50 1.36 1.69 
2.11 2.01 2.62 4.17 1.71 1.85 1.21 1.13 0.89 1.55 1.66 1.85 

0.24 0.39 0.61 0.36 
0.74 0.48 0.64 1.02 
0.23 0.22 0.85 ND 
2.77 0.68 0.76 0.84 
0.43 0.34 0.80 1.68 
1.47 ND ND ND 
2.47 3.00 2.63 3.32 
0.74 0.52 0.44 3.56 

ClT, Cls,  C29 =n-alkanes with 17, 18, 29 carbon atoms. 
Pr = Pristane, Ph = Phytane. 
CPI = Carbon Predominance Index (from n-C2o to n-C32). 
N D  = Not  determinatcd. 
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Fig. 3 Chromatograms of tricyclic terpanes, tetracyclic terpanes and 
pentacyclic terpanes (hopanes) (m/z=191), steranes and 
diasteranes (m/z 217) (stations I and 8; 2-7 cm layer). 
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TABLE 4 
Terpanes and steranes attributions (see Fig. 3). 

Peak Assignment 

Terpanes 

t2 
t3 
T4 
Ts 
Tm 
H0 
H! 
H2 
1-13 
H4 
H5 
H6 
H7 
H8 
H9 
HI0 
Hll  
A 
B 
C 
D 

Steranes 
1 
2 
3 
4 

6 
7 

9 
10 
11 
12 
13 
14 

C23 tricyelic terpane 
C24 tricyelie terpane 
C25 tricyelie terpane 
C24 tetraeyelie terpane 
C27 18et(H) 22,29,30 trinorneohopane 
C27 17a (H) 22,29,30 trinorhopane 
C28 17!~(H) 21a(H) 29,30 bisnormoretane 
C29 17a(H) 2113(H) 30 norhopane 
C29 17~(H) 2let(H) 30 normoretane 
C30 oleanane 
C30 17~t(H) 21~H) hopane 
C30 171~(H) 21a(H) 30 moretane 
C31 17a(H) 211~H) homohopane 22S 
C31 17a(H) 21~H) homohopane 22R 
C32 17a(H) 21~H) bishomohopane 22S 
C32 17a(H) 21~H) bishomohopane 2211 
C33 17a(I-I) 211~H) trihomohopane 22S 
C33 17a(H) 2113(1-I) trihomohopane 22R 
C27 17a(H) 22,29,30 trinorhopl7(21)ene 
C30 oleanl2ene 
C30 hopene 
C30 hop22(27)ene 

C27 131~(H) 17ct(H) diaeholestane 20S 
C27 131~(H) 17a(H) diaeholestane 20R 
C27 5a(H) 14~t(H) 17a(H) cholestane 20S 
C27 5a(H) 141~(H) 171~(H) eholestane 20R+ C29 

131~(H) 17a(H) ethyl (24) diaehol~stane 20S 
C27 5~t(H) 14~I-I) 171~(H) eholestane 20S 
C27 5ct(H) 14q.(H) 170t(H) cholestane 20R 
C28 5et(H) 13~(H) 1715(H) ethyl (24) eholestane 20R 
C28 5a(H) 141~(H) 171~(H) ethyl (24) cholestane 20S 
C29 13a(H) 171~(H) ethyl (24) diaeholestane 20R 
C28 5a(H) 14a(H) 17a(H) ethyl (24) cholestane 20R 
C29 5a(H) 14a(H) 17a(H) ethyl (24) eholestane 20S 
C29 5~t(H) 141~(H) 17~H) ethyl (24) eholestane 20R 
C29 5a(H) 1415(H) 171~H) ethyl (24) eholestane 20S 
C29 5a(I-l) 14a(H) 17a(H) ethyl (24) eholestane 20R 

Hamilton, 1967). The n-C29:n-C17 ratio was greater than 
1 for station 7. This suggests a rather terrestrial biogenic 
origin for the detected hydrocarbons. The n-C29:n-C17 
ratio was less than I for station 8. It indicates a rather 
marine (algae and bacterial) biogenie origin of the 
sedimentary organic matter. Because the detected 
hydrocarbons were mainly petroleum hydrocarbons 
this ratio could not be reasonably used for stations I to 6. 

Cycloalkanes are less susceptible to degradation than 
non-cyclic alkanes and present the same molecular 
skeleton as their biological precursors. Some families 
(hopanes, steranes . . .)  are often used in petroleum 
geochemistry in order to determine the alteration and 
maturity degree of petroleum in the deposition basins 
(Moldowan et aL, 1991; Ten Haven et aL, 1986). 
Parameters based on these compounds are also the 
major discriminants which allow the identification of 
crude oil spilled in the natural environment and are used 
in some environmental studies (Page et aL, 1988; Porte 
et aL, 1990; Hostettler et al., 1992; Kvenvolden et al., 
1993; Hostettler and Kvenvolden, 1994, Vandermeulen 
and Singh, 1994). On the basis of  these works these 
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Fig. 5 Gas chromatograms of aromatic hydrocarbon fractions 
(stations I and 6; 2-7 cm layer). 

compounds are also analysed (Fig. 3) by GC/MS in SIR 
mode in order to obtain fingerprints characteristic of 
hopane and sterane families. Attributions are made 
using retention times and previous works quoted above 
and are given in Table 4. 

