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THE ORIGINS OF HYDROCARBONS TRAPPED IN THE LAKE OF BERRE SEDIMENTS

For decades, the Lake of Berre (France) -a heavily contaminated ecosystem -has received hudge amounts of hydrocarbons from refineries, petrochemical plants, transportation systems, in addition to those originating from marine and terrestrial biogenic inputs. The purpose of this work was to identify the sources of hydrocarbons trapped in the sediment, using characterization indices, based on n-alkane and isoprenoid abundance ratios obtained from GC/MS analysis. The upper sediment was sampled horn 5 widely-separated stations. In each station, the subsurface (O-10 cm) and the underlaying (lo-20 cm) sediment were separately analyzed by gravimetry, GC/FID and GC/MS. Total hydrocarbon contents ranged horn 63 to more than 6100 mg.kg-' of dry sediment. Qualitative analysis of the saturated hydrocarbon fraction demonstrated the presence of weathered petroleum residues of mixed geochemical origins, as evidenced by the presence of different cyclic alkanes known as biomarkers. Total polyaromatic hydrocarbon contents ranged from 29 to more than 2300 mg.kg-' of dry sediment, associated with molecular indexes suggesting the occurence of combustion processes prior to sedimentation. Petrogenic, pyrolitic, and biogenic sources were discriminated, with reference to previous surveys of the same area or of adjacent areas. With regard to biogenic hydrocarbons, terrestrial sources seem generally predominate, except in the Northwestern area where n-alkane and isoprenoid abundance ratios are more characteristical of organic matter tiom a marine origin.

INTRODUCTION

The 155 km* in surface and 6 m in average depth Lake of Berre is located in the industrial region of Marseille (France) on the French Mediterranean coast. Isolated horn the sea by an elevated, elongate peninsula, it receives sea water from the Gulf of Fos through the narrow S-km long Channel of Caronte, and fresh water both from a few natural tributaries and a large canal powering the hydro-electric stations of the Durance-Verdon system. For decades, the Gulf of Fos and Lake of Berre area concentrates a large number of refineries and petrochemical plants ranking first among those surrounding the Mediterranean Sea.

In spite of outstanding efforts to reduce oil spills and industrial wastes since the 70s it remains a heavily contaminated site. This degraded ecosystem also faces a growth in local population, nowadays exceeding 250 000 on its banks and 550 000 on its watershed, associated with a concomittent increase in local urban sewage. In addition. nutrients. fertilizers and other agricultural runoffs, mainly drained by the Durance-Verdon system. contribute to eutrophization. Repetetive microalgal blooms, scarcely controlled by the zooplanhton, result in hudge organic matter sedimentation and decomposition on the bottom [ 1 J.

As already reported [2,3] the upper sediment acts as a long term reservoir for hydrophobic compounds, especially for saturated and aromatic hydrocarbons from intricate origins. These previous surveys however provide little insight about the complex nature both biogenic and anthropogenic, of input sources.

To-day, elaborated analytical techniques based on GCI MS allow to fractionnate complex hydrocarbon mixtures, and to characterize their origins. based on molecular indexes, such as abundance ratios of n-alkanes and isoprenoids, on the presence of biomarkers, such as cyclic alcanes, and on polyaromatic hydrocarbon fingerprints [4]. These new methods were implemented in the present work. to study organic matter trapped in the Lake of Berm upper sediment. 

METHODS

Physical characteristics.

RESULTS AND DISCUSSION

Grmimetric duta (Table 1). Total hydrocarbon concentration exceeds 100 mg.kg-' of dry sediment, evidencing a major contamination ofthe bottom, in all samples but one (E2). The low level of hydrocarbons Biomarkers. Cyclic alkanes are known to be less vulnerable than aliphatic alkanes are. Some allow to identify the nature of the fossil materials from which petroleums originate, and hence behave as biomarkers.

Evolving horn molecules whose carbon skeleton was unchanged through diagenesis and thermal maturation processes, they may be of use to study oil/oil correlations, oil/source-rock correlations and to assess thermal maturity of petroleums. Thanks to their great stability, biomarkers are of use as well to identify the origin of polluting oils, even after weathering or biodegradation [ 1 I-131. Fingerprints of terpane and sterane families characteristic of crude oil trapped in the sediment of the lake of Berre are presented in Fig. 3. In ah stations, the terpane distribution ranges from Cz3 to C X5, with predominance of Cl0 hopane and C19, while the sterane distribution ranges from Cz7 to Czs with a pre-eminence of the C27 series.

The Cl7 22,29,30 trisnorhop-( 17),( 21)-ene, and the Czs hop-( 22),29-ene shown in the terpane profile (compounds a and b, respectively) have been identifed by comparing their mass spectra to previously published data. These molecular species, belong to the triterpene families, are of microbiological origin [14].

