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ABSTRACT: Conditions for OM preservation depend on both the chemical nature of constituents and environmental factors.
Among known preservation pathways, the selective preservation is based on refractory molecules such as algaenans, which are
algal components. So far, ultralaminae have been considered as remains of microalgal cell walls on the basis of microscopic and
organic geochemical similarities between fossil kerogen and recent algae. This high-resolution microscopic study focuses on
organic matter (OM) from different fossil environments, i.e., from shallow to deep water. This OM is compared with recent
organic analogs, i.e., microbial mats and biofilm, using transmission electron microscopy. Four possible origins of ultralaminae
can be interpreted: algal and bacterial cell walls, thylakoids, and filamentous organisms. This highlights the importance of
ultralaminae as a major indicator for paleoenvironmental interpretation. The multiple origin of ultralaminae implies new
considerations about OM preservation and depositional conditions. In this way, the role of bacteria in OM accumulations can
be reevaluated and the presence of ultralaminae such as thylakoids has a potential to become a new indicator of photosynthesis
in fossil sediments.

INTRODUCTION

Insoluble sedimentary organic matter (SOM) from lacustrine and
marine source rocks and oil shales, ranging in age from Infra-Cambrian
to Miocene, contains typical lamellar structures called ultralaminae. Their
morphological description has so far been very basic: they are very thin
(10–30 nm) and grouped into bundles (Largeau et al. 1990; Lichtfouse et
al. 1996; Raynaud et al. 1988; Raynaud et al. 1989). Ultralaminae have
been shown to originate from the selective preservation of algaenans, i.e.,
non-hydrolyzable, highly aliphatic macromolecular constituents, which
build up very thin (10–30 nm), chemically resistant outer walls in various
organisms, among which green algae (Chlorophyceae) have been
extensively studied (Derenne et al. 1991; Tegelaar et al. 1989). Algaenans
are characterized by a conspicuous resistance to non-oxidative chemical
degradation including drastic base and acid hydrolyses (Derenne and
Largeau 2001).

Some single-cell algae (i.e., Scenedesmus, Botryococcus braunii, Tetra-
edron minimum) possess additional outer walls containing solvent-insoluble
macromolecules characterized by an unusually high resistance to chemical
degradation and by a highly paraffinic structure (Berkaloff et al. 1983;
Goth et al. 1988; Kadouri et al. 1988). Therefore, comparisons have been
carried out between recent microalgae (Chlorophyceae), in particular
Nanochlorum eucaryotum, Scenedesmus crassus, S. armatus, and S.
quadricauda (Largeau et al. 1990), and fossil kerogens. Some similarities
have been observed between fossil kerogens and recent algae, i.e.,
Scenedesmus quadricauda, based on biomarkers and morphology (Derenne
et al. 1991; Largeau et al. 1990). Nevertheless, the comparison of S.
quadricauda algaenans with Chlorophyceae revealed important differences
in both morphology and chemical composition (Derenne et al. 1991).

From a geochemical point of view, alkylnitriles have so far been
identified only in the algaenan pyrolysates of both freshwater Chlor-

ophyceae with very thin resistant outer walls and their fossil counterparts,
the ultralaminae of lacustrine kerogens (Derenne et al. 1991).

Organic-rich rocks deposited in anoxic marine conditions contain large
amounts of microscopically amorphous organic matter (AOM). Ultra-
laminae are the only visible structures in transmission electron
microscopy (TEM) and point to the selective preservation pathway as a
dominant process in organic matter (OM) preservation and, of course, to
an algal contribution in OM formation.

So far ultralaminae have always been identified as microalgal cell walls.
Moreover, fossilization of algal structures depends on the degree of OM
preservation. Because chemical compounds extracted and identified
through organic geochemistry reflect the whole extractible OM, it seems
impossible to associate them with specific parts of such organisms, e.g.,
cell walls, membranes of inclusions and granules, etc. Therefore, there are
still many uncertainties associated with the interpretation of ultralaminae.

The goal of this study is to investigate AOM in well-known, anoxic, fossil
environments with a specific emphasis on the occurrence of ultralaminae
using TEM. The chosen paleoenvironments are well documented through
organic geochemistry and sedimentology. It is hoped to highlight the
genetic origin of ultralaminae in order to determine the preservation state
of OM and which parts of such structures are preserved. Results on fossil
OM have been confirmed through comparison with recent microbial
analogs, i.e., microbial mats and biofilm.