The terpane distributions (Fig. 3) for each sample 
range from C19 to C35 with the predominance of C30 
hopane and C29 norhopane. In some samples, C23 and 
C24 tricyclic terpanes are relatively abundant. The 
sterane distributions (Fig. 3) for each sample ranges 
from C27 diasterane to C29 sterane, but the abundance 
of each compound differ from sample to sample. These 
distributions are specific to petroleum (Hostettler and 
Kvenvolden, 1994). 

Considering the complexity of effluents, there is no 
characteristic profile which allows us to find identifica- 
tion of the pollutant crude oil. This obstacle has already 
been met, notably by Vandermeulen and Singh (1994) 
during the study of the sites contaminated by the Arrow 
oil but which underwent other anthropogenic inputs 
after the oil spill. Nevertheless profiles shown in Fig. 3 
are quite different. For example C27 steranes are more 
abundant than C29 steranes for station 8 and the 

opposite for station 1. It can suggest either that the 
hydrocarbons detected did not originate from the same 
petroleum mixture, or that the petroleum mixture has 
been altered. The second hypothesis does not seem 
possible because Peters and Moldowan (1993) showed 
that, in altered petroleum, the C29 steranes are 
predominant compared to C27. 

Indices generally used in geochemistry and in 
environmental studies have been also calculated for all 
samples (Table 5): C2a tricyclic terpane/C30 hopane 
(Williams et aL, 1986), C29/C30 hopane (Palacas et aL, 
1986), C31 S/(S+ R) hopanes (Ensminger et al., 1974), 
C29 S/(S+R) steranes (Mackenzie et al., 1980, Brault 
and Simoneit, 1988), C27 diasterane/C29 sterane (Jiamo 
et al., 1990), C2s/C29 sterane (Grantham and Wakefield, 
1988). They are stable for all the stations. Consequently 
no relationship can be reasonably established neither 
depending on the depth nor on the distance from the 
effluent source. 

Whereas the GC/FID profiles corresponding to 
stations 7 and 8 show only n-alkanes characteristic of 
a biogenic origin, the GC/MS (full scan mode) analysis 
reveals distributions of steranes (from C27 diasteranes to 
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Fig. 6 UV synchronous (Ak =23 nm) fluorescence spectra (stations 
1-8). 

C29 steranes) and terpanes (from CI9 to C35) character- 
istic of petroleum contamination as for the other 
stations. However, in the hopane distribution other 
compounds (peaks A, B, C, D in Fig. 3) have a 
suspected biological origin. The mass spectra of 
compounds A, B and D (Fig. 4) are identified by 
comparison with literature data (Philp, 1985). For 
example peak 'A' (Fig. 3) is certainly a diplotene 
which is a bacterial biogenic compound. 

Aromatic hydrocarbons contained in sediments may 
have a petrogenic, pyrolytic and diagenetic or biogenic 
origin (Laflamme and Hites, 1978). As in the case of a 
saturated fraction the ehromatograms for aromatic 
fractions (Fig. 5) show a UCM and very few resolved 
peaks. This distribution pattern confirms that these 
hydrocarbons have mainly a petroleum origin (Wake- 
h a m  et  al., 1980; Jones et  al., 1983). 

The UV fluorescence spectrometry analyses of 
aromatic fractions (Fig. 6) show profiles for each 
station compared to a specific crude oil [Brut Arabian 
Light (BAL) 250] used as a reference, because it has 
been treated by the Lavera refinery. Profiles are similar 
for the first six stations. PAH mixtures contain large 
amounts of two-ring (naphthalene derivatives charac- 
teristic of recent effluents) and three-ring (phenanthrene 

derivatives) compounds and very few four-ring com- 
pounds (pyrene derivatives). These four-ring 
compounds were not detected in crude oil. Profiles 
obtained for stations 7 and 8 are very different from the 
others. The concentrations of light compounds (two 
rings) are lower than the concentrations of three-ring 
compounds. Four-ring compounds are also detected. 
Heavy compounds (five or more rings) such as 
benzopyrene derivatives, which have pyrolytic origins, 
and perylene derivatives, which have terrigenic origins, 
(Laflamme and Hites, 1978; Parlanti, 1990) are present. 

The search of selected polycyclic aromatic hydro- 
carbons by GC/MS, or the estimation of the relative 
proportion between methylated derivatives and parent 
compounds for a given class of compounds, are often 
carried out for the identification of hydrocarbon origins 
and allow a characteration of pollution (Kennicutt et  
al., 1992). Fig. 7 shows the phenanthrene (P) (m/ 
z = 178), methyl phenanthrenes (MP) (m/z= 192) and 
dimethyl phenanthrenes (DMP) (m/z = 206) fingerprints 
for station 1 and station 8 which are the most 
representative of the different stations according to the 
UV fluorescence spectrometry profiles. In the samples 
collected from station 1 mono and di-alkylated 
phenanthrene are present in amounts comparable to 
those of the parent phenanthrenes, as in typical crude 
oils (Prahl and Carpenter, 1983). 

