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Abstract Cretaceous oceanic anoxic events (OAEs) were
periods of high organic carbon burial corresponding to
intervals with excellent organic matter (OM) preservation.
This work focuses on the Urbino level, i.e., OAE1b, which
is thought to be of regional extent. A detailed microscopical
study of OM shows a dominance of microbial activity,
characterized by a typical arrangement of exopolymeric
substances (EPS) related to microbial mats, bacterial bod-
ies, and some photosynthetic microorganisms, as shown by
thylakoids. The latter lived where they have been found,
i.e., at the sea bottom, which indicates that OM results from
the diagenesis of benthic photosynthetic microbial mats, an
interpretation supported through the comparison with a
recent analogue. The exceptional preservation of such
organic structures in OM points to the joint role of the
selective and sorptive preservation pathways. These data
and interpretation strongly differ from previous observa-
tions in OAE1b equivalents. They suggest that the Urbino
level might be an atypical OAE of regional/local extent
which was formed within the photic zone.
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Introduction

Oceanic anoxic events (OAEs) correspond to approxi-
mately 50-ka to 1-Ma-long specific intervals of enhanced
deposition of organic matter (OM) in marine environments
(Schlanger and Jenkyns 1976). They are usually assumed to
be deep-water sediments. It is generally accepted that
OAEs were associated with major steps in climate evolu-
tion, because burial of excess organic carbon must have had
an influence on global temperatures by drawing down CO,.
Two models are proposed for the OAE deposition: intense
productivity (e.g., Arthur et al. 1985; Pedersen and Calvert
1990; Erba 1994; Weissert etal. 1998; Jenkyns 1999;
Premoli Silva et al. 1999; Erba and Tremolada 2004) and a
stagnant ocean model arguing for a reduction of deep-water
renewal and/or enhanced water column stratification (e.g.,
Schlanger and Jenkyns 1976; Bralower and Thierstein
1984; Arthur etal. 1990; Tyson 1995; Erbacher et al.
2001). Whereas there are still some uncertainties about the
cause(s) of these events, global warmth, increased surface
water productivity and/or deep-water stagnation are
thought to be intimately associated with them.

OAEIb (Albian) is assumed to have a regional signifi-
cance. Several expressions of OAEI1b are reported in the
world, such as in central Italy (Umbria-Marche Basin)
where it is called Urbino level (Coccioni etal. 1989),
southeastern France (Vocontian Trough), Greece, and ODP
legs. In this study, it has been sampled in central Italy,
where it does not seem to be affected by metamorphism or
hydrothermalism.

The thermohaline stratification hypothesis has been
favored for this event, based on 5'0 values (Erbacher et al.
2001) and planktonic foraminifera (Coccioni et al. 2006)
studies. According to these authors, OAEI1D is associated
with an increase in surface-water temperatures and runoff
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leading to elevated carbon burial in the restricted basins of
the western Tethys and North Atlantic. Hydrocarbon bio-
markers data seem to indicate that no unifying mechanism
governs the deposition of this black shale interval (Kuypers
et al. 2002). The presence of specific biomarkers in equiva-
lent levels (southern France, NW, Greece), i.e., pelagic
archaea-derived biomarkers, thought to be the main OM
source, reveals a chemotrophic pathway, possibly using
ammonium as an energy source (Kuypers etal. 2002;
Tsikos et al. 2004).

In this paper, OM sampled in the Urbino level was ana-
lyzed using different techniques that include electron
microscopy (TEM, SEM) and accessorily, Rock-Eval pyro-
lysis, gas chromatography-isotope ratio mass spectrometry.
The Urbino level in Monte Petrano (see below) and in the
Contessa Quarry (Gubbio) is only 20 cm thick. Three sam-
ples have been previously studied using Rock-Eval and pal-
ynofacies analyses (Fiet 1998). All of them have a total
organic carbon content (TOC) considerably higher than
1%, a high hydrogen index ranging from 400 to 620 mgHC/
gTOC, 6"3C values ranging from —22.2 to —25.5%o, and
show in optical microscopy a similar sedimentary OM con-
stituted essentially of amorphous OM. Consequently, one
organic-rich sample has been selected at each of the two
locations and can be considered as representative of this
thin level.

