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Abstract

Vascular plant biomarkers are used here as a chemostratigraphic tool for tracing both palaeoflora and palaeocli-
matic changes during the Callovian and Oxfordian in the Paris Basin. The retene/cadalene ratio shows low values
in claystones from the Middle Callovian to the end of the Lower Oxfordian, then increases drastically from the end
of the Lower Oxfordian (cordatum Zone) synchronously with the progressive development of the Oxfordian carbonate
platform. The relative proportion of retene, a conifer biomarker, is strongly correlated with the abundance of some of
its diagenetic precursors and with saturated diterpanes. Some of these are very common and abundant in the Pinaceae
family while specific markers for non-Pinaceae conifers are not detected. Thus, the increase in the retene/cadalene ratio
around the cordatum Zone reflects the rising proportion of Pinaceae on the London-Brabant Massif, which was the
nearest land from the locations studied. As Pinaceae show many morphological adaptations to dry climate compared
to the other plants reported in the Jurassic taphofloras of the Paris basin, their increasing proportion indicates an
increasing aridity. This climatic change is also supported by published geochemical, palaeobiogeographical, palynolog-
ical, palaeobotanical and mineralogical data. A comparable increase in the relative proportion of retene was also
described for the Oxfordian of Western Australia, which could be an argument for a worldwide increase in aridity
at the end of the Lower Oxfordian.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Terrestrial plants are major producers of biolog-
ical components which are thereafter transported
0146-6380/$ - see front matter � 2006 Elsevier Ltd. All rights reserved
doi:10.1016/j.orggeochem.2005.12.010

* Corresponding author.
E-mail address: yann.hautevelle@g2r.uhp-nancy.fr (Y. Hau-

tevelle).
within various kinds of particles (soot, resin grains,
phytoclasts. . .) from land to sedimentary basins
both by wind and rivers. During transport, sedimen-
tation and diagenesis, most of these compounds are
mineralised but some are converted into biomarkers
and preserved within sediments. Vascular plant bio-
markers are now well recognised molecular com-
pounds classically used in organic geochemistry to
.
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reconstruct palaeoenvironments (e.g. Fleck et al.,
2001, 2002; Bechtel et al., 2002). These land plant
biomarkers are mainly:

1. n-Alkanes with more than 24 carbon atoms, char-
acterised by an odd-over-even carbon number
predominance and a mode at C29 or C31 typical
of cuticular waxes (Caldicott and Eglinton, 1973).

2. Non-alkylated PAHs (polycyclic aromatic hydro-
carbons) produced by incomplete biomass burn-
ing during ancient vegetation fires (Killops and
Massoud, 1992; Jiang et al., 1998).

3. Geoterpenoids derived from diagenesis of biot-
erpenoids common in vascular plant tissues and
resins. Terpenoid analysis of extant plants
(Swain, 1965; Otto and Wilde, 2001) in well iden-
tified plant fossils and sometimes in the sur-
rounding sediment (Otto et al., 1999, 2002b;
Otto and Simoneit, 2001, 2002; Staccioli et al.,
2002), of fossil resins and ambers still associated
with their well identified biological producers
(Simoneit et al., 1986; Otto and Simoneit, 2002;
Otto et al., 2002a) and of organic aerosols pro-
duced by biomass burning (Simoneit, 2002 and
references therein) yields valuable information
on the specific plant sources of geoterpenoids.

These studies indicate that certain sesqui-, di-
and triterpenoids have a chemosystematic or a che-
motaxonomic value and can be linked to specific
plant taxa. Thus, diterpenoids originate mainly
from gymnosperms and can provide useful chemo-
taxonomic information on fossil and extant conife-
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Fig. 1. Main factors implied in the stratigraphic record for palaeo
rales families (Otto and Wilde, 2001; Otto and
Simoneit, 2001), while triterpenoids of the oleanane,
ursane and lupane classes derive essentially from
angiosperms (Woolhouse et al., 1992).

Consequently, the nature and relative proportions
of geoterpenoids preserved in sediments are poten-
tially useful proxies for ancient flora and reflect the
plant palaeobiodiversity on emerged land close to
sedimentary basins at the time of deposition. There-
fore, vascular plant biomarkers can be used as a
chemostratigraphic tool in order to trace palaeoflora
changes on emerged land (Fig. 1). As palaeoflora
changes are under climatic control and forced by
seasonality, temperature and humidity variations
(Barale, 1990; Vakhrameev, 1991), the precise deter-
mination of which plant families appear/disappear
or become more/less predominant can theoretically
allow us to specify the nature of climatic variations
if the favourable temperature and/or humidity
requirements of the families are known (Fig. 1).

Molecular and isotopic tracers of palaeoflora and
palaeoclimatic changes have been reviewed recently
by Pancost and Boot (2004) who point out that pal-
aeoflora reconstructions remain a largely unexplored
field and a great challenge in organic geochemistry
applied to palaeoenvironmental research: van Aars-
sen et al. (2000) provide the most convincingly evi-
dence of a palaeovegetation change recorded by
sesqui- and diterpenoids, suggesting that large for-
ests of conifers developed during the Oxfordian on
the Australian hinterland. However, an increase in
conifer forest area cannot be interpreted in terms of
climatic change because conifers live under all
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climates. Thus, it is absolutely necessary to define a
palaeoflora change with more precision in order to
specify the nature of the climatic change.