Several geochemical ratios, elaborated from hopane and sterane biomarkers, were used characterize petroleum residues (Table 2). The relative distribution of tricyclic terpanes clearly differs between samples, as shown by the C23/C30H ratio variations from 0.11 to 7.3 1, but not enough to specify the origins of petroleum residues. A marked predominance in the relative abundance of ($7 steranes is often considered a characteristic of a marine origin, while a pre-eminence of C29 steranes is thought to be representative on a terrigen petroleum [ 151. In all samples, the C27 and C29 sterane indexes are similar, indicating a mixture of weathered petroleums of both marine and terrigen origins.

Summarily, no significant difference was observed between samples from different stations, regarding biomarker indexes, as well as tiagmentograms. This suggests a roughly "average" mixed composition of trapped residues, and could be expected for historical and geographical reasons. First, because of the changing economical conditions, the local petroleum industry has used a host of crude oils from many origins, resulting in the release of multitudes of compounds into the milieu 1"'. Secondly, the Lake of Berre exposure to strong winds, tight dimensions and narrow depth may have contributed to the spreading of oil spills from different sources. I(') It may be recalled that, in 1994, Vandermeulen and Singh [17] encountered a similar problem in their attempt to identify the origin of petroleum residues in sites contaminated with Arrow oil, because of latter inputs.

Aromaticfraction

PAHs may be introduced into marine ecosystems from a variety of sources : oil spills, urban and industrial discharges, atmospheric inputs and diagenetic or biogenic origins. With regard to biogenic inputs of organic matter, terrestrial biogenic sources seem generally predominate in the Lake of Berre according to the observed n-alkane and isoprenoid abundance ratios, except in the Northwestern area, where these indicators seem characteristical of organic matter from a marine origin.

Fig. 1

 1 maps the Lake of Berre and the channel of Caronte up to its outlet into the Gulf of Fos and shows the main industrial sites, towns, airport and tributaries. The climatic and hydrological characteristics are well known [l].

Fig. 1

 1 Fig.1The Lake of Berre: sea water and fresh water inputs from artificial and natural tributaries, oil ports, refineries, aiport, cities of more than 20 000 inhabitants, and sampling station location (A to E).

  Exfmcfion and analysis. Hydrocarbons were extracted from the wet sediment (50 g per batch) by direct saponification via alkaline hydrolysis. Samples were heated under reflux for 4 hours in a mixture of 0.5 N KOH in 95 % methanol / toluene 2:l (v/v). The methanol extract was partitioned against three portions of toluene. Toluene extracts were combined, washed with pre-extracted saline water (NaCI : 30 g.L-I), dried with Nar SO4 , evaporated and weighed on a micro-balance (Perkin Elmer AD) to determine the extractable organic matter mass. All or part of the extractable organic matter was dissolved in n-heptane and applied to a mixed silica and alumina (5 % desactivated with water) open co1umn (31 cm long x 1 cm in internal diameter). Column elution with 3 mL of n-heptane yielded an aliphatic fraction, called F 1. Elution with 30 mL of n-heptane / dichloromethane 90 : 10 (v/v) yielded an aromatic fraction, called F2. The solvent was removed from each fraction with a nitrogen stream and the residue was weighed as above. Fl and F2 were analyzed and quantified by GUMS (HP 5890 II chromatograph interfaced with a HP 5989 A mass spectrometer) in single ion recording (SIR) and full scan (FS) modes, using respectively androstane and perdeuterated anthracene as internal standards. The GUMS conditions were : splitless injection for 60 s (295°C) 60 m x 0.32 mm x 0.25 urn DB-5 MS (J&W) column, temperature controlled from 70 to 120 "C at SO"C.min~', from 120 to 295°C at S"C.min~', and at 295°C for 40 min. Linear alkanes and isoprenoids were monitored with m/z 99 fragmentation ions. Pentacyclic terpanes and steranes were respectively monitored at m/z 19 1 and 2 17-2 18 fragmentation ions and identified by their mass spectrum with reference to previously reported data [5]. Parent polyaromatic hydrocarbons such as fluorene (m/z 166) phenanthrene (m/z 178) dibenzothiophene (m/z 184). fluoranthene, pyrene (m/z 202) benzo(a)anthracene, chrysene (m/z 228), benzo(k)fluoranthene, benzo(a)pyrene. benzo(e)pyrene, perylene (m/z 252) indeno(c,d)pyrene, and benzo(g,h,i) peqlene (m/z 276) were identified by comparison to previously published GUMS profiles [6].

  in the Norwestem area (station E) may be explained by two factors : relative remoteness from pollution sources and exposure to a very high rate of muddy alluvia deposition through the Durance-Verdon hydroelectric canal [ 11. Conversely, in station A, close to the airport runaway , the upper layer (Al) contains more than 6 per thousand of hydrocarbons. Data obtained in station D, confirm a previous survey [3]. Both the stations facing oilports (C and D), show a marked decrease in hydrocarbon contamination of subsurface sediment with reference to the underlaying sediment (Cl vs C2 and Dl vs D2). This relative improvement might be explained by the general trend to use pipelines for crude oil delivery to refineries, and subsequent reduction in tanker traffic and oil spills.

