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Despite many investigations concerning the insoluble organic mat-
ter in sediments (kerogen), its chemical nature and origin are only
poorly understood. Here we report the results of a combined
microscopy and chemical study of the Messel Oil Shale which
shed light on the mechanism of kerogen formation. Scanning
electron microscopy revealed the overwhelming presence of cell-
wall remains of Tetraedron-like microalgae which are virtually
indistinguishable from those of the widely occurring extant Tetrae-
dron minimum (Chlorococcales). Flash-pyrolysis gas chromato-
graphy/mass spectroscopy indicated the presence of an insoluble,
non-hydrelysable highly aliphatic biopolymer in both fossil and
extant Tetraedron species. The bulk of the Messel Qil Shale
kerogen probably consists of selectively preserved cell-wall
material of Tetraedron algae, mainly made up of this newly
discovered biopolymer. We therefore suggest that this polymer,
and similar types of recently discovered highly aliphatic biopoly-
mers in other algae and plant cuticles, are important precursors
of n-alkanes in crude oils.

The Messel Oil Shale (near Darmstadt, West Germany) rep-
resents an organic-matter-rich lacustrine deposit of Mid-Eocene
(~48-Myr) age'. This sediment (in particular, its fossil content)
has been studied extensively by palaeontologists and organic
geochemists?, but despite these efforts, the origin and nature of
the bulk of the organic matter is poorly understood.

Microscopic examinations of a large number of samples,
obtained from outcrops within the open-cast mine at the
aforementioned location as well as samples from cores, revealed
that the organic matter in the Messel Oil Shale (~30% on a
dry-weight basis) is mainly concentrated in distinct laminae.
These organic-rich laminae alternate with laminae that are rich

Fig. 1

Cross-section of a typical laminated oilshale from the
Messel Formation. Light-coloured microlaminae are composed of
Tetraedron remains, and dark layers represent background sedi-
ment. Scale bar, 2.0 mm.

in clay and which also contain minor amounts of terrestrially
derived organic debris (Fig. 1). Such units of microlaminae are
commonly ~0.1-0.2 mm thick and their abundant occurrence
throughout the Messel Oil Shale sequence suggests a cyclic
sedimentation pattern (K.G., manuscript in preparation). The
lack of vertical circulation within the lake, probably caused by
density stratification, prevented bioturbation, thus permitting
the preservation of these laminae. The occurrence of pyrite and
siderite®* supports the suggestion of an oxygen-depleted deep
water body. Further evidence for density stratification is pro-
vided by the presence of porphyrins related to the bacterio-
chlorophyll d series, which originate from the anaerobic photo-
trophic bacteria Chlorobiaceae”.

Examination of a large number of the organic-rich laminae
by scanning electron microscopy (SEM) revealed a predomin-
ance of small sculptured bodies, relatively uniform in size (5-
10 wm, Fig. 2), which are considered to be the cell-wall remains
of unicellular algae*. A sharp delineation was observed between
the base of these nearly pure algal laminae and the inorganic
laminae. This alternating sequence results from the sedimenta-
tion of algal debris, originating in annual blooms of these
organisms, superimposed on the mainly inorganic, terrestrially
derived background (K.G., manuscript in preparation).
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Fig.2 Scanningelectron micrographimage of a Tetraedron micro-
lamina from the Messel Oil Shale. Note the dense packing of
cell-wall remains. Scale bar, 10 pm.

The cell-wall remains comprise the most common biogenetic
component and are thus believed to represent the predominant
part of the organic matter in the Messel Oil Shale (K.G., manu-
script in preparation). Their accumulation in distinct layers
made it possible to obtain almost pure samples of algal-derived
organic matter by physically removing the algal laminae from
the background sediment using a sharp scalpel. The algal cells
are pillow-shaped, with either a wart- or net-like surface struc-
ture (Fig. 3a)*°. Transmission electron microscopy (TEM)
studies of cross-sections revealed internally homogeneous wavy
cell walls varying in thickness from 0.04 pm between, and 0.2 pm
at, the corrugations. All these features (size, shape, surface
pattern, preserved wall structure) are very similar to a species
of the extant chlorococcal genus Tetraedron (K.G., manuscript
in preparation).