This paper concerns Callovo-Oxfordian sedimen-
tary series located at the North and East of the Paris
Basin, in which a major change vascular plant bio-
marker distribution is recorded and described. For
the first time, a change in the plant biomarker distri-
bution is interpreted in terms of palaeoflora change
and of palaeoclimatic evolution.

2. Geological setting and palaeoflora on emerged land

2.1. Geological setting

The Paris Basin (France) is an intracratonic flex-
ural basin initiated by the post-hercynian break-
down of Pangea since the Triassic and has
accumulated sediments during Meso-Cenozoic
times (Guillocheau et al., 2000; Le Solleuz et al.,
2004). During the Jurassic, its tropical position
(between 20 and 35�N in latitude, Fig. 2), a globally
warm greenhouse climate (Hallam, 1994) and a low
to moderate bathymetry (Guillocheau et al., 2000)
were favourable for the development of large car-
bonate platforms. This carbonate sedimentation
was periodically interrupted by argillaceous deposits
during platform drowning, which correspond to sec-
ond order maximum flooding events (Jacquin et al.,
1998; Guillocheau et al., 2000). The studied Callo-
Fig. 2. Palaeogeographic map of Western Europe at the Dogger/
Malm boundary (modified from Dercourt et al., 2000).
vian and Oxfordian series have successively
recorded the drowning of the carbonate Batho-
nian–Callovian platform, the deposition of the Arg-
iles de la Woëvre Formation from the Middle
Callovian to the Lower Oxfordian, a progressive
transition to carbonate facies at the end of the
Lower Oxfordian and finally the development of
the Middle Oxfordian carbonate platform. Major
changes in clay mineralogy in the sedimentary
record have previously been described in the sedi-
mentary series (Debrabant et al., 1992; Pellenard,
2003). During the Callovian and Oxfordian, the
Paris Basin was covered by a shallow epicontinental
sea limited by shoals at the South and East, the
Channel Basin towards England and two areas of
emerged land, the Armorican and London-Brabant
Massifs (Fig. 2). The London-Brabant Massif is the
nearest land from the five wells investigated in the
present study (cf. Section 4.1) and is probably
the main source of detrital clays and organic matter
deposited in this area.

2.2. Palaeoflora on emerged land

The palaeobotanical classification used in this
study is summarized in Table 1. Vascular plants
(Tracheophyta) are classically divided into two phy-
lums, Pteridophyta and Spermatophyta (seed
plants). The Spermatophyta phylum is divided into
two sub-phylums, Gymnospermae and Angiosper-
mae. Gymnosperms were very abundant during
the Jurassic, which is sometimes called the ‘‘Age
of Gymnosperms’’ while angiosperms appeared dur-
ing the Early Cretaceous (Crane et al., 1995) and do
not concern this study. The term gymnosperm is
used s.l. in the present paper and includes numerous
Jurassic-living orders as Ginkgoales, Cycadales,
Bennettitales, Caytoniales and the most diversified
Coniferales. Conifers were also abundant and were
represented by various extant families like Araucar-
iaceae, Cupressaceae, Pinaceae, Podocarpaceae,
Taxodiaceae and the extinct Cheirolepidiaceae
(Lemoigne, 1988).

Predominant plants in the Middle Floristic Prov-
ince defined by Lemoigne (1988), in which the stud-
ied area occurs, are Pteridophyta, Bennettitales,
Cycadales, Ginkgoales and Caytoniales. Barale
(1981) reported the presence of Filicales (ferns),
Cycadales, Bennettitales, Coniferales and more par-
ticularly Araucariaceae in the Upper Jurassic of
Jura (France). Lemoigne and Thierry (1968)
reported the presence of Pteridophyta, Bennetti-



Table 1
Palaeobotanical classification followed in this work

Phylum Sub-phylum Orders

Tracheophyta

presence of a
structured and
lignified vascular system

Spermatophyta or Phanerogams

seed plants
Angiospermae Not represented in

this study

Gymnospermae s.l.
non-flowering plants

Ginkgoales, Cycadales,
Caytoniales, Bennettitales,
Coniferales (conifersa)

Pteridophyta

plants without seeds
Psilophytales, Lycopodiales,
Equisetales, Filicales (ferns)

Thallophyta absence
of a structured and
lignified vascular system

Bryophyta (mosses, liverworts. . .)

Fungi, Algae

a Conifers are divided into many families (Araucariaceae, Cupressaceae, Pinaceae, Podocarpaceae, Taxodiaceae, Cheirolepidiaceae).
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tales, Araucariaceae and Cupressaceae in Callovo-
Oxfordian series from Burgundy (France).