Table 1 :J

 1 Gravimetric data (dry sediment) and indices based on n-alkane and isoprenoid ratios Fl saturated fraction ; F2 aromatic 6action ; T.H.C. total hydrocarbon concentration (Fl f F2) Indexes : CPI (25-31) = (nC2j + nC27 + nczy + nCj1) i(nCzd + nC26 f nC28 + nC?o) nC,g / Phy = nCls / Phytane ; 2 alCinCl6 = Sm (nCIJ to nC34) / nCI6 BAL 150=blend Arabian light topped at 150°C ; nd = not determined Aliphatic fraction. In ah stations but E, GC analysis of Fl (basically ahphatic hydrocarbons) shows two unresolved complex mixtures (referred as UCM 1 and UCM 2). In station A, UCM 1 and 2 are centered respectively around nClg-nCZO and around nC3,-C 32, corresponding to light and heavy weathered petroleums respectively [7,8] (Fig. 2). Such chromatographic profiles are thought to characterize the combined effect of different natural degradation processes [9]. UCMs usually contain a multitude of branched and cyclic compounds that cannot be resolved by GC capillary columns. In 1990, using chemical degradation techniques, Gough and Rowland [lo] showed that UCMs typically consist in linear chains connected to branched points, giving rise to "T-shaped' molecules, that resist to biodegradation and accumulate in sediments, With further oil alteration, UCMs shift to higher carbon numbers, a phenomenon clearly observed in all our stations, except E. Comparison of GC patterns in samples horn station A evidences a more abundant UCM 2 within the underlaying (A2) than within the subsurface sediment (Al).

  Table 1 also presents the values of three source-characterization indexes[4,8], based on n-alkane and isoprenoid abundance ratios. The carbon predominance index (CPI) represents the relative abundance of odd vs even numbered linear alkanes.

  Fig. 2 Total Ion current (Full scan) mass chromatograms of samples from stations A and E. a: androstane used as an internal standard ; IJCM 1 and 2 : unresolved complex mixtures 1 and 2

  Fig. 3 Example of fingerprints of terpanes (top) and steranes (bottom) obtained by selective ion fragmentometry (subsurface sediment from station D). 1: C23 tricyclic terpane ; 2: C24 tricyclic terpane; 3: C24 tetmcyclic terpane; 4: C27 ISa(22,29,30 trisnorhopane (Ts); 5: C27 17a(H)-22,29,30 hisnorhopane (Tm); 6: C29 17a(H),21P(H)-30 norhopane; 7: C30 17a(H),21p(H) hopane; 8 and 9. C31 17a(H),21P(H)-29 homohopane respectively 22s and 22R isomers; 10 and 12: C32 17a(H),ZlP(H)-29 bishomohopane respectively 22s and 22R isomers; 13: C33 17a(H),21P(H)-29 trishomohopane 22s and 22R; 14: C34 17a(H),21P(H)-29 tetrakishomohopane 22s and 22R; 15: C35 17a(H),21P(H)-29 pentakishomohopane 22s and 22R; 16: C27 5a(H),14P(H),17MH) cholestane 20R; 17: C27 5a(H), 14P(H),l7P(H) cholestane 20s; 18: C27 5a(H),14a(H),17a(H) cholestane 20R; 19: C2g 5a(H),14P(H),17P(H) ergostane 20R; 20: Cls Sa(H),l4P(H),17P(H) ergostane 20s; 21: C2g 5a(H),14a(H),17a(H) ergostane 20R, 22: C29 5oz(H),14P(H),17P(H) stigmastane 20R; 23: C29 5a(H),14P(H),17P(H) stigmastsne 20% 24: C29 5a(H),14a(H),17a(H) stigmastane 20R.

  sum of C31_35 17a(H),21P(H)-29 hopane 22s and 22R). C23: C23 tricyclic terpaW; %C27: Sum of C27 steranes/Sum of C27_29 steranes, %Czs: S"", Of C28 Stei-~eSiSI"II Of C27_29 steranes; % C29: sum of C29 steranesisum of C27_29 steranes. to better The overall distributions of these indexes are characteristical of carbonated petroleums, as a general trend. The hopane patterns obtained from different samples display slight differences only. The 22S/(22S+22R) hopane ratio narrows 0.6 in all stations ; such a balance between the 22s and 22 R isomers is observed in many crude oils. The Tm/(Ts+Tm) ratio, with depends on the petroleum source and / or maturation [ 151, ranges from 0.53 to 0.69, like in crude oils from the Iranian basin [ 161.