The main objectives of the study are: (i) to determine the
OM composition in the Urbino level (local expression of
OAE1D) and (ii) to highlight the processes involved in OM
preservation. In order to evaluate the effect of microbial
activity, which is commonly considered to be responsible
for OM degradation, a recent microbial mat has been used
as an analogue. Microbial mats are layered microbial com-
munities usually containing cyanobacteria in the uppermost
layers, anoxygenic phototrophic bacteria in intermediate
layers (where the mat becomes light-limited) and chemoor-
ganotrophic, especially sulfate-reducing bacteria in the
lowermost layers (Konhauser 2007). This comparison is
interpreted in terms of microbial/mineral interactions and
not from a geochemical point of view.

Materials and methods
Sampling

For a proper comparison of both samples, i.e., the recent
microbial mat and fossil OM have been exposed to the
same acid treatment and similarly prepared for all analyses
carried out.

The studied samples of the Urbino level were collected
in Monte Petrano and in the Contessa Quarry (Gubbio)
(Marche-Umbria Basin, central Italy; Fig. 1). Sampling was
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performed in a 50-cm-deep excavation in order to eliminate
surface alteration caused by meteoric waters and vegeta-
tion. During transport to the laboratory, sediments were
placed in a box sterilized with a bactericidal agent. Poten-
tial contamination was tested using DAPI-fluorescence.

The recent microbial mat was sampled in a hypersaline
environment at Hassi Jerbi in Southern Tunisia (Davaud
and Septfontaine 1995; Fig. 2).

Optical characterization of OM

The observation of fossil OM in consolidated rocks requires
a standard palynological preparation technique in order to
isolate OM from the mineral fraction. This technique
includes HCI and HF acid treatment followed by heavy lig-
uid separation (Steffen and Gorin 1993). The recent micro-
bial mat was exposed to the same acid treatment for a proper
comparison with fossil OM. Subsequently, various micro-
scopic techniques were used to analyze the OM morphology
and structure down to the nanoscale: optical microscopy
(Leitz Diaplan, University of Geneva) using natural light
and blue-light fluorescence, scanning electron microscopy
(SEM, Jeol JSM 6400, University of Geneva) on gold-
coated samples and transmission electron microscopy
(TEM) on ultrathin sections. Blue-light fluorescence is an
indicator of OM source and also an indicator of the degree
of chemical preservation. The fluorescence scale (FS) has
been estimated after Tyson (1995). FS1 refers to non-fluo-
rescent OM (matrix and palynomorphs), FS2 is attributed to
fluorescent palynomorphs but non-fluorescent matrix, FS3-5
characterized a progressive increase of fluorescent intensity
of the AOM matrix and FS6 indicates a strong and homoge-
neous fluorescence of the AOM matrix. For transmission
electron microcopy, bacteria were fixed in 1% glutaralde-
hyde in 50 mM cacodylate buffer (CB), pH 7.4 at room tem-
perature for 1 h, washed three times in CB, and postfixed in
1% osmium tetroxyde in CB for 1 h at room temperature.
After washing three times in CB, cells were embedded in
2.5% agarose and dehydrated before inclusion in Epon. Thin
sections (70 nm thick) were obtained with a Leica
ultramicrotome and contrasted with uranyl acetate. TEM
was performed on a Phillips CM100 transmission electron
microscope, and digital image processing was applied
(Paris-Sud University).

