Available online at www.sciencedirect.com

SCIENCE(dDIRECTﬁ ;‘;‘g:l)_

T DE
-

A

ELSEVIE C. R. Geoscience 335 (2003) 435-439

Geochemistry / Géochimie

In situ anaerobic degradation of petroleum alkanes
in marine sediments: preliminary results

Delphine Massia%", Vincent Grosst, Jean-Claude Bertrafid

2 |_aboratoire d' océanographie et de biogéochimie, UMR CNRS 6535, station marine d Endoume, rue Batterie-des-Lions,
13007 Marseille, France
b | aboratoire d’ océanographie et de biogéochimie, UMR CNRS 6535, faculté des sciences de Luminy, case 901,
13288 Marseille cedex 9, France

Received 23 October 2002; accepted 1 April 2003

Presented by Lucien Laubier

Abstract

The degradation of acyclic petroleum hydrocarbons was studied during a 24-month experiment in Mediterranean coastal
sediments (Gulf of Fos). Sediment cores entirely contaminated with oil (Arabian Light Crude Oil) were incubated in situ.
The use of conservative tracers of sediment’s particles reworking (luminophores) allowed the distinction of the reworked layer
from the anoxic deeper sediments. Using the ,P18C3g hopane (GgH) as an inert internal reference, we could demonstrate
that, after 24 months of experiment, acyclic petroleum hydrocarbons can be degraded under natural anaerobic conditions. The
reactivity of individual alkanes appeared to depend on their chemical strudtuoite this article: D. Massias et al., C. R.
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Résumé

Dégradation anaérobie d’alcanes pétroliersdansun sédiment marin : résultats préliminaires. Une expérience conduite
dans des sédiments cotiers de Méditerranée (golfe de Fos) a permis d’'étudier, pendant 24 mois, la dégradation d’hydrocarbures
acycliques. Des carottes sédimentaires, entierement polluées par du pétrole (brut arabe Iéger), ont été insérées dans les sédiments
naturels et incubées in situ. L'ajout de traceurs du remaniement sédimentaire (luminophores) a permis de distinguer la zone
remaniée des couches sous-jacentes anoxiques. L'utilisationed@1BIC3¢ hopane (GgH) comme étalon interne invariant
a permis de déterminer qu'en 24 mois, certains hydrocarbures acycliques pétroliers pouvaient étre dégradés en anaérobiose.
Leur réactivité est toutefois apparue dépendante de leur structure chirRayueciter cet article: D. Massias et al., C. R.
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Version francaise abr égée benthic fauna (process known as bioturbation). Bio-
turbation allows oxygen diffusion deeper into the sed-
Longtemps controversée, la dégradation anaérobieiment and oscillating redox conditions to appear [1].
des hydrocarbures par des cultures pures ou des com-Till now, the study of hydrocarbon (bio)degradation
munautés bactériennes a récemment été démontrée em oil-contaminated sediments considered the totality
laboratoire. Les travaux effectués in situ dans les sédi- of the reworked sedimentary column where aerobic
ments marins considerent généralement 'ensemble deand anaerobic processes are integrated [6]. This did
la colonne sédimentaire, et ne distinguent pas les pro- not give any information on the potential role of strict
cessus de dégradation aérobie et anaérobie. Cet articleénaerobic bacterial communities in the degradation of
décrit une expérimentation réalisée in situ dans le but petroleum hydrocarbons under natural conditions. To
de suivre le devenir d’hydrocarbures pétroliers dans this end, we performed an in situ experiment in a ma-
des sédiments marins anoxiques. Des carottes de séfine coastal area. Following the contamination with oil
diment intégralement contaminées par du pétrole (0- of the first 25 centimetres of the sedimentary column,
25 cm) ont été implantées dans des sédiments naturelghe fate of petroleum hydrocarbomsglkanes and iso-
et incubées in situ pendant 24 mois. L'utilisation de lu- prenoids) was followed during a 2-year period. The
minophores (déposés a la surface des carottes) commaeise of inert tracers of the sediment’s solid phase re-
marqueurs inertes de la bioturbation a permis de dis- arrangement (i.e. luminophores [3]) allowed to distin-
tinguer la zone d'influence des organismes benthiquesguish the part of the sediment that was reworked from
de la zone anoxique sous-jacente (Fig. 1). Le suivi des the deeper anoxic layers, and to demonstrate the in situ
hydrocarbures aliphatiques dans ces zones dépourvueanaerobic degradation of aliphatic hydrocarbons.
d’'oxygéne a été réalisé en utilisant un marqueur in-
terne inerte, le 1¢,218C3p hopane. Ceci a permis de
démontrer une dégradation significative de certains al-
canes linéaires (e.gi1;C17, n-Cyg etn-Cgp) et isopré- 2.1. Experimental site
noide (pristane) aprés 24 mois d’'incubation (Fig. 2 et
Tableau 1). Les pourcentages de (bio)dégradation ob- Experiments were carried out at 5 m depth in
servés sont de l'ordre de 56% poumleCy7 etn-Cyg, the Carteau Cove (Gulf of Fos, Mediterranean Sea).
et de 50% pour le-Czg et le pristane. La bioturbation  The experimental site was divided into two similar
n’intervenant pas sur le devenir des hydrocarbures afields, as described elsewhere [6]. At this site, the
ces profondeurs, cette etude indique I'existence d’une temperature varies along the year from(in winter
biodégradation anaérobie des alcanes pétroliers dango 25°C in summer.
des conditions naturelles. Les différences de réactivité
observées entre les composés montrent, par ailleurs,2.2. Sediment contamination
que cette dégradation est fonction de la structure mo-
léculaire des alcanes (longueur de chaine carbonée et Surface sediments (top 20 cm) were collected with
présence de ramifications). an Orange Peel Grab at the experimental site. After
sieving (1 mm), the sediment was mixed with Arabian
Light Crude Oil (A.L. Brut) to reach a concentration
1. Introduction of 10 g kg™ wet sediment. This increased the hydro-
carbon content of the initial sediment by more than 75
Acyclic petroleum hydrocarbons are well known to  times which represented a high level of petroleum con-
be biodegradable in the presence of oxygen, whereastamination. The sediment-oil mixture was then poured
their anaerobic degradation has long been doubted.into PVC cores (25 cm length, 11 cm diameter).
During the past decade, the anaerobic biodegradationAnalysis of the bacterial finger-print in the sediment-
of linear (G—Cz4) and isoprenoid (pristane) alkanes oil mixture by molecular techniques (RISA) did not
have been demonstrated only under laboratory condi- show any change of the major bacterial communities
tions [7,9]. In coastal marine areas, the upper layers compared with the original sediment (P. Cuny, pers.
of the sediment are often influenced by the activity of comm.). Following the addition of luminophores (6 g)