Care must be taken with these palaeobotanical
reports because they are based on uncommon and
exceptional deposits, leading to a low spatial-
temporal resolution of the palaeobotanical strati-
graphic record. Many palaeoxylology studies on
Jurassic fossil woods of France also provide infor-
mation on ancient floras (Philippe and Thévenard,
1996; Philippe et al., 1998; Garcia et al., 1998). These
studies indicate the presence of Taxodiaceae as well
as of a conifer mangal in the Middle Bathonian
and the Middle Oxfordian of Franche-Comté (East-
ern France). Palynology was essentially used for
biostratigraphy and less for palaeobotany studies
because, as xylomorphs, palynomorphs do not nec-
essarily correspond to well-identified botanical taxa.
Also, the presence of conifer pollen and the increase
in spore pollen abundance in the East of the Paris
Basin during the Oxfordian were reported (e.g. Rau-
scher and Schmitt, 1990; Huault et al., 1995, 2003).

Palaeoflora described on emerged land bordering
the Paris Basin during the Jurassic is quite consistent
with typical Jurassic vegetation. Indeed, Pterido-
phyta (notably Filicales), Cycadales, Ginkgoales,
Bennettitales, Caytoniales and Coniferales are
reported in Jurassic taphofloras all over the world
(Vakhrameev, 1991; Stewart and Rothwell, 1993;
Taylor and Taylor, 1993).

3. Major Jurassic vascular plant biomarkers and their

palaeochemotaxonomic significance

3.1. Sesquiterpenoids

Sesquiterpenoid biomarkers derived from vascu-
lar plants occur frequently in sediments and crude
oils. Some are non-specific, like dihydro-ar-curcum-
ene (C15H24, I), isodihydro-ar-curcumene (C15H24,
II) and their enantiomers because they derive from
bisabolanes which are widespread in vascular plants
(Bastow et al., 1997). On the other hand, others are
very specific, like the cedranes as a-cedrene (C15H24,
III) and cuparanes as cuparene (C15H22, IV), which
have a Cupressaceae or a Taxodiaceae origin (Gran-
tham and Douglas, 1980; Otto et al., 1999; Otto and
Wilde, 2001).

Cadinenes and cadinols occur in most of the vas-
cular plants and are degraded during diagenesis into
cadalene (C15H28, V) via the formation of monoaro-
matic cadinanes and cadinenes (Simoneit, 1986;
Simoneit et al., 1986). Furthermore, it is not
excluded that cadalene can partly derive from cad-
inane class sesquiterpenoids also present in some
Bryophyta, Fungi and Algae (Simoneit et al.,
1986; Bordoloi et al., 1989; Elias et al., 1997). Dur-
ing catagenesis, cadalene can also be produced from
polycadinene, a component of dammar resin syn-
thesized by a few angiosperms like Dipterocarpa-
ceae (van Aarssen et al., 1994). However, such an
origin can be ruled out since the studied series is
of pre-angiosperm age and is thermally immature
(Landais and Elie, 1999).

3.2. Diterpenoids

Diterpenoids are excellent biomarkers for terres-
trial plants because they are major compounds in
gymnosperm tissues (Simoneit et al., 1986). Biodit-
erpenoids are very diversified and essentially com-
prise unsaturated hydrocarbons, resin acids and
phenolic compounds.

Diterpenoids with a kaurane (VI), phyllocladane
(VII), beyerane (VIII) or totarane (IX) skeleton
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derive from all conifer families except Pinaceae.
Labdane (X) and pimarane (XI) diterpenoids are
generic conifer biomarkers (Noble et al., 1985,
1986; Otto et al., 1997; Otto and Wilde, 2001).
Abietane-class diterpenoids constitute an impor-
tant class in palaeochemotaxonomy; although they
are also widespread among conifers. Indeed, abie-
tanoic acids such as abietic acid (C20H30O2, XII)
are major compounds of ancient and modern Pin-
aceae resins (Otto and Wilde, 2001; Otto and Sim-
oneit, 2001, 2002; Rezzi et al., 2005). Many
diagenetic pathways for abietic acid have been pro-
posed and all lead to the formation of retene
(C18H18, XIII) via intermediate compounds such
as dehydroabietic acid (C20H28O2, XIV), dehydroa-
bietins (18-norabieta-8,11,13-triene, C19H28, XV

and 19-norabieta-8,11,13-triene, C19H28, XVI),
simonellite (C19H24, XVII) and tetrahydroretene
(C18H22, XVIII; e.g. Simoneit, 1986; Otto and Sim-
oneit, 2001, 2002; Marchand-Geneste and Carpy,
2003). Also, 2- and 9-methylretenes (C19H21,
XIX) are often associated with these aromatic abie-
tanes (Bastow et al., 2001). Dehydroabietane
(C20H30, XX) is a bioditerpenoid synthesized by
conifers but can also derive from the diagenesis
of abietic acid. Norabietatetraenes (C19H26, XXI)
can also be formed during the diagenesis of abietic
acid. Under more reducing conditions, norabie-
tanes such as fichtelite (C19H34, XXII) can be
COOH COOH

abietic acid (XII) and
 other

abietanoic acids

dehydroabietic
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Fig. 3. Simplified diagenetic pathway for the degradation of abietane
et al., 1986; Otto and Simoneit, 2001; Stephanova et al., 2002).
formed instead of retene (Simoneit, 1986; Otto
and Simoneit, 2001).