Mineralogy

Mineralogical determinations were performed by standard
X-ray diffraction (XRD) on a Philips PW 1729 diffractome-
ter with CuKuo radiation and Ni filter, under 40 kV and an
intensity of 25 mA (Paris-Sud University). Analyses were
first obtained from bulk rock and secondly from the less
than 2-pm-carbonate-free fraction, following the procedure
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Fig. 1 Location and strati-
graphic column of the Urbino
outcrop at Monte Petrano
(Marche-Umbria Basin, central
Italy)
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Fig. 2 Geological setting of the Hassi Jerbi outcrop (southern Tunisia)

described by Holtzapfel (1985). Defloculation was carried
out through successive washings with distilled water after
decarbonation with 0.2 N HCI. Particles smaller than 2 pm
were separated by gravitational settling and centrifugation.
Three XRD runs were performed on the oriented mounts:
(i) untreated; (ii) glycolated (12 h in ethylene glycol); and
(iii) heated at S00°C for 2 h. Identification of clay minerals
was made according to the position of the (001) series of
basal reflections on the three XRD diagrams. Illite, chlorite,
kaolinite, smectite, and complex mixed-layers were identi-
fied through X-ray diffraction.

Rock Eval pyrolysis

The total organic carbon content (TOC) in the fossil and recent
samples was determined using a LECO IR-212 analyzer (Paris
VI University). The source and thermal maturity of OM were
estimated using a Rock-Eval pyrolysis instrument (Espitalié
et al. 1985a, 1985b, 1986). Standard notations are used: S; and
S, are in mg hydrocarbons (HC) per gram of dry sediment and
Thax 18 expressed in °C. The hydrogen index (HI=S,/

max

TOC x 100) is expressed in mg HC per gram of TOC.
Carbon and nitrogen isotopes

The kerogen (or insoluble organic matter) was analyzed for
carbon and nitrogen isotope composition (5'°C and §'°N)
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M studied sample

by flash combustion on an elemental analyzer (Carlo Erba
1108 EA) connected to an isotope ratio mass spectrometer
(ThermoFischer/Finnigan MAT Delta S) that was operated
in the continuous helium flow via a Conflo II split interface
(EA-IRMS). The 6'3C and 6'°N values are reported relative
to V-PDB and atmospheric nitrogen in air-N, (AIR),
respectively. The reproducibility, assessed by replicate
analyses of laboratory standards was better than 0.1%o (1 s)
for both 9'3C and §'°N values. The accuracy of the analyses
was checked periodically by analyses of international refer-
ence materials.

Results
Sample characterization

In the Monte Petrano section, the Urbino level appears as a
20-cm-thick, condensed, dark level, made of finely lami-
nated shales (Fig. 3), and intercalated within the “Marne a
fucoidi” in the T. primula/H. vischi ammonite zone (Cocci-
oni et al. 1989; Premoli Silva and Sliter 1994). The recent
microbial mat used as an analogue is laminated and com-
posed of an alternation of organic and mineral layers, with
a dark, anoxic zone near the surface (Fig. 4).

In fossil OM of the Urbino level, no DAPI-fluores-
cence has been observed, suggesting that samples have
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not been contaminated by recent bacteria (sampling,
laboratory).

The mineralogy of the Urbino samples differs according to
their location. The Monte Petrano sample is made mainly of
calcium carbonate (65 wt%) with a detrital part composed of
quartz (30 wt%) and clay (5 wt%: illite and montmorillon-
ite), whereas the Contessa sample is mainly siliciclastic with
62 wt% quartz, 13 wt% montmorillonite, 22 wt% illite and
2 wt% kaolinite. The microbial mat is composed of carbon-
ates (24 wt%), halite (16 wt%) and quartz (60 wt%).

In thin section, the Urbino level is characterized by an
alternation of parallel organic-rich laminae and mineral
lenses (Fig. 5). A rare benthic microfauna has been found.
The recent microbial mat is characterized by brown, paral-

3 R
TN .

Fig. 4 Cross section of recent microbial mat in the sebkha of Hassi Jerbi (southern Tunisia)

lel, organic laminae alternating with heterogeneous inter-
vals, where OM is mixed with quartz grains and few
foraminifera (Fig. 6).

