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The chemical composition of Cretaceous leaf remains showing exceptionally well preserved cuticles was
investigated using pyrolysis gas chromatography-mass spectrometry (Py-GC-MS) and thermally assisted
hydrolysis methylation (THM)-GC-MS. Samples of Coniferales (Frenelopsis) and Ginkgoales (Nehvizdya
penalveri) leaf remains were collected from freshwater and coastal marine depositional environments.
Material for pyrolysis included (i) untreated leaves and cuticles obtained after extraction from mineral
rock matrix and bleaching, (ii) kerogen fraction from both materials, (iii) non-hydrolysable fraction from
kerogen. The THM-GC-MS data from untreated leaves and bleached cuticles show that the fossil cuticle
geopolymer essentially released aliphatic components upon thermal treatment, with a dominance of
fatty acids (FAs) and n-alkanes/n-alkenes. The FAs are essentially resistant to bleaching and remain after
solvent extraction. They occur mainly as short chain compounds ranging from Cg to Cig and with
maximum abundance at Cg-Cg. The n-alkanes/n-alkenes from kerogen and the non-hydrolysable residue
occur mainly as short chain compounds in the range C;o—C;y¢, with the highest abundance at Co—Cy,. The
THM-GC-MS pyrograms of the fossil cuticles differ from those of cutan from fresh living plants. They
support the preservation model via polymerization of monomers derived from cutin or from unsaturated

cell FAs.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The occurrence of fossil plant cuticles in sedimentary rocks has
raised questions about the processes of preservation of the cuticle
and about their contribution to the formation of kerogen
(Nip et al., 1986; Mosle et al., 1998). Selective preservation of the
biopolymer cutan was invoked to explain the predominance of long
chain n-alkanes/n-alkenes in fossil cuticles upon conventional
Py-GC-MS (Nip et al., 1986; Tegelaar et al., 1991, Briggs, 1999).
The widespread occurrence of cutan in plant cuticle is, however, a
matter of debate (Mosle et al., 1997; Boom et al., 2005; Gupta
et al., 2006). In situ polymerization has alternatively been proposed
to account for the chemical transformation and preservation of the
cuticle with diagenesis (de Leeuw et al., 2006). It has been thought
to involve the formation of ether bonds via intermolecular reaction
of alcohol and epoxy groups in the cutin monomers (Tegelaar
et al,, 1991), the bonding of aromatic moieties to otherwise labile
aliphatic cuticular components (Kégel-Knabner et al., 1994; Mosle
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et al., 1998) and/or the polymerization of aliphatic moieties derived
from cutin and wax components (Mdsle et al., 1998; Finch and
Freeman, 2001; Gupta et al., 2007a-c).

Investigation of the chemical structure of fossil cuticles appears
crucial for such topics (Tegelaar et al., 1991; Mbosle et al., 1998;
Stankiewicz et al., 2000; Gupta et al., 2007a,b). This has essentially
relied on conventional flash pyrolysis Py-GC-MS in combination
with solid state '>C nuclear magnetic resonance (NMR) spectros-
copy or infrared spectroscopy (Nip et al., 1986; Tegelaar et al.,
1991; Mbsle et al,, 1998; Almendros et al., 1999; Gupta et al.,
2008). Conventional Py-GC-MS has been carried on fossil leaf
and cuticle that were either untreated (Nip et al., 1986; Tegelaar
et al.,, 1991; Almendros et al., 1999) or separated from the mineral
rock matrix using HF, HCI and extracted with solvent (Mésle et al.,
1997, 1998; Almendros et al., 1998). The effects of these treat-
ments on the products released upon pyrolysis have not been
tested yet. Furthermore, non-cuticular coalified residues derived
from shoot lignin may release aromatic moieties seen in the
pyrograms (Almendros et al., 1998; Mosle et al., 1998). They are
removed, for instance, by oxidative maceration (Kerp, 1990) before
observation under light, scanning electron and transmission
electron microscopy. The effect of oxidative maceration on the
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macromolecular composition of fossil cuticle has, however, not
been investigated.

Flash Py-GC-MS with in situ methylation using tetramethylam-
monium hydroxide (TMAH) has rarely been applied to fossil plants
(Almendros et al., 1998; Gupta et al., 2007b,c). The thermally
assisted hydrolysis methylation (THM; Challinor, 1994) induced
by TMAH is particularly effective in transforming insoluble macro-
molecular material composed of esters and phenolic polymers to
monomers by way of hydrolysis and subsequent alkylation
(Challinor, 1989, 1991). It appears to be a particularly suitable
technique for investigating the structure of cuticular biopolyesters
and esters (de Leeuw and Baas, 1993; McKinney et al.,, 1996;
del Rio and Hatcher, 1998) and their preservation state in fossil
plants, complementing existing analysis (Almendros et al., 1998;
Gupta et al., 2007b,c).