Furthermore, as pointed by Otto et al. (1997),
Otto and Simoneit (2001), and Stephanova et al.
(2002), abietanoic acids are not the only possible
precursors for retene. Actually, all abietane class
bioditerpenoids, such as phenolic and ketophenolic
abietanes (e.g. ferruginol, C20H30O, XXIII; hinok-
iol, C20H30O2, XXIV; hinokione, C20H28O2, XXV;
taxodone, C20H28O3, XXVI and sugiol, C20H28O2,
XXVII), which occur in non-Pinaceae conifer fam-
ilies, may be degraded to produce retene (Fig. 3).
While the early diagenesis of abietanoic acids leads
to the formation of dehydroabietic acid, phenolic
and ketophenolic abietanes are transformed into
diagenetic phenolic abietanes like 6,7-dehydrofer-
ruginol (C20H28O2, XXVIII), 12-hydroxysimonellite
(C19H24O2, XXIX), 18-norferruginol (C19H28O2,
XXX) and 3-oxo-12-hydroxysimonellite (C19H22O2,
XXXI; Otto and Simoneit, 2001; Stephanova et al.,
2002); 6,7-dehydroferruginol, 12-hydroxysimonellite
and 3-oxo-12-hydroxysimonellite are degraded to
simonellite while 18-norferruginol is converted to
18-norabieta-8,11,13-triene. Thus, retene is a semi-
specific biomarker of conifers, which cannot be used
to distinguish between their different families, while
some of its less altered precursors can. Therefore,
this study focusses on precursors and reaction inter-
mediates of retene in order to determine which
abietins
rabietatriene
 XVI) 

dehydroabietin
18-norabietatriene

(XV)

simonellite (XVII) retene (XIII)tetra-
hydroretene (XVIII)

biological precursors

class bioditerpenoids (synthesized from Simoneit, 1986; Simoneit
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precise conifer families contribute to sedimentary
organic matter.

Table 2 summarizes the occurrence of these
structural classes among conifer families. Even if
Table 2 appears to be a useful tool for palaeo-
chemotaxonomy, some limitations must be pointed
out:

1. Chemical intra-family variability is not taken
into account. Indeed, the terpenoid distribution
is not rigorously identical among all species of
a family and can vary slightly within the same
species as a function of habitat.

2. Only few fossil and modern genera have been
analysed within each family.

3. Major compounds detected in most of the repre-
sentatives of the same family have been taken
into account, but it cannot be excluded that vary-
ing proportions of markers specific to other fam-
ilies occur in some species.

4. To our knowledge, the biomarkers from fossil
Cheirolepidiaceae, an extinct Mesozoic family
of conifers, have never been examined.
Table 2
Occurrence of sesqui- and diterpenoids in different families of conifers

Vascular plant
biomarkers

Compound numbers
referring to appendix

Examples of comp

Sesquiterpenoids

Bisabolane class I.–II. Dihydro-ar-curcum
Cedrane class III. a-Cedrene
Cuparane class IV. Cuparene
Cadinane class V. Cadalene

Diterpenoids

Kaurane class VI. ent-Kauranes
Phyllocladane class VII. Phyllocladanes
Beyerane class VIII. ent-Beyeranes
Totarane class IX Diaromatic totara
Labdane class X. Labdanes
Pimarane class XI. Pimarane

Abietane-type

Abietanoic acids XII., XIV. Abietic acid, dehy
Retene XIII
Dehydroabietins XV, XVI. 18- & 19-norabieta
Simonellite XVII.
Tetrahydroretene XVIII.
Methylretenes XIX.
Dehydroabietane XX.
Saturated abietanes XXII. Norabietanes, abie
(Keto-)Phenolic abietanes XXIII.–XXXI. Ferruginol

Roman numbers refer to appendix. References and explanations are in
X: reported in this family.
(x): Reported in this family associated with higher proportion of totar
3.3. Dimethoxyalkylcoumarins

Recent studies on extant and fossil ginkgolean
plants show the chemotaxonomic value of two dim-
ethoxyalkylcoumarins with C14:1 and C16:1 alkenyl
(XXXII) chains, which occur, however, in low
amounts (Nguyen Tu et al., 2003).

4. Experimental

4.1. Samples

Thick argillaceous series and their surrounding
carbonate platforms deposited during the Callovian
and Oxfordian (Middle/Upper Jurassic) were inves-
tigated for the presence of vascular plant biomarkers.
About 150 core and cuttings samples distributed
through five wells drilled for Andra (French
National Radioactive Waste Management Agency)
in the North-East Paris Basin were studied. Four
(MSE 101, HTM 102, EST 312 and EST 342) are
located in the Eastern part of the basin (Meuse and
Haute-Marne) and form two transects orientated
ound Conifer families

Arauca
riaceae

Cupres
saceae

Pina
ceae

Podocar
paceae

Taxodia
ceae

ene X X X X X
X X
X

X X X X X

X X X X
X X X X
X X X X

ne X X X
X X X X X
X X X X X

droabietic acid (x) (x) X (x) (x)
X X X X X

-8,11,13-trienes X X X X X
X X X X X
X X X X X
X X X X X
X X X X X

tane X X X X X
X X X X

the text.

anes and/or (keto)phenolic abietanes.
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NNW-SSE (15 km long) and NE-SW (30 km long).
The core A 901 was drilled at Montcornet (Aisne),
located in the North of the basin (Fig. 2).