Microscopic characterization of OM

In studied fossil samples, no fluorescence has been
observed, suggesting an absence of recent contamination
(related to laboratory or environmental bacteria). Pal-
ynofacies of fossil OM are characterized by dominantly
amorphous organic matter (AOM) (85 and 56%, Fig. 7),
which appears grumose dark-brown with sharp outlines
and patches of heterogeneous size. A minor terrestrial
contribution is composed of spores, pollen, and woody
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Fig. 5 Petrographic thin section perpendicular to stratification in the Urbino level showing organic-rich laminites with detrital lenses and carbon-

ate grains. Legend: organic matter (OM), quartz (g) and carbonate (carb)

fragments. Most of the OM is non-fluorescent, i.e., it has a
fluorescence of type FS3 (Tyson 1995, Fig. 8). Some parti-
cles show a heterogeneous fluorescence from strong to
absent in the Monte Petrano sample, whereas particles are
entirely non-fluorescent in the Contessa sample (except for
spores and pollen) and correspond to type FS1 (Fig. 9).
After undergoing an acid treatment similar to that applied
to fossil rocks, the recent microbial mat residue appears
mainly composed of AOM and filaments (Fig. 10). An
accessory terrestrial contribution is constituted by spores,
pollen and dark-brown fibrous vegetal fragments. Fila-
ments are several micrometers long and range from 0.5 to
200 pym in width. Their aspect is translucent to light-
brown. AOM appears grumose with sharp outlines and is
characterized by a moderate to strong fluorescence, i.e., of
type FS4.

In SEM and TEM (Fig. 11), AOM in the Urbino samples
is heterogeneous and composed of a widely distributed
alveolar network with different orders of magnitude
(100 nm to several um). The same observations can be
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made on the recent microbial mat, where elongated struc-
tures and an alveolar network are predominant (Fig. 12).

Coccoid cells in fossil OM are characterized by an undu-
lating cell wall with a dark zone inside (Fig. 13a). The same
kind of cell has been found in the recent microbial mat
where the undulating cell wall is thinner and the dark zone
probably represents the cellular content (Fig. 13b). Other
types of prokaryotic cells have been identified in fossil OM:
microorganism with double-spaced membrane and dark
storage inclusions (Fig. 14a); less than 200-nm-wide pro-
karyote, which is below the size of viable bacteria
(Fig. 14b); microbial colonies with a thickened cell wall
(Fig. 14c) and exceptionally well-preserved, Gram-nega-
tive bacteria containing lipidic inclusions and storage gran-
ules (Fig. 14d). The latter bacteria are defined based on the
complex cell wall made of two membranes separated by a
periplasmic space. The outer membrane is composed of a
lipopolysaccharide layer and the periplasmic space sepa-
rates the plasma membrane from the dark-colored peptido-
glycan layer.
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Fig. 6 Petrographic thin section perpendicular to laminations in the recent microbial mat showing organic brown parallel laminae (black arrow),

organisms and organic clasts

In the fossil OM, numerous occurrences of well-pre-
served ultralaminae have been found. There are four dis-
tinct types of ultralaminae (Pacton et al. 2008): (i) algal cell
walls encountered as several pum-large patches, composed
of well-defined winding, dense and homogeneous layers up
to 150 nm thick (Fig. 15a); (ii) bacterial cell walls appear-
ing as contorted dark filaments with an average thickness of
30-80 nm (Fig. 15b); (iii) thylakoids (membranes where
photosynthesis occurs) forming an alternation of dark- and
light-colored thin layers with a contorted aspect. They are
grouped by pairs bounded by a sharp limit and separated by
a diffuse, less contrasted filling (Fig. 15c). Each pair of lay-
ers is 20 nm thick, whereas the filling is 50 nm thick; (iv)
ultralaminae ascribed to filamentous organisms considering
the complexity of the cell wall. They appear as stacked fila-
mentous forms longer than 5 pm and surrounded by a typi-
cal layer (Fig. 15d).