Cuticle remains of the Cretaceous Coniferales and Ginkgoales
provide a material of choice for investigating the chemical
structure of fossil cuticle and its preservation. The Cheirolepidia-
ceae conifers were important components of Mesozoic flora and
terrestrial biomass. They extended in a broad zone between 40 N
and 40S (Skelton, 2003). Their thick cuticles were thought to
prevent water loss in dry or saline environments (Watson, 1977).
Abundant and well-preserved cuticles of the Cheirolepidiaceae
species Frenelopsis were collected from freshwater fluvio-lacus-
trine and coastal marsh deposits (Gomez et al., 2001, 2002). They
are associated with those of Nehvizdya (Ginkgoales) in a brackish
coastal environment. The main objectives were to document (i)
the chemical structure and preservation of cuticles of Coniferales
(Frenelopsis) and Ginkgoales (Nehvizdya) embedded in the same
rock layer and (ii) the influence of pre-treatment used prior to
pyrolysis to remove cuticle from mineral rock matrix to bleach it,
in order to isolate the kerogen fraction. The structure of fossil
cuticle was investigated using flash Py-GC-MS with and without
TMAH as THM induced by TMAH was found very effective in trans-
forming insoluble macromolecular material composed of esters
and phenolic polymers, in particular cutin. In addition, kerogen
from fossil leaf and cuticle was subject to base hydrolysis prior
to pyrolysis in order to investigate the non-hydrolysable macromo-
lecular component.

2. Materials and methods

The material includes Frenelopsis remains from freshwater intra-
continental and brackish coastal environments; in the latter case,
Frenelopsis is associated with Nehvizdya. The lithology and deposi-
tional environments of the rock samples and the preparation of the
cuticles are presented in Fig. 1. One sample (Ufia-3) was collected
from a section of the La Huérguina Formation (Ufia, Southwestern
Iberian ranges, Spain) dated from the Upper Barremian and which
records a cycle of deltaic progradation-retrogradation on the margin
of a lake (Gomez et al., 2001). The second sample (Rubielos) was
collected from the lower member of the Escucha Formation
(Rubielos de Mora, Eastern Iberian ranges, Spain) dated from Lower
to Middle Albian and which corresponds to sedimentation in a
deltaic front and in brackish marshes bordering the tidal flats of
the lower deltaic plain of the huge Escucha delta (Gomezet al.,2002).

Cuticular remains were obtained in two ways. In the first, leaf
remains were directly scraped from the rock matrix with a razor
blade (referred to herein as untreated leaf or untreated material
or untreated cuticle). The dark-coloured leaf remains obtained in
this way actually consist of cuticles plus their internal non-cuticu-
lar residues. In the second, plant cuticle was extracted from the
rock and bleached using common procedures (Kerp, 1990). The
procedure for cuticle extraction from rock depends on the type of
rock matrix and involved maceration with 0.5-1 N HCl in the case
of carbonate lignite (Ufia-3) or with H,0, (18-37%) in the case of

Rock sample: lithology, deposition environment
Unia-3: lignite-carbonate, flooding event, freshwater lake margin
Rubielos: lignite- clay, marsh, lower marine coastal deltaic plain
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Fig. 1. Depositional environment, enclosing lithology and preparation method for
material studied.

clayey lignite (Rubielos). The dark-coloured cuticular remains left
after maceration were bleached in a saturated solution of KCIO3
in HNOs (60%; Kerp, 1990) and washed with deionised water.
The cuticles obtained are referred to herein as bleached cuticles.
Extraction from rock and bleaching makes cuticular material
suitable for morphological observation under light, scanning (and
transmission) electron microscopy.

Samples of untreated leaves (ca. 30 mg) and bleached cuticles
(ca. 8 mg) of Frenelopsis turolensis from Rubielos were crushed and
subjected to solvent extraction and saponification. Solvent-ex-
tracted material was obtained after six successive extractions with
CH,Cl,/CH30H (2/1, v/v). Each extraction was performed at ambient
temperature for 30 min. The resulting extract was evaporated under
N, and weighed. Base hydrolysis was performed on the solid residue
left after solvent extraction in 0.5 M NaOH (in 95/5 v/v MeOH,
MeOH/water) for 2 h at 70 °C (Gupta et al., 2007b).