4.2. Analytical procedure

Samples were crushed and then powdered to
<300 lm. Soluble organic matter was extracted with
dichloromethane at 100 bar and 80�C from 80 to
120 g of rock powder using an accelerated solvent
extractor (DIONEX ASE 200). Steel cells filled with
pulverised samples were carefully solvent-
prewashed in the ASE 200. The purge gas was nitro-
gen. The heating phase and the static extraction
times were both 5 min. Two extraction cycles were
performed to ensure that the lipid fraction was com-
pletely extracted. Elemental sulfur was removed by
introduction of HCl-activated copper chips in vials
containing the solvent and the extract. Dichloro-
methane was evaporated using a Zymark TurboVap
LV and the extract was left to dry overnight and
weighed. The hydrocarbon fraction was separated
from the polar fraction using column chromatogra-
phy on alumina, eluting successively with dichloro-
methane and methanol/dichloromethane (50/50 v/
v). Hydrocarbons were fractionated using silica gel
column chromatography to recover aliphatic, aro-
matic and a more polar fraction by successive elu-
tion with pentane, pentane/dichloromethane (65/
35 v/v) and methanol/dichloromethane (50/50 v/
v). The two polar fractions were both recovered in
the same vial. An aliquot of the combined polar
fractions was methylated using TMAH. Aliphatic,
aromatic, and polar fractions were analysed using
gas chromatography–mass spectrometry (GC–MS;
a HP 5890 Series II GC coupled to a HP 5971
MS; full scan and SIM modes used, with an ionising
voltage of 70 eV). The column was a DB-5 J&W
capillary (60 m · 0.25 mm i.d., 0.1 lm film thick-
ness). The temperature programme was 70–315 �C
at 15 �C/min to 130 �C, then 3 �C/min followed by
an isothermal stage at 315 �C for 15 min. Helium
was the carrier gas (1 ml/min). All fractions were
diluted in hexane (4 mg/ml for aliphatic and 8 mg/
ml for aromatic and polar fractions) and 1 ll of
solution was injected for GC-MS analysis. Identifi-
cation of compounds was made using published
mass spectra and relative retention times. The cada-
lene to retene ratio was calculated by measuring the
respective peak areas using the characteristic frag-
ments at m/z 219 for retene and m/z 183 for
cadalene.
5. Results

Dimethoxyalkylcoumarins, which seem to be
specific compounds for the Ginkgoales order, are
absent from our samples. This is not surprising
because of their low abundance in living Ginkgos
and their low preservation potential over geological
time (Nguyen Tu et al., 2003).

In this study, the cadalene/retene ratio is used
first because retene and cadalene are the final degra-
dation products of the cadinane and abietane classes
of compounds.

Evolution of the ratio with depth is shown in
Fig. 4 for the five wells. Most of the samples located
at the top of the Bathonian–Callovian platform are
characterised by a greater abundance of cadalene
over retene, while others show a higher proportion
of retene. The ratio is very low, close to 0, in Cal-
lovo–Oxfordian claystones in the four wells from
the East of the basin and relatively low in the clay-
stones from the A 901 well.

The relative proportion of retene increases signif-
icantly and simultaneously in EST 312, HTM 102
and MSE 101 for the cordatum Zone. In well A
901 the retene/cadalene curve displays high fre-
quency variations which may be due to its proximity
to the London-Brabant Massif. In order to smooth
these high frequency variations, we calculated a
moving average for each sample, taking into
account the value for the sample and those of the
four surrounding samples (two below and two
above). The resulting curve is relatively stable dur-
ing the Callovian, then increases slightly during
the mariae Zone and finally increases more inten-
sively from the cordatum Zone. This increase in
the relative proportion of retene in these wells is
synchronous with the appearance of the first car-
bonate layers announcing the installation of the
Oxfordian carbonate platform. The ratio remains
high during the Middle Oxfordian and retene,
almost absent beneath the cordatum Zone, is now
one of the most predominant compounds in the aro-
matic fraction. However, a few samples dated from
the cordatum Zone and the Middle Oxfordian show
a lower proportion of retene.

Cadalene is associated with minor amounts of
monoaromatic cadinane class sesquiterpenoids.
Cuparane class and cedrane class sesquiterpenoids
are not significantly present and were barely
observed in low amount in a few samples. The
abundance of retene is associated with other tricy-
clic aromatic diterpenoids with an abietane class
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skeleton, like dehydroabietane, dehydroabietins
(18- and 19-norabieta-8,11,13-trienes), 1,2,3,4-tetra-
hydroretene, simonellite and methylretenes. These
compounds were identified by comparison of their
mass spectra with those published by Simoneit
(1977), Philp (1985) and Bastow et al. (2001). Their
abundance is strongly positively correlated with the
relative abundance of retene (Fig. 5a and b).