In the recent microbial mat, ultralaminae are also domi-
nant and represent algal cell walls which show winding,
homogeneous layers with “sharp” outlines and a thickness

ranging from 120 to 180 nm (Fig. 16a). Some 500- to 900-
nm-thick, filamentous forms, which are less contrasted
(Fig. 16b) than those observed in algal walls, could be
ascribed to filamentous bacteria.

Geochemistry

Rock-Eval data for the Urbino sample at Monte Petrano
indicate a TOC of 4.3 wt% and a thermally immature type
II OM (T,, value of 410°C) interpreted as marine
(Espitalié et al. 1986). The HI values for fossil and recent
OM are identical, i.e., 415 and 416 mgHC/gTOC, respec-
tively. Further characterization of the organic matter was
carried out by the isotopic analysis of the kerogen and anal-
ysis of the saturated fraction of the extracted bitumen by
gas chromatography-mass spectrometry. The carbon and
nitrogen isotope composition of the kerogen from the
Urbino level (6"°Cy,, = —23.8%0, 6'°Ny,, = —1.1%) and of
the recent microbial mat (6'°C = —13.2%0, 0"°N = 2.1%0)
were measured.

@ Springer



408

Facies (2009) 55:401-419

20 um

»

Fig. 7 Palynofacies slide in the Urbino sample: fossil amorphous organic matter (AOM) in transmitted light microscopy

Discussion
Organic matter characterization

Macroscopic observations reveal a laminated alternation of
OM and minerals, i.e., laminites, as commonly observed in
microbial mats (Fig. 6). Mat development takes place in
areas where grazing macrofauna is rare or absent, which is
coherent with observations in the Urbino level. Palynofa-
cies in the Urbino level and the recent microbial mat are
similar to a dominance of AOM (Figs. 7, 10). The presence
of an alveolar network in the OM of both samples
(Fig. 11a, b) is indicative of EPS. Previous studies have
established that this alveolar network cannot be related to
artifacts related to acid treatment or mineral dissolution, but
that it is created by mechanical constraints (Pacton et al.
2007). EPS contribute to the fossilization and preservation
of OM when they are embedded in microbial mats or bio-
films (Pacton et al. 2007). The microscopic observations of
EPS, bacteria showing exceptional intact cell walls and
internal storage inclusions (Figs. 13, 14), and all types of
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ultralaminae, which are generally rarely preserved
(Fig. 15), strongly suggest an atypical confined environ-
ment with a high physical protection of OM.

6'3C values of sedimentary organic matter that are
considered to be characteristic of biological CO, fixation
are based on the assumption that the major CO, fixation
pathway is that used by cyanobacteria, algae and plants,
i.e., the Calvin cycle. Depending on the 6'*C value of the
substrate, sedimentary organic matter with an isotopic
signature between —20%o0 and —35%o is usually consid-
ered to be Calvin cycle-derived (Schidlowski 1988;
Mojzsis et al. 1996). Hoffmann et al. (2000) demon-
strated that in late Albian black shales, marine OM is
characterized by a 313C value of about —29%o, whereas
terrigeneous OM shows values around —23%.. Therefore,
if one applies this observation to the fossil OM in the
Urbino level, the 6'*C value of —23.8%0 would be associ-
ated to terrestrial components. However, this is in contra-
diction with Rock-Eval (type II OM) and palynofacies
data (absence of terrestrial constituents), which suggest a
bacterial/algal origin.
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Fig. 8 Palynofacies slide in blue-light fluorescence in the Urbino sample: weakly fluorescent OM from Monte Petrano