Samples for flash Py-GC-MS were loaded into quartz tubes and
heated at 620 °C for 20 s under an inert atmosphere using a CDS
2000 pyroprobe as described by Faure et al. (2006). The products
were analyzed on line using GC-MS (HP 5890 Series Il gas
chromatograph coupled to a HP 5971 mass spectrometer) with a
split-splitless injector, a J&W DB-5 fused silica column
(60 m x 0.25 mm i.d., 0.1 mm film thickness). After cryofocussing
(=30°C), the GC oven was programmed to 40°C at 10 °C/min
and 40-300 °C (hold 10 min) at 5°C/min at a constant He flow
(1.4 ml/min). Flash pyrolysis with in situ methylation was carried
out according to the procedure of Hatcher and Clifford (1994) by
adding solid TMAH to the sample (10/1, w/w) prior to pyrolysis.
The mixture was placed in a quartz tube and TMH-GC-MS was
carried out using the same Py-GC-MS apparatus as described
above. On line pyrolysis at 620 °C was performed for 20 s. After
cryofocussing (0 °C) for 1 min, the oven temperature programme
was: 0°C (1 min), 70 °C/min to 40 °C (hold 6 min), then 6 °C/min
to 300 °C (hold 20 min) with a constant He flow (1.4 ml/min).
This procedure avoids thermal destruction and sorption of polar
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molecules (i.e. FAs) in the GC injector. Derivatization during
pyrolysis results in the methylation of active organic functions
(e.g. —-COOH groups).

Integration of mass chromatograms with relevant m/z values
was performed and the peak areas were multiplied by a correction
factor which takes into account differences in MS response for
various compounds. The correction factor was calculated from
the mass spectrum of each authentic compound by taking the
inverse of the percentages of the total ion current of the relevant
m/z value and multiplying by 100 (Hartgers et al., 1992; Ishiwatari
et al., 1995). As a result of this mathematical procedure, distribu-
tion patterns were obtained showing the relative concentrations
of the different compounds. It should be noticed that the
semiquantitative values obtained by integration of chromato-
graphic area are only an indication of the relative abundances of
the compounds in each pyrogram.

Organic extracts from CH,Cl,—~CH30H extraction were analyzed
using GC-MS (HP 5980 Series Il coupled to a HP 5972 mass spec-
trometer, with split-splitless injector, a 60 m DB-5 J&W, 0.25 mm
i.d., 0.1 um film fused silica column. The temperature programme
was 60-130°C at 15 °C/min, then 130-310°C (hold 17 min) at
3 °C/min (constant He flow of 1 ml/min). Because of the presence
of alcohols and carboxylic acids, silylation using BSTFA + TMCS
(99/1) was carried out to improve GC resolution (Wenclawiak
et al., 1993; Kokinos et al., 1998). The dried extract was dissolved
with the derivatizing solution and heated (15 min at 60 °C); 1 pl
of the solution was directly injected into the gas chromatograph.

3. Results
3.1. Morphology and histology
The material consists of morphologically well preserved leafy

remains, along with cuticles showing (Fig. 2) clear epidermal and
stomatal cell structures (Gomez et al., 2000, 2001, 2002). As

Fig. 2. Light microscopy and SEM of plant material from Rubielos and Ufia-3. (a)
Two entire leaves of Nehvizdya penalveri showing petiolary cunate bases and
oblanceolate or obovate blades. Light microscopy observations with details of (b)
round, oval and spindle-shaped resin bodies located between the veins in the
mesophyll and (c) spindle-shaped resin body positioned parallel to the veins. (d)
Thin section of leaf cuticle of Frenelopsis turolensis across a stoma and epidermal
cells with inner papillae ip, outer papillae op, guard cells gc, and dorsal plates dp.
SEM of (e) internal view of Frenelopsis ugnaensis stoma with two well preserved
dorsal plates dp closing the stomatal pit arising from two guard cells gc and (f)
external view of Frenelopsis turolensis stoma showing inner papillae underneath
massive outer papillae.

evidence of excellent preservation, whole oblanceolate to lanceo-
late, translucent leaves of Nehvizdya penalveri from Rubielos
exhibit clear vein trajectories that are several times dichotomised
in the basal lamina part, parallel in the mid-lamina, and conver-
gent in the apical lamina (Fig. 2a and b). Small flattened globular
to spindle-shaped resin bodies are located between veins
(Fig. 2c). Note that, in the case of Nehvizdya, veins and resin bodies
were present inside the leaf lamina and remained contained
between the cuticles even after bleaching. Both abaxial and adaxial
leaf cuticle outer surfaces are smooth and undamaged, except at
the level of the stomata, which are surrounded by a slightly
elevated ring. Inner surfaces show well preserved cellular patterns
with delicate anticlinal walls separating epidermal cells from
subsidiary and guard cells.