BIOLOGICAL BACKGROUND: ALGAL VS. BACTERIAL CELL WALLS AND

THYLAKOID MEMBRANES

Algal Cell Walls

Algal cells may be naked or covered by either complete and rigid, or
incomplete cell walls, or a series of plates, strips, or inorganic and
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sometimes organic scales. In general, cell walls comprise two constituents:
an amorphous component which forms the matrix, within which the
second fibrillar component is embedded (Madigan et al. 2003). The latter
forms the wall rigid skeleton, and is commonly made of cellulose. The
amorphous components are mainly polysaccharides.

Bacterial Cell Walls

Bacteria are classified in two classes on the basis of the composition of
their cell wall (Madigan et al. 2003). The cell wall of Gram-positive
bacteria is composed of several layers of peptidoglycan with a thickness
ranging from 15 to 80 nm. The cell wall of Gram-negative bacteria is high
in lipid content and low in peptidoglycan content. It is composed of two
specific zones which surround the 10 nm thick plasma membrane: the
periplasmic space and the lipopolysaccharide layer (LPS). The periplas-
mic space separates the outer plasma membrane from the 2–7 nm thick
peptidoglycan layer. The Gram-negative cell wall is similar to a
cytoplasmic membrane, typically only a few layers thick and generally
much thinner than Gram-positive types (Fig. 1).

Thylakoids

Generally, thylakoids are defined as membranes where photosynthesis
occurs. Their arrangement in prokaryotes and eukaryotes is different
(Fig. 2). Despite many years of study, little is known about the 3D
architecture of cyanobacterial thylakoid membranes.

In eukaryotes, photosynthesis is associated with special intracellular
organelles, the chloroplasts. Chloroplasts have a double-membrane
envelope, called the chloroplast envelope. Each membrane is a
phospholipid bilayer, each one being some 6 and 8 nm thick respectively
and the two separated by a gap of 10–20 nm called the intermembrane
space. Within the inner membrane, in the zone called stroma, thylakoids
are characterized by interconnecting flattened membrane compartments
(Madigan et al. 2003). In prokaryotes, chloroplasts are absent, in contrast
to eukaryotes.

METHODS

All marine rock samples studied are macroscopically characterized
by organic-rich laminites. An alternation of organic and mineral layers

is clearly identified in rock thin sections. Fossil OM has been sampled
in five typical black shales of different age where AOM is the dominant
organic constituent: the deep-water Miocene Monterey Formation
(Isaacs and Rullkötter 2001) at Naples Beach in California (Fig. 3); the
Kimmeridgian bituminous shales (Bernier 1984; Tribovillard et al.
1999) at Orbagnoux in the French Jura (Fig. 4), deposited in a shallow
back-reef environment; and three Cretaceous oceanic anoxic events
(OAEs) in Central Italy, including the Selli level (Baudin et al. 1998),
the Urbino level (Pratt and King 1986), and the 113 level (Pratt
and King 1986) (Fig. 5), where depositional conditions are still
debated.

Two recent bacterial analogs have been considered: a biofilm
containing cyanobacteria and green algae (Silva e Silva et al. 2004),
developed in a laboratory culture from a microbial mat sampled in Lagoa
Vermehla, Brazil (Vasconcelos 1994); and a microbial mat sampled in
hypersaline conditions at Hassi Jerbi in southern Tunisia (Davaud and
Septfontaine 1995). The Hassi Jerbi mat was sampled in the field and was
preserved in plastic bags in a cool box at 5uC during transport. Then it
was acid etched for analyses in TEM.