In the geological record, carbon isotope signatures of
OM that are heavier than that typical of the Calvin cycle
might reflect ecologically unique habitats with microorgan-
isms utilizing autotrophic pathways other than the Calvin
cycle. Microbial mats in hypersaline systems are sometimes
known to have relatively high 6'C bulk values of up to
—5%o (e.g., Schidlowski et al. 1984; des Marais et al. 1989;
Lazar and Eeres 1992; Kenig etal. 1994; Trichet et al.
2000), which is coherent with that founded in the Hassi
Jerbi microbial mat, i.e., —13.2%o. It has been suggested
that the high productivity typically encountered in micro-
bial mats is also responsible for the decreased fractionation
of 3C (des Marais et al. 1989; Schidlowski et al. 1994).

The 6°N values of recent and fossil samples, close to
those of modern atmospheric N, (§'°N = 0%o0), suggest a
primary contribution of molecular nitrogen fixers, such as
photosynthetic cyanobacteria, which have 6'°N values
between —2 and +4 per mil (Fogel and Cifuentes 1993).
Cyanobacteria function best when the availability of dis-
solved nitrate is low (Karl et al. 2002), a condition that can
be satisfied when ocean water is strongly stratified (Meyers

2006). Therefore, the relatively heavier isotope value of the
Urbino level could be explained by microbial rather than
terrestrial OM.

Evidence of photosynthetic activity is supported by the
presence of cyanobacteria (isotopes) and ultralaminae, i.e.,
thylakoids (Fig. 15¢). The latter are components of photo-
trophic organisms, which generally constrain water depth to
the photic zone (about 200 m) (Mustardy 1996). OM accu-
mulation begins with photosynthesizers at the water sur-
face. In most cases, they are degraded and metabolized
throughout the water column. Because thylakoids are
highly prone to hydrolysis and physical reactions, their
presence supports that photosynthetic/trophic organisms
live at the specific depth where thylakoids have been found,
i.e., at the sea bottom (Pacton et al. 2008). Their preserva-
tion is due to a low degradation thanks to EPS in a complex
protected environment, which can be compared to micro-
bial mats.

The comparison of isotopic and microscopic data in
terms of microbial/mineral assemblage between the Urbino
level and the recent microbial mat supports the interpretation
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Fig. 9 Palynofacies slide in blue-light fluorescence in the Urbino sample: non-fluorescent OM from Contessa Quarry

that OM in OAEI1D is derived from photosynthetic micro-
bial mats. The microbial mat hypothesis in highly dysoxic
or anoxic conditions has been used to explain the OM accu-
mulation in OAEla (leg 198) (Marsaglia 2005). Moreover,
benthic microbial mats have been reported in the Selli level
(OAEla) in central Italy (Gorin et al. 2009).

Preservation pathways of organic matter

OM in the Urbino level shows an exceptional degree of
preservation (bacteria, ultralaminae). In order to determine
which processes are involved in the OM preservation, typi-
cal evidence of known preservation pathways has been
examined. On one hand, ultralaminae have been shown to
originate from the selective preservation of algaenans. The
latter are non-hydrolyzable, highly aliphatic macromolecu-
lar constituents, which build up very thin (10-30 nm)
chemically resistant outer walls in a number of green mic-
roalgae (Tegelaar etal. 1989; Derenne etal. 1991). The
occurrence of well-preserved ultralaminae in both fossil
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OM and recent microbial mat confirms the presence of
algae in OM and the role of the selective preservation path-
way for OM in the fossil and recently studied samples.
However, the relatively weak fluorescence observed in
fossil samples would reflect a strongly degraded material
(i.e., reworked by bacteria) or a terrestrial input (Tyson
1995). Nevertheless, not all of the components of the recent
microbial mat, which is exclusively composed of recent
microbial substances, are fluorescent. This contradicts the
standard interpretation (Tyson 1995) and implies that
weakly fluorescent AOM does not automatically indicate
degraded or terrestrial material, but could also be associated
with non-fluorescent EPS. This interpretation is in agree-
ment with the microscopically well-preserved OM as shown
by bacteria and ultralaminae encountered in fossil samples.
On the other hand, the sorptive preservation pathway
has played a role in the Urbino level as demonstrated by
the presence of ultralaminae from bacterial cell walls and
thylakoids (Pacton et al. 2008). This is in agreement with
EPS present in microbial mats. This sorptive preservation
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Fig. 10 Palynofacies slide in the recent microbial mat: amorphous organic matter (AOM), filaments (f) and terrestrial palynomorphs (s) in
transmitted light microscopy