Branched vegetative shoots of Frenelopsis were found several
times from the same sedimentary layer, the high degree of
morphological connections likely indicating short distance of
deposition and calm transport. The axis is made of cuticle cylinders
usually containing amorphous, dark organic residues. Each
cylinder bears short free tips that show thick external abaxial
cuticles (at least 20 um thick) and thin internal adaxial cuticles
(ca. 5 um thick). This is interpreted as either internode-bearing
short leaves by comparison with the living angiosperm Salicornia
or the basal sheathing part of leaf abaxial surface, by comparison
with living scale-leafed conifers (Daviero et al., 2001); it is referred
to here as leaf. The outer cuticle surfaces are not only sculptured
with the stomata but also by the inner and outer papillae borne
by the subsidiary cells and, depending on the species considered,
by a range in size and number of papillae and hairs borne by the
epidermal cells and more or less extended on the surface
(Fig. 2d-f). Inner surfaces show well preserved cellular patterns
with delicate anticlinal walls separating epidermal cells from
subsidiary and guard cells (Fig. 2d and e). Light and scanning
electron microscopy (SEM) observations of the cuticles led us to
recognize two different morphospecies of Frenelopsis: Frenelopsis
ugnaensis (Ufia-3) and F. turolensis (Rubielos).

3.2. Chemical composition

Total ion current (TIC) chromatograms were compared for
Py-GC-MS with and without in situ methylation with TMAH.
Results are shown for untreated leaves of N. penalveri (Figs. 3-5)
and F. turolensis (Figs. 5 and 6) from Rubielos and for bleached cuti-
cle of F. turolensis from the same rock layer (Figs. 5 and 7). The TIC
from conventional Py-GC-MS of untreated N. penalveri leaf from
Rubielos shows prominent series of n-alkanes/n-alkenes and
aromatic compounds (Fig. 3a; Table 1). Highest relative abun-
dances of n-alkanes/n-alkenes (with double bond at w-position)
are observed at C,;-Cy9 and at Co-Cy, for the shorter chain
homologues as shown by the m/z 57 chromatogram (Fig. 3b). The
long chain homologues from C,5 to C3; have a marked odd/even
predominance. The pyrograms show weak but conspicuous
alkan-2-one peaks in the range Cs—C;g (max. at Cqp). Prominent
aromatic compounds are benzene and alkyl benzenes, naphthalene
and alkyl naphthalenes, phenanthrene and alkyl phenanthrene,
phenol and methylphenol. Upon pyrolysis with TMAH (Fig. 4a),
series of methyl esters (MEs) of FAs emerge, yet the distributions
of the n-alkanes/n-alkenes remain similar (Fig. 4b). The MEs of
alkanoic and alkenoic acids have a normalized ratio to n-alkanes/
n-alkenes of 1.37 for untreated Nehvizdya material. They have
prominent peaks from Cs to Cyg, maximizing at Cs—Cg and to a
lesser extent at C;s, as shown by the m/z 74 chromatogram
(Fig. 4c). Longer chain alkanoic MEs show smaller peaks up to
Cys, with marked even/odd predominance and with relative
maximum at Cyg. MEs of o-wm-alkanedioic acids are present
in very low abundance, in the range C;,-Cy,. Trace amounts of
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Fig. 3. Pyrograms of untreated leaf of Nehvizdya penalveri from Rubielos without TMAH: (a) TIC chromatogram, (b) m/z 57 and (c) m/z 74 chromatograms.
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Fig. 4. Pyrograms of untreated leaf of Nehvizdya penalveri from Rubielos with TMAH: (a) TIC chromatogram, (b) m/z 57 and (c) m/z 74 chromatograms.

naphthalene, methyl naphthalene and phenanthrene dominated
the aromatic assemblage from conventional Py-GC-MS, while
benzaldehyde and alkyl benzaldehydes were dominantly produced

alkan-2-ones ranging from C; to Cq; are also present. In addition to
the release of additional FAMEs, in situ methylation with TMAH
affected the aromatic assemblages (Fig. 5b). Phenol, methylphenol,
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Fig. 5. Relative proportions (%) of selected aromatic compounds and selected
aliphatic compounds released upon pyrolysis without and with TMAH. Selected
aromatic compounds are alkyl benzenes, alkyl naphthalenes. Selected aliphatic
compounds are n-alkanes/n-alkenes upon Py-GC-MS; they additionally include
FAMEs and o-w-alkanedioic acid MEs upon THM-GC-MS. Abbreviations are NEHV.:
Nehvizdya, FREN.: Frenelopsis, RUB.: Rubielos, UNT.: untreated, BLEA.: bleached,
EXT.: solvent extracted, SAP.: after saponification.

Table 1

Components in pyrograms in Figs. 3, 4 and 6-9, and Appendices 1 and 2.
Symbol Compound

%xC; Alkanedioic acid ME? (i = C number)

oG Alkanoic acid ME? (i = C number)

oC; Alkenoic acid - DMEP (i = C number)

C-@ Alkyl benzene (i = C number)

| [e% n-Alkane (i = C number)

[m[e} n-Alk-1-ene (i = C number)

S Styrene

C-S Alkyl styrene (i = C number in alkyl chain)
B Benzaldehyde

Ci-B Alkyl benzaldehyde (i = C number in alkyl chain)
Ba-ME Benzoic acid ME?