The observation of fossil OM in consolidated rocks requires
desintegration of the mineral fraction through a standard palynological
preparation technique, in order to isolate OM. This is achieved through
a HCl (30%) and HF (70%) acid treatment followed by heavy-liquid
separation (Steffen and Gorin 1993). In general, 20 g were used to
obtain kerogen. At the end of this treatment, the OM quantity varied
from one to a few grams, depending on the total organic content of the
studied rocks. The recent microbial mats studied here were also exposed
to the same acid treatment for a proper comparison with fossil OM, i.e.,
to verify that this treatment does not introduce any artifact.
Subsequently, transmission electron microscopy (TEM) was used to
investigate the OM ultrastructure in ultrathin sections. For TEM
observations, recent and fossil OM were fixed in 1% glutaraldehyde in
50 mM cacodylate buffer at pH 7.4 (CB) and at room temperature for
one hour, washed three times in CB, and postfixed in 1% osmium
tetroxyde in CB for one hour at room temperature. After three washes in
CB, the material was embedded in 2.5% agarose and dehydrated before
inclusion in Epon. Between four and six blocks were made for each
sample. Thin sections (70 nm) were obtained using a Leica ultramicro-
tome and contrasted with uranyl acetate for 15 min. TEM observations

FIG. 1.—Schematic representation of bacterial
cell walls showing differences between Gram-
negative and Gram-positive bacteria.

FIG. 2.— Schematic representation of thyla-
koid membranes in prokaryotes (cyanobacteri-
um and prochlorophyte) and green alga.
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FIG. 3.— Location of the Naples Beach
section in the Miocene Monterey Formation
(California). Stratigraphic sequence at Naples
Beach (modified after Isaacs and
Rullkötter 2001).
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FIG. 4.— Palaeogeography of the Upper Ju-
rassic in the southern Jura and location of the
Orbagnoux section (modified after Bernier 1984)
and schematic lithological column of the bitu-
minous laminites at Orbagnoux (modified after
Tribovillard et al. 2000).
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were performed with a Phillips CM100 transmission electron microscope
(Paris-Sud University), and digital image processing was applied. Four
different areas in each sample were studied using some 50 ultrathin
sections in order to have a representative estimation of observed
structures. The proportion of ultralaminae in OM was visually
evaluated.

RESULTS AND DISCUSSION

TEM observations showed heterogeneous material characterized by
amorphous matter, bacteria, EPS, and ultralaminae. Ultralaminae were
rare in the Monterey Formation (, 1% of OM) but abundant in the
Kimmeridgian laminites (40% of OM) and in the OAEs (50% of OM).

FIG. 5.— Location map of OAEs studied in
the Marche-Umbria Basin (Central Italy).
Stratigraphic columns of OAE1a and OAE1b
(modified from (Coccioni et al. 1989).
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The recognition of four different types of structures in ultralaminae has
three major implications for OM study, i.e., OM origin, OM preservation
conditions and paleobathymetry.

Recognition of the Different Types of Ultralaminae in Fossil and

Recent Material

Comparison of recent laminar ultrastuctures with similar structures in
SOM reveals different types of ultralaminae: algal cell walls, bacterial cell
walls, thylakoid membranes, and organisms on their own. Based on
microscopic observations, the specific characteristics of each class
(especially width, texture, and degradation aspect) can be specifically
determined (Table 1):

Algal Cell Walls.—Algal cell walls are commonly 100–200 nm thick
and have a particularly dense and homogeneous texture. In both recent
and fossil material, outlines are sharp. They occurr as elongated spirals or
contorted layers associated with small granules, which can be inclusions
and granules serving as specific storage sites (Konhauser 2007). Their
length of about 10 mm is significant. When they are degraded, they appear
as layers locally diffuse, and in some cases a radial fragmentation is
observed.

In the recent biofilm, algae resembling green algae associated with the
class Chlorophyceae showed some layers 100 nm thick (Fig. 6A). After
acid etching, no entire algal cell was observed. Only dense layers
sometimes characterized by diffuse outlines were preserved, the thickness
of which ranges from 80 to 170 nm (Fig. 6B).

TABLE 1.— Summary of the main characteristics shown by the form types of ultralaminae distinguished in fossil OM.

characteristics algal cell walls bacterial cell walls thylakoids organisms

thickness commonly 100–150 nm; rarely 35 nm variable: 30–150 nm 35–60 nm 120–150 nm
appearance patch-forming; contorted, elongated

spirals or linear with granule layers
linear or contorted layers linear or randomly distributed

contorted string-like layers:
stacked, sometimes stacked by
pair (cyanobacteria)

complex organization with
outer membrane and inner
content

texture dense and homogeneous with sharp
outlines

ill- to well-defined, blurred;
sometimes dense

sharp outlines heterogeneous

length 10 mm several mm several mm . 10 mm
degradation rarely diffuse; radially fragmented burst sometimes fragmented not observed

FIG. 6.—Transmission electron microscopy (TEM) sections showing recent algal cell walls: A) in the biofilm (Chlorophyte genus); B) in the biofilm after acid etching;
C, D) in the microbial mat of Hassi Jerbi (southern Tunizia) after acid etching; E) Botryococcus braunii after acid etching. See text for description.
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Similar, dense concentric layers 175 nm thick were found in the recent
microbial mat of Hassi Jerbi (Fig. 6C). Sometimes, they appeared as
contorted layers with ‘‘sharp’’ outlines and a thickness ranging from 120
to 180 nm (Fig. 6D).