Fig. 11 EPS in fossil OM. a SEM showing heterogeneous OM with alveolar network (circle). b TEM showing alveolar network with different
orders of magnitude
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Fig. 12 Ultrathin section of the recent microbial mat in TEM showing alveolar network

is responsible for exceptional OM preservation, not only
related to EPS but also to the presence of clays, espe-
cially illite and montmorillonite, which are known to
play a protective role. In addition to a physical protection
from biodegradation (the small size of the pores excludes
hydrolytic enzymes), OM adsorption onto pores should
favor subsequent condensation reactions by concentrat-
ing the reactants (Collins etal. 1995). Salmon et al.
(2000) observed that adsorption on the mineral phase
possibly played a role, coupled with a physical protection
mechanism.
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Alternative depositional scenarios

OAEs have so far been identified as deep-water deposits.
Therefore, evidence of photosynthetic life for such event at
sea bottom is quite controversial. Other possible explana-
tions are envisaged.

Surface photosynthetic productivity

Diazotrophic cyanobacteria have been reported as a pri-
mary producer during OAE2 (Ohkouchi et al. 2006). This
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Fig. 13 Ultrathin sections in TEM showing bacterium. a In fossil OM, coccoid cell with a thick undulating cell wall and a dark zone inside. b In
the recent microbial mat, a thin undulating cell wall (black arrow) and in dark, the genetic material

supposes warm and oligotrophic surface waters where cya-
nobacteria lived in the surface oxic layer. This scenario
implies that cyanobacteria are metabolized and recycled
through the water column. When they sediment, only cell
walls escape from complete degradation in reductive envi-
ronments. This hypothesis does not seem to be compatible
with the presence of thylakoids and entire filamentous
organisms (i.e., ultralaminae). These would be rapidly
degraded during sedimentation through the water column
because of their high lability.

Archaea thriving in the marine water column (OM source
in the Paquier level)

Typical biomarkers of archaea have been found in an
equivalent level, i.e., in southern France (Kuypers et al.
2002) and Greece (Tsikos et al. 2004) and are known in the
present-day ocean to be abundant in marine particulate OM
and surface sediments (Schouten et al. 2000). The relative
contribution of archaeal polymer to the C,, can be esti-
mated from 513C0rg by using a two-end-member mixing
model: it is assumed that the 6'*C value (approx. —24%o)
for bulk sedimentary OM before the OAE1b represents the
non-archaeal end-member and §'3C = —15.5%o the archaeal
end-member (Kuypers etal. 2001). According to these
data, 6'3C value in the Urbino level, i.e., approx. —25%o
points to an absence of archaea in the studied OAElb.
However, a close value of —22.1%o is observed for the sam-
ple from OAEIb in Greece, where archaea have been iden-
tified from biomarkers. Moreover, halophilic archaea have

been recognized in stromatolites and recent microbial mats
(Leuko et al. 2007). Organic geochemistry does not permit
a distinction between OM production at the surface or at
sea bottom. Therefore, it is possible that archaea lived
either in association within the microbial mats, or were
thriving in the water column. However, they do not seem
to have represented an important component in OM
because all microorganisms observed in TEM exhibit a
Gram-negative cell wall whereas peptidoglycan is lacking
in archaea.