In samples collected from station 8, 3 MP have a 
slight abundance relatively to 9 + 4 and 1 MP. The same 
observation has been made by Bayona et al. (1986) who 
indicated that this isomer is lost before 9 MP in 
condition of biodegradation. Concerning the dimethyl 
phenanthrenes (DMPs), we observe an important 
decrease of these compounds in station 8 compared to 
station 1. DMPs have a slighter abundance relatively to 
MPs in station 8 than in station 1. This observation 
seems different from what Hostettler and Kvenvolden 
(1994) found in their study about the E x x o n  Valdez oil 
spill and from the order of oxic degradation established 
by Volkman et  al. (1984) in favour of monomethylated 
derivatives relatively to dimethylated derivatives. These 
observations could be due to different weathering 
conditions from those described by Hostettler and 
Kvenvolden (1994) and also to the overlapping of 
different sources of hydrocarbons. 

Anomalous important abundance of anthracene (A) 
is observed at station 8. P:A ratio calculated for stations 
8 and 1 are respectively equal to 0.25 and 1.4. P:A ratio 
is usually close to 50 for crude oil and ranges from 3 to 
26 in sediment samples (Colombo et  al., 1989). The 
obtained value for station 8 is atypical but it has been 
found in some sediments (Giger and Blumer, 1974). 
Anthracene is generally attributed to pyrolytic sources 
(petroleum products and/or forest fires) (Soclo, 1986). 
Observation made for station 8 could be explained by 
the fact that the study area surroundings are urban and 
industrial, and forest fires are common in the 
Mediterranean coastal zone. 
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Fig. 7 Mass chromatograms of phenanthrene (m/z= 178), methyl- 
phenanthrenes (m/z=192) and dimethyl-phenanthrenes (m/ 
z =206) (stations 1 and 8; 2-7 cm layer). 

The relative abundances of different classes of 
phenanthrenic compounds (parent, mono and di- 
methylated derivatives) are presented in Fig. 8. The 
relative repartition of methyl phenanthrenes in compar- 
ison with phenanthrene is similar for stations 1 to 6 even 
if monomethylated derivatives are more abundant in 
station 1 than in the other stations. This profile 
corresponds to a petrogenic origin of these compounds 
(Garrigues e t  al., 1988). In contrast, for stations 7 and 8, 
phenanthrene predominates compared with methylated 
and dimethylated derivatives. This profile is character- 
istic of pyrolytic PAHs resulting from atmospheric 
combustion residues (forest fires and fossil fuels) and 
confirms the lower petroleum influence shown by the 
saturated compound analysis. 

Conclusion 

This work illustrates the present state of the site for 
hydrocarbon pollution two years after refinery effluent 

discharges have been stopped. It is a starting point to 
for subsequent studies. It will allow better comprehen- 
sion of the degradation hydrocarbons and will 
determine the degree to which this site has been 
rehabilitated. 

The petroleum contamination influence has been 
detected at up to station 6, even if the hydrocarbon 
concentration had decreased. This decrease is not 
regular but gradual. Three zones are observed: 

A very highly contaminated zone (about 50 g kg -1 
sediment dry wt) near the refinery (stations 1 and 2), 
A less contaminated zone (about 3 g kg-~ sediment 
dry wt) in the deep creek (stations 3 to 6). 
A slightly contaminated zone (about 0.1 g kg -n 
sediment dry wt) in the open sea (stations 7 and 8), 
which corresponds to rates found in most of the 
Mediterranean coastal sediments (Mille et  al., 1992). 

These contamination rates are lower than those found 
by Mille et  al. (1985) in the same stations (from 1 to 4) 

466 



Volume M/Number 6/June 1997 

4 . 

3 - 

2 . 

1 . 

o " ' - .  S t a t i o n  1 

• ~ l l l  

I 

t 

., .. ll- ~ Stations 2 to 6 

~ 
' ~ S ~ o n s  7 and 8 

I I I 
Phe MPhe DMPha 

Fig. 8 Relative abundances of phenanthrene and mono- and di- 
methylated derivatives. 

during overspills (from 3 to 10 times less), especially at 
the surface, 

Moreover sediments of stations 7 and 8 mainly 
contained biogenic hydrocarbons and some pyrolytic 
poly-aromatic hydrocarbons. Nevertheless the GC/MS 
analyses of hopanes and steranes specific to petroleum, 
indicate that traces of petrogenic hydrocarbons are 
detected in these samples. Pyrolytic aromatic hydro- 
carbons are also detected and altered petrogenic 
aromatic hydrocarbon distributions were suspected. It 
is possible that the hydrocarbons detected do not come 
from the same petroleum mixture found near the 
refinery (steranes distribution were quite different). 
These observations are not surprising since the studied 
area is an urban and industrial zone and many forest 
fires have occurred in the surroundings in summer time. 
Moreover the 'Golfe de Fos' is also a navigation zone 
that is submitted to hydrocarbon contamination sources. 

This work has been undertaken in the framework of the GDR Elf 
Aquitaine/CNRS 'Hycar' no. 1123. 
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