2. Experimental
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3 0,
at the surface, the cores were kept frozen until their Limmingphone £4)

implantation into the experimental site. 0 20 40 60 80
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2.3. Incubation and sampling

Four frozen cores were inserted into each field. 40 B
After 6, 12, 18 and 24 months of in situ incubation, . Zonewith ..
two cores (one per field) were collected by divers. " pioturbation . ' .-
Sediment was extruded from each collected core and i e £ R
sliced as follows: 0—3 cm in 0.5 cm intervals, 3-10 cm
in 1 cm intervals and 10 to bottom in 2 cm intervals.
Samples were immediately frozen, freeze-dried and 120 Z.one without
carefully homogenised.

Depth (mm)
0
s

140 bioturbation
2.4. Luminophores and hydrocarbons analyses 160

Fig. 1. Example of a depth profile of luminophores after a six-month

The presence of luminophores was determined un- ;.- vation.

O,'er UV'I|ght.|n five replicates of each sediment sec- Fig. 1. Exemple de distribution de luminophores aprés six mois
tion. Aliphatic hydrocarbons were extracted from a gincubation.
known amount of lyophilised sediment using a Soxhlet

apparatus and isolated by column chromatography. In- detected down to 160- and 100-mm depth respectively
dividual alkanes were identified by GC/MS and quan- in the two cores after six months, and down to 100-
tified by GC USing two internal standards: hexamethyl' and 120-mm depth respective|y after 24 months. The
benzene (HMB) for G423 alkanes and squalane (Sq) absence of luminophores below these reworked layers
for Cz4-34 alkanes [6]. indicated that the deeper sediments were not reworked

and thus were never in contact with oxygen throughout

the 24-month experiment. These were accordingly
3. Resultsand discussion considered as anoxic zones.