N Naphthalene

I Indene

G-I Alkyl indene (i = C number in alkyl chain)
Bi Biphenyl

F Fluorene

Ci-PH Alkyl phenol (i = C number in alkyl chain)
P Phenanthrene

A Anthracene

Ci-P Alkyl phenanthrene (i = C number in the alkyl-chain)
UCM Unresolved complex mixture

2 Methyl ester.
> Dimethyl ester.

after the TMAH treatment. Benzene and alkyl benzenes, naphtha-
lene and methyl naphthalenes remained prominent upon pyrolysis
with and without TMAH. The relative abundances of selected
aromatic and aliphatic compounds for the untreated leaf of

N. penalveri are summarized in Fig. 5a. The aromatic compounds
selected are benzene, alkyl benzenes, naphthalene, alkyl naphtha-
lenes. Selected aliphatic compounds are n-alkanes/n-alkenes in the
case of Py-GC-MS; they additionally include FAMEs and o-m-alka-
nedioic acid MEs in the case of THM-GC-MS.

The relative abundances of selected aromatic and aliphatic
compounds upon Py-GC-MS and THM-GC-MS yield similar
features for untreated leaf of N. penalveri and F. turolensis from
the same rock layer (Rubielos; Fig. 5a and b). In the case of F. turol-
ensis material, we additionally investigated the effect of the
treatment used to extract the cuticle from the rock matrix and
bleach it. Upon Py-GC-MS, both untreated leaves and bleached
cuticles yield prominent aromatic compounds (mainly alkyl
benzenes, naphthalenes, phenol, alkyl phenols) and n-alkanes/
n-alkenes (Fig. 5a). The distribution of n-alkanes/n-alkenes (not
shown) is quite similar to those for untreated leaves of N. penalveri.
Upon THM-GC-MS, the pyrograms from bleached and untreated
material both show a predominance of aliphatic compounds (Figs.
5a, 6 and 7). The n-alkanes/n-alkenes from the untreated leaf have
the highest abundance for the shortest chain compounds (at
Co—-C;2) and at Cyg (Fig. 6b). They largely decrease after bleaching
and then show only very weak peaks (Fig. 7b). The untreated and
the bleached material afforded prominent series of alkanoic and
alkenoic FAMEs ranging from Cs to Cs,, with distributions very
similar to those observed for untreated leaf from N. penalveri (Figs.
3 and 4). The relative proportion of o-w-alkanedioic acid MEs
(Fig. 5a) has very low values for untreated leaf and largely
increases for bleached material. The m/z 74 chromatogram (Figs.
6¢ and 7c) points towards a slight relative increase in shorter chain
(Ce—C7) FAMEs after bleaching. The untreated material shows trace
amounts of alkan-2-ones ranging from C; to Cy;, while the
bleached material afforded very weak peaks from short chain
methoxyalkanoic acids. Alkyl benzenes are present in the
untreated leaf pyrogram and largely decrease after bleaching. As
a whole, the THM-GC-MS pyrograms from the bleached cuticle
show a simplified distribution dominated overall by aliphatic
compounds.

THM-GC-MS was also performed on untreated or bleached
materials of Frenelopsis alata from the other level (Ufia-3). The rel-
ative abundances of aromatic and aliphatic compounds from THM-
GC-MS are shown in Fig. 5. As documented in Fig. 5 and by m/z 74
and 57 chromatograms (Appendix A), F. alata material from Ufia-3
shows features quite similar to those observed for F. turolensis from
Rubielos.

Both leaves and bleached cuticles of F. turolensis from Rubielos
were subject to solvent extraction so that kerogen could be
analyzed. Solvent extract accounts for 2.5% (by wt) of initial mate-
rial in the case of leaf and for 18% in the case of bleached cuticle.
The leaf after solvent extraction shows fairly minor changes in
relative abundance of selected aliphatic and aromatic compounds
upon THM-GC-MS (Fig. 5b). Regarding the distribution of FAMEs,
the m/z 74 chromatogram (Fig. 8c) indicates loss of long chain
FAMEs (which occurred in minor amount before solvent extrac-
tion) with even/odd predominance and relative increase in Ci4—
Cis FAMEs. Extraction of long chain FAs with even/odd
predominance (Cpg-Cs,) is confirmed by GC-MS analysis of the
solvent extract (Fig. 10a). There is also a relative loss of C;7-Cs3
n-alkanes/n-alkenes with odd/even predominance after solvent
extraction, as shown by m/z 57 chromatograms (Figs. 6b and 9a).