The abundance of diterpanes, classically moni-
tored using m/z 123 and 109 in the aliphatic frac-
tion, is also strongly correlated with the presence
of retene in the corresponding aromatic fraction.
Diterpanes are almost absent from samples charac-
terized by low retene/cadalene values and are very
abundant in samples associated with high retene/
cadalene values (Fig. 5c and d). Their distribution
is similar in all samples in which they are signifi-
cantly present. These compounds are tentatively
assigned from interpretation of MS fragmentation
patterns and comparison with published spectra.
The compound corresponding to peak 1 (Fig. 5d)
shows a short retention GC time and a mass spec-
trum with a molecular ion at m/z 278 (C20H38) con-
sistent with 8b(H)-labdane (Noble et al., 1986).
Compounds corresponding to the doublet of peaks
3 and 4 also have MS fragmentations similar to that
of labdane and it seems likely that one of these peak
corresponds to 8a(H)-labdane, whereas the second
compound may be another, unknown, saturated
labdane derivative. Compounds corresponding to
peaks 2, 5–11 all have identical spectra character-
ized by a molecular fragment at m/z 262, which indi-
cates that they are C19H34 tricyclic diterpenoids.
Their spectra match very well with published mass
spectra of norabietane, fichtelite and their isomers
(Philp, 1985; Dzou et al., 1999). The low intensity
of peak 12 does not allow us to have a good quality
spectrum for this compound, but its molecular ion
at m/z 276 corresponds to a C20H36 tricyclic diter-
pane which could be abietane. These diterpanes
occur in very low amounts in the A 901 samples,
whatever the value of the retene/cadalene ratio. If
present, tetracyclic diterpanes such as beyeranes,
kauranes and phyllocladanes are below the detec-
tion limit. Fig. 6 shows the distribution of other
compounds, termed 13 and 14, using the fragment
at m/z 163. These compounds display similar mass
spectra, with a molecular ion at m/z 260 and an
intense M+–CH3 fragment at m/z 245. They have
not, to our knowledge, been described before and



22 24 26 28 30 32 34 36 38 40

well MSE 101, 606.5 m
low retene/cadalene ratio

(retene/cadalene=0.09)

well MSE 101, 493.3.5 m
high retene/cadalene ratio

(retene/cadalene=5.92)

aromatic fraction
m/z=183, 219, 223, 233, 237, 241, 255

a
aromatic fraction
m/z=183, 219, 223, 233, 237, 241, 255

b

aliphatic fraction
m/z=109, 123, 191

c
aliphatic fraction
m/z=109, 123, 191

d

methyl
retene

22 24 26 28 30 32 34 36 38 40

30 35 40 45 50 55 60 65

diterpanes

hopanes

hopanes

6530 35 40 45 50 55 60

1

234

5

6 7

8
9

10

11

12

COOH

No tetracyclic diterpane detectedNo or few diterpane detected

No functionnalised abietane detected

No (keto)phenolic abietane
detected

methylated polar fraction
TIC

e
methylated polar
fraction
TIC

f

retention time (min.)

retention time (min.)

44 46 4832 34 36 38 40 42
retention time (min.)

44 46 4832 34 36 38 40 42
retention time (min.)

retention time (min.)

retention time (min.)

+

?

?

?

?

n-acids

n-alcohols

Fig. 5. GC-MS traces of the aromatic (a, b), aliphatic (c, d) and methylated polar (e, f) fractions of two samples respectively characterized
by a low and a high retene/cadalene ratio.

618 Y. Hautevelle et al. / Organic Geochemistry 37 (2006) 610–625
their abundance also correlates with that of retene.
Fig. 6 points out the similarities in their partial mass
spectra with those of dehydroabietins. Fragments
generated by these unknown compounds have 4
m/z units fewer than, and relative intensities close
to, fragments for dehydroabietins. This suggests
the dehydrogenation of two of the three double
bonds located in ring C of dehydroabietins. Fur-
thermore, the molecular ion at m/z 260 is also con-
sistent with a norabietane structure with one double
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bond, so the fragmentation pattern shown in Fig. 6
can be proposed. Hence, these two compounds are
tentatively assigned as two isomers of norabietane
monoenes. The occurrence of diterpenes is not sur-
prising because the studied sedimentary series also
contain unsaturated terpenoids such as sesquiter-
penes, diasterenes and hopenes. Norpimaranes and
pimaranes, which are often found in association
with abietanes and norabietanes, are not found in
these extracts.

Dehydroabietic acid methyl ester (identification
confirmed by co-injection with a standard) is only
found in the polar fraction of the samples in which
retene is detected in significant proportion (Fig. 5e
and f) while (keto)phenolic abietanes and other abi-
etanoic acids (e.g. abietic acid) are never found.

Therefore, the increase in the retene/cadalene
ratio from the cordatum Zone does not only repre-
sent an increasing abundance of retene over cada-
lene but also reflects a significant change in the
distribution of many vascular plant biomarkers.

6. Discussion

6.1. Significance of the change in the land plant

biomarker distribution

The increase in the relative proportion of retene
dated from the cordatum Zone takes place in con-
junction with a progressive lithological transition
from offshore claystone deposits to shallow-water
carbonate platform, expressing a palaeobathymetric
drop, as sedimentological data suggest. A possible
diagenetic control for the increase in the retene/
cadalene ratio due to these palaeoenvironmental
and sedimentological changes can be ruled out since
cadalene and retene are aromatic hydrocarbons
with precursors having similar sensitivity to deposi-
tional and diagenetic conditions. In other words,
any chemical factor leading to an enrichment of
one of these compounds also leads to an enrichment
of the other. This means that the retene/cadalene
ratio is not affected by depositional and diagenetic
conditions and its variation must reflect palaeoflora
changes on proximal emerged land.