The outer morphology of the Messel fossils is virtually indis-
tinguishable from the extant Tetraedron minimum (Fig. 3b). Its
single cells are quadrangular and flattened (pillow-like), 5-
20 pwm long and 3-8 pm thick. The angles are rounded, tapering
into a short papilla”® with surfaces covered either by small
verrucae or by an irregular network, depending on the cell size.
The thick cell wall is composed of three layers®. This cos-
mopolitan species occurs abundantly in the plankton of slightly
eutrophized fish-ponds, lakes and rivers’®.

Tetraedron cell-wall remains appear to be by far the most
important constituents of the organic matter in the Messel Oil
Shale. We therefore attempted to chemically characterize the
insoluble cell-wall material of the extant T. minimum and its
fossil counterpart using flash-pyrolysis gas chromatogra-

NATURE VOL. 336 22/29 DECEMBER 1988

phy/mass spectrometry (Py-GCMS), to shed light on the forma-
tion and structure of the Messel shale kerogen. It must be noted
that the assumed contribution of several other types of microbial
organisms, such as dinoflagellates and chlorobium-type bacteria,
to the organic matter of the Messel Oil Shale is based mainly
on lipids, which comprise at most 5% of the organic matter™'°.

The Py-GCMS total-ion chromatogram of a Messel Oil Shale
sample, highly enriched with Tetraedron cell-wall remains, and
that of the isolated cell walls of T. minimum, are shown in Fig.
4. Both chromatograms are dominated by homologous series of
straight-chain «, w-alkadienes, alk-1-enes and alkanes ranging
from Cg to Cs,. The longer-chain alkanes show a slight prefer-
ence for odd, rather than even, carbon number. The strong
similarities between both pyrolysates indicates the presence of
an insoluble, non-saponifiable aliphatic macromolecular struc-
ture in the cell walls of the extant T. minimum and its fossil
counterpart. Based on these results, the Tetraedron cell-wall
polymer appears to be similar to the insoluble, non-hydrolysable
highly aliphatic biopolymers present in plant cuticles''""* and
all three races of Botryococcus braunii algae'*'®. 1t should
be noted, however, that in the extant 7. minimum this
macromolecular structure comprises only a minor part
(~5wt%; E.W.T., unpublished resuits) of the total biomass,
whereas it is abundantly present in the Tetraedron-enriched
Messel sample. During diagenesis, the labile components (for
example, polysaccharides) of the Tetraedron cells are presum-
ably degraded, leading to relative enrichment of the aliphatic
cell-wall biopolymer in the Messel Oil Shale kerogen. The selec-
tive preservation and relative enrichment of similar biopolymers
has been observed previously (refs 14,15, and EW.T,, J. H. F.
Kerp and J.W. de L., manuscript in preparation).

On the basis of the accumulating evidence for the direct
contribution of in situ insoluble organic substances to
kerogen'!"'® and of the abundant presence of n-alkanes and
n-alkenes in the pyrolysates of almost any oil-prone kerogen'®,
it is suggested that the selective preservation of resistant
macromolecular structures represents an alternative mechanism
for the formation of kerogen (E.W.T., J. H. F. Kerp and
J.W. de L., manuscript in preparation). This contrasts with the
currently accepted theory whereby kerogen results from an
abiological random polymerization of monomers derived from
the biodegradation of biopolymers, such as polysaccharides and
proteins, and from existing aliphatic lipid moieties®®*".