The bleached cuticle after solvent extraction shows a large loss
of a-w-alkanedioic acid MEs, a loss of FAMEs and a relative
increase in n-alkanes/n-alkenes and in aromatic compounds
(Fig. 5c). The m/z 74 chromatogram after solvent extraction
indicates fast and complete removal of o-mw-alkanedioic acid MEs
and of long chain FAMEs with even predominance (Cys-Cso;
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Fig. 7. Pyrograms of bleached cuticle of Frenelopsis turolensis from Rubielos with TMAH: (a) TIC chromatogram, (b) m/z 57 and (c) m/z 74 chromatograms.
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Fig. 8. M/z 74 chromatograms upon THM-GC-MS for Frenelopsis turolensis from Rubielos (a) for leaf after solvent extraction, (b) for leaf after solvent extraction and base
hydrolysis and (c) for bleached cuticle after solvent extraction.

Fig. 8c). This is consistent with the GC-MS analysis of the solvent Clifford, 1994; McKinney et al., 1996), the emergence of acids

extract (Fig. 10b). and diacids and the large decrease in n-alkanes and n-alkenes upon

Kerogen from leaf and bleached cuticle was subjected to base pyrolysis with TMAH is probably a result of several factors: (i)
hydrolysis in order to investigate non-hydrolysable macromolecu- decarboxylation of FAs resulting in n-alkanes/n-alkenes doublets
lar components. The final residue after base hydrolysis represents upon Py-GC-MS, (ii) loss of FAs on the apolar GC columns generally

55% of kerogen in the case of the leaf and 90% in the case of the used for chromatographic separation of cuticular material and (iii)
bleached cuticle. The leaf residue shows a decrease in FAMEs possible formation of alkyl benzenes from diunsaturated FAs upon
relative to n-alkanes/n-alkenes (Fig. 5b). The distribution of Py-GC-MS, generated during flash pyrolysis (Saiz-Jimenez and
aliphatic compounds was found to be similar in residues before Skelton, 1994; Hartgers et al., 1995; Faure et al., 2006). Combina-

and after base hydrolysis, except for the relative loss of C;4—Cig tion of Py-GC-MS and infrared spectroscopy studies of Frenelopsis

FAMEs (Figs. 8 and 9). For the bleached cuticle, the m/z 74 (as well material (Mosle et al., 1998) has yielded pyrograms dominated

as the m/z 57) chromatogram was found to be similar for kerogen by aromatic compounds and series of n-alkanes/n-alkenes, while

(Figs. 8c and 10c) and for the final non-hydrolysable residue the infrared spectra indicate the occurrence of oxygenated groups,

(Appendix B). presumably ketonic, and ionized or unionized carboxylate. The
emergence of FAs upon pyrolysis with TMAH suggests that this

4. Discussion discrepancy might be explained by recombination, decarboxyl-
ation or loss of FAs upon Py-GC-MS.

The main result of THM-GC-MS vs. conventional Py-GC-MS is The pyrograms for untreated leaves show both aliphatic and
that the former results in the series of alkanoic and alkenoic acids ~ aromatic compounds. Aromatic compounds partly originate from
as well as o-m-alkanedioic acids for the untreated material. These non-cuticular components rather than from the cuticle. High abun-
compounds were not detected in previous studies based solely on ~ dances of naphthalene and methyl naphthalenes, benzaldehyde
conventional Py-GC-MS of similar material (Mosle et al., 1998).  and methyl benzaldehydes correspond to good morphological

Unbleached cuticles of Nehvizdya (this study) and of Cretaceous preservation of veins and resin bodies in leaves of Nehvizdya. Alkyl
Ginkgoales and Frenelopsis (Mosle et al., 1998) afforded quite ~ benzenes that have been reported as degradation products of lig-
similar product distributions upon conventional Py-GC-MS, that  nin and lignocellulose (Hatcher et al., 1988, 1989) show a relative
were devoid of FAs and diacids. Our results confirm previous decrease on THM-GC-MS pyrograms of Frenelopsis material after
findings from pyrolysis of Frenelopsis shoots with and without  bleaching and associated removal on non-cuticular organic
TMAH (Almendros et al., 1998). A noteworthy effect of the TMAH  residues.