Therefore, the increase in retene from the corda-

tum Zone indicates a higher relative input of retene
and its precursors in the sedimentary environment,
in direct relationship to a major change in the pala-
eoflora on the London-Brabant Massif.

6.2. Nature of the palaeoflora change

Cadalene derives from cadinenes and cadinols
synthesized by most land plants, like some Bryo-
phyta, Coniferales and Ginkgoales (Bordoloi
et al., 1989; Otto and Wilde, 2001; Nguyen Tu
et al., 2003) and cannot be used, like its precursors,
to determine the nature of the palaeoflora change.

Retene derives from abietane class bioditerpe-
noids which occur in conifer resins and is thus clas-
sically used as a generic biomarker for conifers.
However, if some retene precursors can be used to
determine which conifer family or families were



620 Y. Hautevelle et al. / Organic Geochemistry 37 (2006) 610–625
present on the hinterland at the time of deposition,
others, like simonellite and tetrahydroretene, are
not more specific than retene since diagenetic degra-
dation of all abietane class bioditerpenoids leads to
their formation (Fig. 3). However, the occurrence or
absence of certain specific diterpenoids associated
with retene in our samples provides useful informa-
tion on the precise origin of these compounds. The
high abundance of dehydroabietic acid, together
with the lack of phenolic and ketophenolic abie-
tanes, strongly suggests that these diterpenoids orig-
inate mainly from the Pinaceae family alone.
Indeed, the chemical composition of Pinaceae is
characterized by the abundance of abietanoic acids
and the absence of (keto)phenolic abietanes. In con-
trast, other conifers show a lower abundance of abi-
etanoic acids and the presence of (keto)phenolic
abietanes.

Saturated diterpanes also have chemosystematic
value (Noble et al., 1985, 1986; Otto and Simoneit,
2001). The presence of labdane and abietane class
diterpanes, together with the absence of tetracyclic
diterpanes, is also in agreement with a Pinaceae ori-
gin for diterpenoids associated with retene. Indeed,
fossil Pinaceae do not contain significant propor-
tions of kaurane, phyllocladane and beyerane,
unlike other conifer families, but contain high
amounts of labdane and abietane class diterpenoids
(Otto et al., 1997; Otto and Simoneit, 2001; Otto
and Wilde, 2001). The very low proportions of ses-
quiterpenoids with cuparene or cedrane structures
in our samples also supports the idea that Cupress-
aceae and Taxodiaceae were poor contributors to
the organic matter of the Callovo–Oxfordian sedi-
mentary series; this is in agreement with fossil wood
data (M. Philippe, personal communication). Thus,
retene, which classically derives from a wide range
of bioditerpenoids produced by all conifer families,
has the particularity in the Callovo-Oxfordian
deposits of the North-East of Paris Basin to derive
almost exclusively from abietanoic acids synthesized
by Pinaceae or their forerunners. Therefore, the
increase in its relative proportion vs. cadalene
reflects a major palaeoflora change and more pre-
cisely an increase in the proportion of Pinaceae, or
of their forerunners, on the London-Brabant
Massif.

6.3. Interpretation in terms of palaeoclimatic change

Vegetation change dynamics are essentially con-
trolled by climate (Fig. 1) but in some cases they
could be ruled by tectonic events or significant pal-
aeogeographical evolutions (Bruch and Mosbrug-
ger, 2002). These last forcing factors are excluded
in our study because neither a major tectonic event
nor a palaeogeographical change is reported for the
Callovian and Oxfordian in the Paris Basin (Jac-
quin et al., 1998; Guillocheau et al., 2000; Dercourt
et al., 2000). Furthermore, as the palaeolatitude of
the London-Brabant Massif did not change signif-
icantly from the Callovian to the Oxfordian (Der-
court et al., 2000), the palaeoflora change cannot
be due to plate tectonic displacement of the massif
through climatic zones, but rather is more convinc-
ingly due to a climatic change. Pinaceae have
acquired many xeromorphic adaptations, meaning
morphological adaptations to dry climate. Indeed,
Pinaceae differ from other conifer families by their
more or less flat needle-like leaves covered by a
thick layer of epicuticular waxes with stomata sunk
in wells or furrows below the leaf surface. These
xeromorphic adaptations reduce considerably
evapo-transpiration and allow them to colonize
arid regions. Furthermore, other conifer families,
which do not show morphological adaptation to
dry climate, preferentially settle in humid environ-
ments in which Pinaceae are absent or poorly rep-
resented. Indeed, Meso-Cenozoic swamps and peat
have been intensively studied by palaeobotanists,
palynologists and organic geochemists who report
the abundance of Podocarpaceae, Cupressaceae,
Araucariaceae and Taxodiaceae fossils, pollens
and biomarkers while those of Pinaceae are seldom
mentioned (e.g. Bechtel et al., 2002; Stephanova
et al., 2002). Extant Cycadales live under equatorial
and tropical climates without important climatic
fluctuations (Jones, 1993). Ferns preferentially col-
onize humid zones (Van Konijnenburg-Van Cittert,
2002) and their spores and fossils are often
reported in ancient swamps and peat (e.g. Wang,
2002; Eble et al., 2003). Bennettitales are also excel-
lent climatic markers because they are restricted to
tropical and subtropical regions (Vakhrameev,
1991).