Kerogens with a suitable hydrogen/carbon ratio are believed
to generate oil at high temperature and pressure’’. It has been
speculated that n-alkanes present in crude oils are thermally
derived from the aliphatic lipid moieties through defunctionaliz-
ation®. Maturation experiments have already shown, however,
that the insoluble, non-hydrolysable highly aliphatic biopoly-
mer, isolated from the cuticular membranes of the extant Agave
americana (E.W.T. et al, manuscript in preparation), yield
long-chain alkanes under thermal stress, indicating the oil poten-
tial of these aliphatic biopolymers.

Fig. 3 Scanning electron photo-
micrographs of single Tetraedron
cells. a, Tetraedron sp. from the
Eocene Messel Oil Shale; scale bar,
2 wm. b, Extant T. minimum (strain
SAG 44.81); scale bar, 2 pm. Notice
the similarity in the surface patterns.
Papillar processes at the cell angles
do not occur or are not preserved in
the Messel Tetraedron sp.
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Fig. 4 Total-ion chromatograms of
Py-GCMS analyses of a, isolated cell
wall of T. minimum, and b, Tetrae-
dron-enriched Messel Oil Shale. Iso-
lation of the cell walls of T. mini-
mum was achieved by extraction,
saponification and acid hydrolysis,
carried out according to methods
described previously (refs 22, 23 and
M. E. C. Moers et al., manuscript in
preparation). Details of the Py-
GCMS analyses have been described
before?*. Instrumental conditions
were:  Curie-point  temperature
770°C; Gas-chromatographic sep-
aration was achieved on a fused
silica column (length=25m; inner
diameter=0.31 mm) coated with b
chemically bonded CPSil 5; tem- 100
perature programme of the GC oven
comprised heating from 0 to 320°C
at 3 °C min~’, then holding at 320 °C
for 20min; mass spectra were
obtained at an ionization voltage of
70 eV. Peak identification is as fol-
lows: the numbers refer to the
homologous series of «, w-alka-
dienes, n-alk-1-enes and n-alkanes;
Pr denotes pristenes, probably orig-

100 a

RELATIVE INTENSITY

RELATIVE INTENSITY

LETTERSTONATURE o

inating from bound tocopherol®’; Ph
denotes  phytadienes, probably
originating from chlorophylls®®.

Several studies are currently being performed to elucidate the
structures of these types of resistant aliphatic biopolymers and
to determine the extent of their occurrence.

The unusually good preservation of organisms in the Messel
Oil Shale thus enables scientists to investigate interrelationships
of fundamental importance in geosciences. The plans for rubbish
disposal at the former open-cut mine in Messel should therefore
be abandoned to prevent a unique site from being lost forever.

The unialgal culture for the SEM and geochemical studies
was obtained from the collection of algae of the Institute for
Plant Physiology, University of Gottingen (strain SAG 44.81,
T. minimum). We would like to thank Dr Mollenhauer of the
Algological Department of the Research Institute, Senckenberg,
who was engaged in the cultivation of Tetraedron strains, and
M. Baas of the TU Delft for technical assistance. This work was
partly supported by the Deutsche Forschungsgemeinschaft
(DFG) (Projekt Schaarschmidt 178/6) and the Netherlands
Foundation for Earth Science Research (AWON) with financial
aid from the Netherlands Organization for Scientific Research
(NWO).
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The critical slip distance for seismic
faulting
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Experimentally based friction laws'? have been found to predict
virtually the entire range of observed behaviour of natural faults>*,
These laws contain a critical slip distance, L, which plays a key
role in determining the degree of fault instability, the size of the
zone of earthquake nucleation, the frictional breakdown width,
and the proportion of pre- and post-seismic slip to co-seismic slip.
In laboratory measurements L is found to be about 10> m, but
modelling results show that it must be about 10~>m if natural
earthquake behaviour is to be simulated. The discovery that fault
surfaces are fractal over the scale range 10-5~10° (refs 5, 6), even
for faults with large net slip, has confused the problem of scaling
this parameter from laboratory experiments to natural faults,
because fractal surfaces have no characteristic length. Here 1 show
that geometrically unmated fractal surfaces, when in contact under
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