treatment has been found to be the release of additional series of Remarkably, the relative concentration and distribution of the
FAMEs. As acknowledged in previous studies (e.g. Hatcher and  aliphatic components released upon THM-GC-MS were found to
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Fig. 10. Chromatogram:

s of silylated extracts for (a) untreated leaf and (b) bleached cuticle,

ronments. This suggests that the preservation state of aliphatic
constituents of fossil leaves does not differ between the genera

and the deposition environments studied

be similar for Frenelopsis leaves from the two environments of
deposition. They were also found to be very similar for two genera
(Frenelopsis, Nehvizdya) preserved in the same depositional envi-
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Compared to untreated leaf, the bleached cuticle shows a
marked relative increase in o-m-alkanedioic acid MEs upon
THM-GC-MS. It also shows slight changes in the distribution of
the FAMEs. These changes can be attributed to (i) preferential loss
of compounds other than diacids, i.e. aromatic compounds, FAs,
n-alkanes/n-alkenes, and/or (ii) oxidation of hydrocarbon and FA
components to diacids with the chemical treatment used to extract
the cuticle from the mineral matrix and to bleach it. The relative
decrease in aromatics, for instance, is consistent with the reported
removal of aromatic moieties with KClO3-HNOs; treatment
(Hemsley et al., 1996). Diacids appear as soluble, solvent
extractable components that are essentially lost from the
THM-GC-MS chromatograms after solvent extraction and that
are found in the solvent extract. The detection of a-m-alkanedioic
acid MEs from C; to C in untreated material indicates that diacids
occur in the fossilized leaf and are not solely produced by
bleaching.

The THM-GC-MS data for untreated leaf, bleached cuticle and
their kerogen fraction confirm the aliphatic nature of the fossil
cuticle geopolymer and stress the importance of the FAs. The
MEs of shorter chain FAs in the range Cs-C;6 appear as prominent
components from the macromolecular material. They dominate
the aliphatic assemblages of unbleached and bleached material,
before and after solvent extraction. Long chain FAs with marked
even/odd predominance and long chain n-alkanes/n-alkenes with
odd/even predominance are present in small amounts in the
pyrograms of the fossil leaf and cuticle, thereby suggesting the
preservation of wax components. These components occur mainly
as soluble, solvent extractable components; they are lost from
THM-GC-MS pyrograms after solvent extraction and are found in
GC-MS chromatograms of solvent extracts.

The THM-GC-MS data for residues after base hydrolysis of kero-
gen still indicate the occurrence of FAMES with distribution similar
to that found for the kerogen fraction. They show a decrease in
FAMEs vs. n-alkanes/n-alkenes upon THM-GC-MS. This features
holds for unbleached as well as for bleached material. It suggests
that part of the FAs was removed with base hydrolysis and that it
might correspond to FAs bonded to the macromolecule by ester
bonds. However, a lack of methoxylated aliphatic compounds upon
THM-GC-MS points toward a scarcity of OH-substituted alkyl chains
and ester bonds in the kerogen. Base hydrolysis is commonly used on
modern plants to remove monomers from cutin polyesters but its
effect on kerogen from fossil leaves had scarcely been documented
(Guptaetal.,2007a-c). Guptaetal.(2007a-c) found no release of ali-
phatic FAs but noticed that partial alteration of the geopolymer
could occur with base hydrolysis. In the case of our material,
THM-GC-MS data before and after base hydrolysis rather suggest
that partial alteration of the macromolecule with base hydrolysis
could lead to removal of FA moieties that are not necessarily bonded
via ester bonds and/or could favour the release of n-alkanes/
n-alkenes upon THM-GC-MS.

The occurrence and distribution of pyrolysis products upon
THM-GC-MS show major differences between the fossil cuticles
and cuticular components from living plants. Cutan is a chemically
resistant biopolymer left after wax, cutin and polysaccharide extrac-
tion from the cuticle of some living plants (Nip et al., 1986). Its selec-
tive preservation is thought to be one possible way of preservation
for plant cuticle in the fossil record (Nip et al., 1986; Tegelaar
et al,, 1991; Boom et al., 2005; de Leeuw et al., 2006). Under THM
conditions, it affords saturated FAMEs in the range C;5—Cs;, with
higher concentrations of the longer chain compounds, and a large
number of trimethoxybenzenes (McKinney et al., 1996). The very
low abundances of long chain alkanoic acid MEs and the lack of
trimethoxybenzene structures upon THM-GC-MS is evidence for
cutan not being a significant component of Frenelopsis and Nehvizdya
cuticles.

The absence of a clear cutan signature upon THM-GC-MS fa-
vours in this case the alternative/additional model of preservation
via in situ polymerization of aliphatic moieties derived from the
less resistant cuticular components cutin and wax (Tegelaar
et al, 1991; Mosle et al., 1998; de Leeuw et al., 2006; Gupta
et al., 2007a,b). Cutin from living plants yields essentially mono-
hydroxy, monomethoxy, hexadecanoic acid and dimethoxy hexa-
decanoic acid MEs upon THM-GC-MS (de Leeuw and Baas,
1993; del Rio and Hatcher, 1998). These compounds are derived
from dihydroxy hexadecanoic acids of the cutin polyester. In
modern conifers for instance, cutin has a dominance of 9-16- or
10,16-dihydroxyhexadecanoic acids and lesser amounts of other
hydroxylated FAs ranging from Cy4 to C;g (Hunneman and
Eglinton, 1972; Gofii and Hedges, 1990). In the fossil leaves and
cuticles studied here, the FAME data show an apparent cutin
signal, with a relative maximum at C;5. One important difference
between the fossil cuticles and cutin is, however, a lack of alcohol
methyl ethers and methoxylated FAs. A lack of these compounds
in the fossil cuticles points toward a scarcity of OH-substituted
alkyl chains and ester bonds. Another important difference con-
cerns the distribution of the FAMEs. The highest abundances of
Cg—Co FAME:s in the fossil cuticles suggests that bridging between
the FA units might preferentially occur at the C-8/C-10 position of
the units.