In this paper, we present the results obtained for the 3.2, Petroleum hydrocarbons
anoxic part of the sediment after 6 and 24 months of

incubation. Fig. 2 shows examples of chromatograms of the sat-
urated hydrocarbon fraction (F1) of the oil-sediment
3.1. Sediment reworking mixture at the beginning of the experiment and be-

low the reworked layer in a core incubated in situ for
Fig. 1 shows a depth profile of luminophores 24 months. The hydrocarbons distribution showed a
in a core incubated for six months. Since these marked decrease in ‘short-chain’ alkanes 1{-Css)
inert particles were initially deposited on top of the after 24 months. The depletion of individual hydro-
cores, their detection into deeper sediment layers carbons was followed through the study of7CCis
demonstrates the reworking of the sediment. This and Gg n-alkanes and of isoprenoid hydrocarbons
suggests that the cores were recolonised by benthic(pristane and phytane). In order to demonstrate the
macro- and meiofauna during the first six months of degradation of these hydrocarbons, the:, Z18C3o
the experiment. Indeed, it was previously shown that, hopane (GoH) was used as an inert internal refer-
in the absence of macrofauna, the luminophores areence ([8]; Table 1). The degradation of the individ-
hardly buried into the sediment [5]. The thickness of ual alkanes seemed to depend on their chain length
the reworked layer varied between the four analysed and on the presence of branching. A statistical com-
cores certainly due to differences in macrofaunal parison (Student’s t-Test,=5 or 6,« = 0.05) of the
composition and/or activity: the luminophores were averages of degradation observed for different anoxic
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Table 1
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Relative indexes to 17,218C3g hopane of individual linear and isoprenoid alkanes=fRgristane and Pk- phytane) at the beginning of
experiment(7p) and after 6 and 24 months of experiment in the sediment layers without luminophores (average of replicatedsaBiples

Tableau 1

Indices relatifs au 1¢,218C3g hopane pour des alcanes individuels linéaires et isoprénoides [fRstane et Ph= phytane) au début de
I'expérience(Tp) et apres 6 et 24 mois d’expérience dans les couches sédimentaires sans luminophores (moyenne des étltintiiton

standard)

Time Replicate samples 16/C3oH

C18/C30H

C30/C30H Pr/CzoH Ph/GoH

To
6 months
24 months

268+2.6
22427
138+238

= 3 =
Il
o g o

265+24
221+28
145+27

47+£0.2
44+0.7
31+£05

52+04
42+0.2
36+0.6

9.8+0.9
9.6+05
84+14
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Fig. 2. Chromatograms of the saturated hydrocarbon frac#gn (
in the oil-sediment mixture at the beginning of the experiment and
(B) in a sediment layer without luminophores (100-120 mm) after
24 months of in situ incubation. HMB (hexamethylbenzene) and
Sq (squalane¥ internal standards; P pristane; Ph= phytane;
Cn=n-alkanes withn carbon atoms. Same vertical scale.

Fig. 2. Chromatogrammes de la fraction satur&¢ qu mélange
pétrole—sédiment au début de I'expérienceBjtdans une couche
sans luminophores (100-120 mm) aprés 24 mois d’incubation
in situ. HMB (hexaméthylbenzéne) et Sq (squalaae3tandards
internes ; Pr= pristane ; Ph= phytane; Cn= n-alcanes avew
atomes de carbone. Echelle verticale identique.

layers showed that-Cy7, n-C1g and Pr were signif-
icantly degraded after six months of incubati@h<

p < 0.016). Their extents of degradation by the end of
the experiment (24 months incubation) were 57, 56.5
and 50%, respectively:-Czo appeared to be signifi-
cantly degraded (51%) only after 24 months of incu-
bation (p = 0.0001), whereas no significant degrada-
tion of phytane could be established throughout the
experiment (Table 1). Phytane degradation could be
observed (up to 38%), however, in some individual
anoxic sedimentary layers (results not shown).

This structure-dependent reactivity of alkanes un-
der anaerobic conditions is in good agreement with
the results of Giger et al. [4], obtained under labora-
tory conditions. In addition, a similar scale of reactiv-
ity was observed when kinetics of hydrocarbon degra-
dation was studied in the whole reworked layer [6].
Although the pathways for the anaerobic biodegrada-
tion of isoprenoid hydrocarbons remain unknown, the
lower reactivity of phytane compared to pristane may
be due to the ante-iso structure of one end of the car-
bon skeleton of the phytane molecule. Alternatively,
a production of phytane from the phytyl side-chain of
chlorophyll« present in the original sediment cannot
be ruled out and might have compensated the degra-
dation of this compound in some anoxic sediment lay-
ers [2].

The preliminary results of this in situ experiment
show that below the bioturbated zone, linear and iso-
prenoid acyclic petroleum hydrocarbons can be biode-
graded under anoxic conditions, after 6 or 24 months
of incubation, depending on the compound. Although
the individual alkanes showed varying reactivity, it is
clear that such compounds cannot be considered as
recalcitrant biomarkers in recent marine anoxic sedi-
ments.
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