Fossil OM in Kimmeridgian laminites contained these same layers,
which locally widen and sometimes were spread out (Fig. 7A); their
thickness ranged from 45 to 90 nm on average, with a maximum of
350 nm. They surrounded a patch constituted of small dark granules,
assimilated to inclusions or granules and rod-shaped cellular forms,
which are typical of bacteria. Therefore, these structures are reminiscent
of algae with symbiotic bacteria. They could form structures more than
10 mm long (Fig. 7B). Layers had the same appearance as those formed
in recent microbial mats and ranged in thickness from 35 to 80 nm
(Fig. 7C). Their arrangement was similar to that in Botryococcus braunii

(Fig. 6D).

In the Selli level, fossil OM showed a concentric arrangement of layers,
sometimes forming patches up to 7 mm 3 2.5 mm in size (Fig. 7D). Layers
had sharp edges with sometimes diffuse, blurred substances inbetween the
pigmentation (Fig. 7E). They appeared as contorted layers surrounding a
zone with some granules (Fig. 7F). Some were 135 nm thick and
resembled those in figure 7A.

In the 113 level, similar contorted layers formed extensive patches
(Fig. 8A). At high magnification, layers appeared stacked by pairs, which
were some 245 nm thick and radially fragmented (Fig. 8B). This
arrangement was similar to that in figure 7E, although the fragmented

appearance suggested a degraded state. Single layers 60 to 150 nm thick,
and sometimes broken or spread out, were also observed (Fig. 8C).

Fossil OM in the Urbino level contained a 6 mm 3 2 mm patch
composed of elongated, contorted, well defined layers, up to 150 nm thick
(Fig. 8D), which were similar to those of figures 7D and 8A.

Fossil OM in the Monterey Formation showed some 145 nm thick
layers, which were sometimes diffuse, with a streamer-like form (Fig. 8E).
They were considered to be degraded ultralaminae.

Bacterial Cell Walls.—Bacterial cell walls were characterized by a wide
size range (50–150 nm), depending on the nature of the cell wall (Gram-
negative or Gram-positive bacteria). The texture was heterogeneous, and
dense or translucent. No significant difference in the arrangement, size,
and density was observed between fossil and recent bacteria. The length
was not a significant parameter because some filamentous bacteria could
be several micrometers long. They occurred as single or contorted layers
but could be differentiated from algal cell walls through their more diffuse
aspect. The thin or burst parts were interpreted as resulting from the
degradation of bacterial cell walls both in recent bacteria and fossil OM.

In the recent biofilm, typical cyanobacteria (Fig. 9A) were character-
ized by a Gram-negative cell wall showing the following constituents: an
undulating, outer membrane 13 nm thick; a dense layer, 4.5 nm thick,
with sharp outlines, assimilated to the peptidoglycan layer; and a diffuse,
layer 14 nm thick, showing the same contrast as the outer membrane,
typical of the plasma membrane. The total thickness of the cell wall was

FIG. 7.—TEM sections showing fossil algal cell walls: A) associated with granules (g) and symbiotic bacteria (b) in Kimmeridgian laminites; B) long linear layers in
Kimmeridgian laminites; C) arrangement similar to Botryococcus brauni in Kimmeridgian laminites; D, E) contorted layers in the Selli level; F) layers associated with
granules (g) in the Selli level. See text for description.
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57 nm. After acid etching, only the peptidoglycan layer and the outer
membrane were preserved, with a total thickness of 140 nm (Fig. 9B).
This cell wall could be fossilized through diagenesis because LPS
(composing Gram-negative bacteria) were more resistant to degradation
than peptidoglycan (major component in Gram-positive bacteria).