The lack of OH-substituted alkyl chains upon THM-GC-MS
supports the hypothesis of newly formed, non-ester, cross linkages
between FA units in the fossil cuticles (Tegelaar et al., 1991; Mosle
et al.,, 1998; Almendros et al., 1999; de Leeuw et al., 2006; Gupta
et al., 2007a-c). The occurrence of short chain FAMEs and dicarbox-
ylic acid MEs upon THM has been used as evidence for preservation
via oxidative lipid polymerization in the case of dinocasts
(Versteegh et al., 2004; de Leeuw, 2007), i.e. internal contents of
fossil dinoflagellates with exceptional morphological preservation.
Oxidative lipid polymerization involves the autooxidation of unsat-
urated C;g FA components of triacylglycerols, resulting in extensive
cross linking, together with oxidative degradation and formation of
short chain mono and dicarboxylic acids. The pyrograms from
Frenelopsis and Nehvizdya leaves and from dinocasts (Versteegh
et al.,, 2004) share common features. The THM-GC-MS pyrograms
yield quite similar distributions of short chain mono acids
(dominantly <Cyg), diacids (peaking at C;-Cy;). The Py-GC-MS
pyrograms for both materials show alkan-2-ones and dominant
series of n-alkanes/n-alkenes series with relative maxima at
Cs-Cy0. The pathway of lipid preservation via oxygen incorporation
is a likely mechanism for the preservation of cell contents and mem-
branes (Versteegh et al., 2004; de Leeuw et al., 2006). It is more
widely viewed as an important process in kerogen formation under
relatively oxic conditions, with unsaturated sites being directly
derived from biological lipid precursors or originating from diage-
netic processes (Riboulleau et al., 2001). It has been shown by Gupta
et al. (2007b) that lipids from leaf cell tissues contribute to the
formation of the aliphatic geopolymer in the fossil leaf. This contri-
bution might partly explain the similarity between the THM-GC-MS
data from dinocasts and fossil leaves. In situ polymerization is
invoked as a diagenetic pathway to explain the formation of the
aliphatic polymer found in fossil cuticles (Tegelaar et al., 1991; de
Leeuw et al., 2006; Gupta et al., 2007a-c; de Leeuw, 2007) and is a
likely preservation pathway involved in the fossil cuticles studied
here.

5. Conclusions

THM-GC-MS data confirm the aliphatic nature of the fossil
cuticle geopolymer and stress the importance of the fatty acids.
In the case of the Cretaceous Ginkgoales and Coniferales studied,
evidence from THM-GC-MS of leaf macromolecular material
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supports the preservation model via in situ polymerization rather
than via selective preservation of cutan. The fatty acid distribution
remarkably maximizes at Cg-Cy, suggesting preferential fragmen-
tation from the macromolecular network at this position during
pyrolysis. This would be in accord with unsaturated fatty acids
having undergone some kind of cross linking at Co—-C;o. At this
stage of the study, there are no definite arguments to establish
the exact nature of the cross bonds between aliphatic moieties.

The material studied shows excellent morphological preserva-
tion of the cuticle, either unbleached or bleached. In contrast, the
THM-GC-MS data confirm that important changes in chemical
composition occur between modern and fossil cuticle. The data
also document that significant changes occur after bleaching, i.e.
increase in short chain diacids, and decrease in aromatic moieties
and n-alkanes/n-alkenes. These changes appear to be due to the
loss of extracuticular material, mainly aromatic moieties, and to
the oxidation of extracuticular-cuticular components.

The observations have implications for the interpretation of
carbon isotope signals in fossil plants. In the case of selective
preservation of cutan, the carbon isotope signature of fossil cuticle
should be directly inherited from that of the plant cutan. In the
case of in situ preservation, palaeoenvironmental interpretation
of isotope variations should be better made for fossil cuticles
showing a similar state of preservation. Data from THM-GC-MS
can help control the state of preservation. The pyrolysis data also
point towards a large variation in the ratio between aliphatic and
aromatic moieties that depends on the leaves studied and on the
kind of pre-treatment; this might be a source of isotopic variation.
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