  Fig. 4 GUMS identification of major PAHs in the station D sediment (IO-20 cm layer) P. Phenanthrene and A: anthracene (m/z 178) ; MP (m/z 192) ; DMP (m/z 206) ; Flt: Fluoranthene and Pyr: Pyrene (m/z 202) ; B(a)A: Benzo(a)anthracene and Chr: Ciuysene (m/z 228) ; B(k)F: Benzo(k)fluoranthene, B(a)Pyr: Benzo(a)pyrene, B(e)Pyr: Benzo(e)pyrene and PI: Pelylene (m/z 252) ; I(c,d)Pyr: Indeno(c,d)pyrene and B(g,h,i)Pl: benzo(g,h,i)perylene (m/z 276).

  Fig. 4 shows the GUMS identification of PAH distribution in the D2 sample. Petrogenic inputs are evidenced by the presence of methyl and dimethyl phenanthrenes (MP and DMP) and pyrolytic inputs by the relative abundance of parent PAHs (phenanthrene to indeno(c,d)pyrene) [4].

Fig. 5

 5 Fig. 5 compares the concentrations of 12 PAHs in the Lake of Berre sediment, and emphasizes the relative abundances of species of low and high molecular weights (3 rings and more).

Fig. 5

 5 Fig. 5 Compared concentrations (mg kg-' dry sediment) of polyaromatic hydrocarbons of low and high molecular weights trapped in the Lake of Berre upper sediments (subsurface and underlay) and collected from different areas (refer to Fig. 1 for station locations) l.lghr : sum of concenbation of 6 PAHs of molecule weight 5 202 (phenantbrene, an&acme, fluorene, dibenzotbiophene, fluoranthene, pyrene) Hemy : sum of concentration of 6 PAHs of molecular weight > 202 (benzo(k)fluoranthene, bemo(a)pyrene, benzo(e)pyrene, perylene, indeno(c,d)pyrene, and benzo(g,hi)perylene). Note the heavy PAH contamination of the station A (off the airport runaway) and the high concentrations of PAHs of high molecular weights in the subsurface sediments of the station D. The overall concentration of these PAHs varies from 38 to 2323 mg.kg-' of dry sediment, minimal and maximal values being observed in stations C and A respectively.These concentrations are close to those observed in areas heavily exposed to industrial and urban discharges, like the Gulf of Mexico coast 1181 and some Mediterranean waterfronts [19]. PAH profiles are close to those observed in the contaminated sediments of the adjacent Mediterranean waterfront, known as the C&e Bleue [2,3,20] With reference to current knowledge [ 19,2 I-261 the PAH distribution observed in the Lake of Berre suggests the occurence of combustion processes prior to sedimentation, given the high content of species of high molecular mass (> 202 g).

Table 2 :

 2 Geochemical indexes of petroleum residues from the lake of Berre sediments.

		Stations	_ Tm	C29NH	22s	C -23-	%C,,	%C,,	%C,,
				(Ts+Tm)	C,,H	(22R+22S)	C,,H
		Al (O-10 cm)		0.59		1.87	0.62	7.31	0.44	0.27	0.28
		A2 (1 O-20 cm)	0.69		141	0.58	0.21	0.33	0.29	0.38
		Bl(O-10 cm)		0.60		1.55	0.57	0.64	0.35	0.31	0.34
		B2 (1 O-20 cm)	0.62		1.29	0.65	0.53	0.35	0.32	0.33
		Cl(O-10 cm)		0.53		1.68	0.60	1.32	0.43	0.23	0.34
		C2 (1 O-20 cm)	0.58		1.08	0.57	0.28	0.35	0.28	0.37
		Dl(O-10 cm)		0.57		1.09	0.58	0.32	0.36	0.26	0.38
		D2 (lo-20 cm)	0.59		1.27	0.60	0.47	0.35	0.28	0.37
		El(O-10 cm)		0.64		I .29	0.57	0.15	0.38	0.26	0.35
		E2 (1 O-20 cm)		0.64		0.91	0.59	0.1 I	0.30	0.32	0.38
	Ts:	C27	18a(H)-22,29,30	hisnorhopane	; Tm: C27	17a(H)-22,29.30	trisnorhopane,	C29NH:	C29
	17a(H),21P(H)-30	norhopane;	C3oH:	C30	17a(H),21P(H)	hopane;	22Sl(ZZS+22R).
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