Consequently, the increasing proportion of Pina-
ceae within flora rather adapted to a tropical, then
humid, climate indicates undoubtedly an increase
in aridity.

Many studies have pointed out a climatic
change at the end of Early Oxfordian. Palaeother-
mometric data indicate a warming of oceanic
water at the European scale (Riboulleau et al.,
1998 and references therein) which explains diverse
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shifting of biogeographical boundaries toward the
North either for reefs and corals or for cephalo-
pods (Martin-Garin, 2005; Cecca et al., 2005).
Abbink et al. (2001) also highlight a sharp warm-
ing associated with an increase in aridity on land
just after the end of the cordatum Zone (plicatilis

Zone), using palynological studies of cores drilled
in England. Kaolinite is a clay mineral produced
by the intense hydrolysis of soils under a wet cli-
mate (Chamley, 1989). At the British and Paris
Basins scale, the relative proportion of kaolinite
compared to other clay minerals largely decreases,
and sometimes disappears, between the mariae and
transversarium Zones in many localities. This
change in clay mineralogy is also interpreted as
a progressive drying from the Lower to Middle
Oxfordian (Pellenard, 2003). Worldwide palaeocli-
matic maps drawn by Rees et al. (2000) using
foliar morphologies observed worldwide in fossil
plants show that the London-Brabant Massif was
in the Warm Temperate Zone during the Middle
Jurassic and in the Winterwet Zone during the
Late Jurassic.

This means that through the Dogger/Malm
boundary, the climate of the London-Brabant Mas-
sif, initially warm and moderately humid, became
globally dryer with one humid season.

A similar increase in the retene proportion,
quantified by the ‘‘higher plant parameter (HPP),
has been described by van Aarssen et al. (2000)
for Oxfordian sedimentary rocks from three wells
located in Carnarvon Basin (Western Australia)
and at least 1500 km apart. During the Middle
and Late Jurassic, this basin was positioned at a
similar longitude to the Paris Basin but at latitude
40–50 �S (after maps of Rees et al., 2000). This
evolution was also interpreted as a palaeovegeta-
tion and palaeoclimatic global change by the
authors. Moreover, it took place during a well rec-
ognized climatic change in Australia. Such evolu-
tion in vascular plant biomarkers, occurring
during the same time interval in two regions thou-
sands of kilometres apart, strongly suggests a
worldwide drying event. Furthermore, these same
authors (i.e. van Aarssen et al., 2000) showed that
the HPP evolves cyclically from the Toarcian to
the Barriasian and that this cyclicity is of a sec-
ond-order sensu Vail (periods of 10–45 Ma). This
type of cyclicity is under the control of global
scale forcing factors (Vail et al., 1991). This is
the second argument in favour of a worldwide
drying event during the Oxfordian.
7. Conclusions

At the North-East of the Paris Basin, the pro-
gressive development of the Oxfordian carbonate
platform above the argillaceous facies dated from
the cordatum Zone occurs in conjunction with a
major modification of the composition of vascular
plant biomarkers. This change is marked by an
increase in the relative proportion of certain dit-
erpenoids compared to the proportion of cadinane
class sesquiterpenoids represented in this study by
the retene/cadalene ratio. Abietane class diterpe-
noids are characterized by the presence of dehy-
droabietic acid, which has abietanoic acids as
precursors, while neither phenolic abietanes nor
tetracyclic diterpanes were significantly detected.
This molecular association strongly suggests a sin-
gle Pinaceae origin for these diterpenoids. The
major increase in the relative abundance of these
diterpenoids from the cordatum Zone indicates
that Pinaceae became more prevalent on the Lon-
don-Brabant Massif. Because palaeoflora change
dynamics are essentially under climate control
and Pinaceae are more adapted to an arid climate
than other taxa, as reported from palaeobotanical
studies, the increasing proportion of Pinaceae must
reflect a drying event at the end of the Lower
Oxfordian. In addition, this climatic change is sup-
ported by isotopic palaeothermometry, palynol-
ogy, palaeobiogeography, clay mineralogy and
plant morphology data. The increase in the
retene/cadalene ratio is finally compared to the
evolution of the ‘‘higher plant fingerprint’’ of
retene (HPF) and the ‘‘higher plant parameter
(HPP), which also show an increase in the rela-
tive proportion of retene in Oxfordian sedimentary
series of Western Australia. The similar increase
in the relative proportion of retene during the
Oxfordian at very distant locations supports the
hypothesis of a global drying event. Palaeochemo-
taxonomy appears to be an innovative and effec-
tive stratigraphic tool for tracing palaeoflora and
palaeoclimatic changes during geological time. Pal-
ynology and palaeoxylology are usually used to
assess palaeoflora but, unfortunately, good preser-
vation of fossil spores, pollens and woods is not
common, so these cannot be easily linked to pre-
cise botanic taxa. This work highlights the idea
that palaeochemotaxonomy is an excellent comple-
mentary tool to palaeobotany, palynology and pal-
aeoxylology and can significantly contribute to
palaeoclimatic assessment.
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lippe (Université Claude Bernard, Lyon 1), and
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