The recent microbial mat of Hassi Jerbi exhibited some 500 to 900 nm
thick, filamentous forms, which were less contrasted (Fig. 9c) than forms
observed in algal walls (e.g., Fig. 6d). They appeared not well preserved
but could be ascribed to filamentous bacteria. Finally, a mixture of
different layers with variable thicknesses could be observed (Fig. 9d):
when thick (up to 155 nm), their aspect was translucent; when thin, layers
were dense and dark, with a thickness ranging from 15 to 50 nm.

Fossil OM in Kimmeridgian laminites showed a mixture of different
types of membranes with variable thicknesses (Fig. 10a). Translucent
layers were 60 nm thick and homogeneous, whereas dense layers ranged
in thicknesses from 50 to 140 nm. Their aspect was similar to that of
layers in figure 9d, and indicated a certain stage of degradation.

Fossil OM in the Selli level displayed diffuse layers, sometimes stacked
with dark-coloured boundaries (Fig. 10b). One was 30 nm thick and the
total thickness of the stack ranged from 155 to 330 nm. This probably
indicated a certain degradation stage, but different from that in figure 9d.
It was maybe specific to the composition of the ultralaminae or due to
different degradation conditions prior to diagenesis.

Fossil OM in the 113 level showed relatively dark, contrasted,
contorted, 70 nm thick layers (Fig. 10c).

Fossil OM in the Urbino level contained contorted dark layers with an
average thickness of 30 nm, separated by a weakly contrasted and diffuse
zone (Fig. 10d).

Fossil OM in the Monterey Formation displayed dark layers with well
defined or diffuse outlines (Figs. 10e & 10f). They were stacked, with
thicknesses ranging from 85 to 100 nm. When they had burst, they
appeared diffuse, and up to 300 nm thick.

Thylakoid Membranes.—Thylakoid membranes are typically thin
layers, ranging from 35 to 70 nm in thickness. Another important
parameter is their occurrence: they are grouped by pairs or stacked,
depending on the cyanobacterial or algal origin. Their outline is generally
sharp, but their internal texture is not always dense. Their length is
variable because of the form of organisms (filamentous, coccoid, or
bacillus). No change was observed in the recent material after the acid
treatment. In fossil OM, they can be fragmented.

In the recent biofilm, cyanobacterial thylakoids appeared as homogene-
ous, 70 nm thick membrane pairs, which were parallel to the cell (Fig. 11A).
They were placed side by side, possessed sharp outlines, and contained
small dark grains resembling phycobilisomes. The space between each
membrane was constant and some 30 nm thick. Thylakoids could sometimes
present a diffuse aspect, but their thickness was smaller, 35 nm (Fig. 9A).

The recent biofilm also contained algae where thylakoid membranes
were randomly placed in the cell (Fig. 11B). They were 40 nm thick and
locally stacked to each other (i.e., grana). The same distribution was

FIG. 8.— TEM sections showing fossil algal cell walls: A) extensive patch of contorted layers in the 113 level; B) amplification of contorted layers showing a radial
fragmentation layers in the 113 level; C) linear layers in the 113 level; D) patch of contorted layers in the Urbino level; E) degraded contorted layers in the Monterey
Formation. See text for description.
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observed in other algal species where thylakoids were about 50 nm thick
and locally stacked in grana (Figs. 11C,D). After acid etching, these
membranes were denser but with a similar size (60 nm), with some
cytoplasmic inclusions (Fig. 11E).

Thylakoids in fossil OM of Kimmeridgian laminites were characterized
by a succession of light-colored layers, 80 nm thick, stacked by pairs and
dark-colored laminae 300 nm thick (Fig. 12A). Each light layer was
40 nm thick. The arrangement was generally regular, sometimes
undulated (Pacton et al. 2006).

Fossil OM in the Selli level displayed ill-defined, dark, parallel, 60 nm
thick layers in a less contrasted patch (Fig. 12B). This arrangement could
be related to degraded material.

Fossil OM in the 113 level displayed a patch of diffuse layers,
sometimes discontinuous and undulating. The layer thickness was about
35 nm (Fig. 12C).

In the Urbino level, a sequence of contorted, dark-colored, 20 nm
thick, paired layers separated by light-colored intervals was observed.
Layers had a sharp outline (Fig. 12D).

FIG. 9.—TEM sections showing recent bacterial cell walls: A) Gram-negative cell wall of cyanobacteria in the biofilm; B) same Gram-negative cell wall in the biofilm
after acid etching; C) remnants of filamentous bacteria in the Hassi Jerbi microbial mat after acid etching; D) burst translucent layers attached to dense thin membranes in
the Hassi Jerbi microbial mat after acid etching. See text for description.
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Organisms and Others.—Organisms on their own were characterized by
a typical thick membrane separated from an internal cell. The occurrence
of such well-preserved structures was rare because most of the time only
cell walls were observed. If degraded, they could be mixed up with the
classes cited above. They were differentiated from simple cell walls
because of their complex constitution including outer membranes. They
were architecturally too evolved to be cell walls similar to those
previously described.

The recent Hassi Jerbi microbial mat contained a smaller amount of
dense contorted forms of variable thickness (180 nm on average). This may
be due to degradation or because they were less present initially (Fig. 13A).
Their aspect could not be related to algal or bacterial structures, but may be
ascribed to plants, and more specifically to fossil cuticles, which show the
sinuous lamellae in lower epidermis zone (Taylor 1999).

Lamellar structures were found in fossil OM of the Urbino level, but no
relation could be established with the previously described structures. They
appeared as filamentous, stacked, forms, more than 5 mm long, and
surrounded by a typical layer resembling cell wall (Fig. 13B). This 75 nm
thick layer was radially fragmented (Fig. 13C). When broken, they appeared
as more translucent, twisted membranes. Filaments contained some granules
and were surrounded by a more contrasted thin wall. The thickness of
filaments was 120 nm, whereas that of stacked filament walls was 25 nm.

Consequently, the major distinction between cell walls and thylakoids
was based on their thickness and their appearance. Cell walls appeared as
thick, contorted layers, whereas thylakoids could be defined as thin
layers, often grouped in pairs or stacked.

Preservation Potential of the Different Types of Ultralaminae

In the OM of all the studied fossil environments, algal and bacterial cell
walls are more common than thylakoids. The latter seemed to be more
affected by degradation (Fig. 14). Bacterial cell walls can be better
preserved than thylakoids because of their lipid content (more abundant
in Gram-negative bacteria), but they are more sensitive to degradation
than algal cell walls. Thylakoids associated with photosynthetic pigments
can be preserved because, although they are rich in degradable proteins,
they contain a small amount of lipids. In some cases, this preservation
may be due to encapsulation. This process is based on intrinsically
reactive biochemical compounds encapsulated in some protective matrix
(Eglinton 1998; Knicker et al. 1996). The preservation of these specific
membranes, separated from other cellular components such as cell wall
and storage inclusions, could be the result of separation during OM
isolation treatment and/or lysis.

The resistance to degradation of each class of ultralaminae is closely
related to their chemical nature.

Relation between Ultralaminae and OM Preservation Pathways

There are four known OM preservation pathways: (1) The degrada-
tion-recondensation (or recondensation) pathway is characterized by the
absence of source organism morphological features. This model is based
on a diagenetic fragmentation of the OM biomacromolecules (Tissot and
Welte 1984). (2) The selective preservation pathway is based on the

FIG. 10.—TEM sections showing fossil bacterial cell walls: A) mixture of cell walls in Kimmeridgian laminites; B) more or less diffuse contorted layers in the Selli level;
C) contorted layers in a diffuse mass in the 113 level; D) thin contorted layers in the Urbino level; E, F) dense, locally burst layer in the Monterey Formation. See text
for description.
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production by some living organisms, especially microalgae, of insoluble
biomacromolecules highly resistant to chemical and microbial degrada-
tion. These biomacromolecules are not affected by strong basic and acid
hydrolyses and also show a high resistance to microbial attacks (Goth et
al., 1988; Tegelaar et al., 1989; Largeau et al., 1990). (3) The natural
vulcanization is an intermolecular incorporation of inorganic sulphur
species into low-molecular-weight functionalized lipids resulting in the
formation of high-molecular-weight sedimentary OM (Adam et al. 1993;
Kohnen et al. 1991; Sinninghé Damsté et al. 1989; Sinninghé Damsté et
al. 1988). (4) The sorptive protection pathway emphasizes the protective
role of minerals and/or EPS (Pacton et al. 2007; Salmon et al. 2000). This
study shows a variety of ultralaminae, which cannot be distinguished in
biomarker studies. Until now ultralaminae were solely associated with
pyrolysates of algaenans, i.e., alkylnitriles, and therefore reflecting the
role of the selective preservation pathway. Nevertheless such a chemical
signature could also occur from condensation of lipids, which would
mean that the role of algaenans might be overstated (Gupta et al. 2007).
In the five studied environments, the degradation stage of ultralaminae is
closely associated to OM preservation processes (Fig. 14). In the lower
part of Figure 14, the weak degradation of OM is related to the sorptive
preservation pathway (Pacton et al. 2007a), because of the labile nature of
thylakoid compounds. It automatically implies the concomitant contri-
bution of the selective preservation pathway because algae are not
subjected to hydrolysis. The evolution towards degraded ultralaminae
implies an increasing contribution of the degradation-recondensation
pathway. According to microscopic observations, it coincides with
degraded OM.

Paleoenvironmental Significance of Ultralaminae

Fossil ultralaminae such as cell walls are indicative of the selective OM
preservation pathway. Refractory molecules (e.g., algaenans) mean the
same in organic geochemistry. However, thylakoids cannot be identified
through organic geochemistry, whereas they can be clearly identified in
microscopy. More importantly, thylakoids cannot be related only to the
selective OM preservation pathway. Moreover, in most sedimentary
basins photosynthetic organisms living in the photic zone (0–200 m) are
rapidly degraded in the water column after death. These allochthonous
thylakoids would have been degraded during transport. Because they are
prone to chemical and physical degradation, their presence in sediments
implies exceptional preservation conditions, in places where degradation
reactions are reduced, as is the case in EPS (Pacton et al. 2007).
Consequently, thylakoids give information on water depth, because they
were fossilized in the place where they lived, i.e., at the sea bottom.
Although the different types of ultralaminae highlight the evidence of a
relative proportion of eukaryotic and prokaryotic organisms, thylakoids
have the potential to become an indicator of paleobathymetry.

CONCLUSIONS

Ultralaminae are typical, 10–30 nm thick lamellar structures encoun-
tered in fossil SOM. So far, they have been associated with microalgal cell
walls with highly resistant, algaenan compounds. Their pyrolysates, i.e.,
alkylnitriles, are the evidence of the OM selective preservation pathway.
Comparison of fossil ultralaminae with recent microbial analogs,

FIG. 11.—TEM sections showing recent thylakoid membranes: A) presence of phycobilisomes (p, dark) in a cyanobacterium within the biofilm; B, C, D) thylakoids
assembled in grana in different species of algae within the biofilm; E) thylakoids associated with granules in the biofilm after acid etching. See text for description.
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containing green algae and cyanobacteria, sheds new light on their
possible multiple origin. Four classes have been identified in fossil OM:

(1) Algal cell walls are characterized by dense layers, 100–200 nm
thick, chemically composed of algaenans.

(2) Bacterial cell walls with layers, 60–150 nm thick which have a
more heterogeneous texture. They are composed of phospholipids
and proteins and, in the case of Gram-negative bacteria, of
lipopolysaccharides.

(3) Thylakoid membranes are typically thin: they form string-like
layers, 35–70 nm thick, which appear stacked or in pairs. They are

composed of proteins and lipids. They are associated with
photosynthetic pigments which can be preserved or not, depending
on their nature.

(4) Filamentous organisms can be distinguished from the others
categories through their typical cell wall.

Consequently, ultralaminae have a potential to become a new
indicator, besides organic geochemistry and optical microscopy, for
identifying the paleoenvironment and preservation pathways of SOM.
The multiple origin of ultralaminae implies new considerations about OM
preservation and depositional conditions. In particular, the ultralaminae

FIG. 12.—TEM sections showing fossil thylakoid membranes: A) pair of thylakoids alternating with dark zones in the kimmeridgian laminites; B) several thin layers in
the Selli level; C) discontinuous, contorted lines in the 113 level; D) contorted pair of layers in the Urbino level. See text for description.
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scale of degradation can be associated with the degree of OM degradation
and the dominant OM preservation pathway.

Therefore, the composition of OM can be reevaluated, and ultra-
laminae such as thylakoids have a potential to become a new indicator of
photosynthesis in fossil sediments. This has a considerable implication on
the paleobathymetry which becomes restricted to the photic zone.
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