Bacteria living within sapropels

OM in sapropels could still provide a source of carbon
and energy for microbial life despite its age (Coolen et al.
2002). For example, Mediterranean sapropels contain
prokaryotes, i.e., green non-sulfur bacteria and crenar-
cheota, which are physiologically active and adapted to
these specific palaeoenvironmental conditions because
they are abundant in these sediments. Although sapropels
are potential energy sources for bacteria over millions of
years, they have non-limiting conditions for growth and
the organic carbon is recalcitrant, allowing very slow
bacterial growth (Parkes et al. 2000). First, if we consider
this hypothesis, it is unclear how such ubiquitous EPS
could be produced in sediment pore water, and how they
could create such a network in the whole OM (with
respect to mineral interactions). EPS would appear
heterogeneously distributed and the discontinuity would
induce a more physical and chemical degradation

@ Springer



414

Facies (2009) 55:401-419

Fig. 14 Ultrathin sections in fossil OM in TEM showing different bac-
teria. a Plasma membrane (p.m.) and outer membrane (o.m.) with dark
storage inclusions (d). b Small bacteria with vacuoles (v) (<200 nm in

inhibiting the preservation of bacterial bodies. Moreover,
the dominance of microorganisms should be reflected by
a strongly fluorescent AOM (FS5 to FS6). This is not the
case. Secondly, if observed microorganisms lived after
the OM accumulation but before lithification, it implies
that the post-OAEIb period would correspond to shal-
low-water sedimentation because photosynthesis cannot
be possible within sediment layers and is limited to
200 m depth.

@ Springer

size); (¢) in colony; (d) Gram-negative (g.n.) bacteria with storage (d)
and lipidic (/) inclusions

Comparison to other occurrences of OAE1b

In order to determine the local or regional extent of micro-
bial mats observed in the Urbino level, a comparison has
been made with other locations where OAEI1D is encoun-
tered. Contrary to this study, published papers show
mainly organic geochemical and isotopic data, where
archaea are thought to be the main OM source. In the
Paquier level (OAElb, southern France) Kuypers et al.
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Fig. 15 TEM sections in fossil OM showing a algal cell walls patch
of contorted layers in the Urbino level, b bacterial cell walls: thin con-
torted layers in the Urbino level, ¢ thylakoid membranes contorted pair

(2001, 2002) characterized microscopically OM as thin
laminae of amorphous OM in SEM. Our data present no
laminae in SEM but amorphous OM characterized by an
alveolar network and other complex components. They dis-
play different isotopic data on bulk rock, i.e., a 6'°C of
—15.5%0, which represents mainly an archeal source
(Kuypers et al. 2001). Data from the Urbino level show a
proportion of —25.5%o. The same authors assumed that the
0"3C value (approx. —24%¢) for bulk sedimentary Core
before the OAE1b represents the non-archaeal end-member

of lines in the Urbino level, and d filamentous organisms including cell
wall and internal filling in the Urbino level

and a §'°C of —15.5%o the archaeal end-member (Kuypers
et al. 2001). Therefore, 8'3C values in the Urbino level, i.e.,
approx. —25%o point to a weak contribution of archaea in
the studied OAElb. Further studies on biomarkers are
required to evaluate the archaea/bacteria proportion in this
level.

OAEIDb has also been recognized as the uppermost black
shale (UBS) in the Ionian Basin (NW Greece, Tsikos et al.
2004). This sample shows a low amount of carbonate (23.
3 wt% of CaCOj; vs. 66% in Monte Petrano), a high-TOC
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Fig. 16 TEM sections in the recent microbial mat showing a algal
cell walls, b bacterial cell walls dense/translucent fragmented layers in
the Hassi Jerbi microbial mat after acid etching; burst translucent

content, a HI value of 529 mgHC/gTOC (type II, 415 for
Monte Petrano) and a 6"°C of —22.1%0 vs. —25%o for
Monte Petrano. Therefore this sample shows values of §'°C
and Rock-Eval similar to those in Monte Petrano. However,
significant differences are noteworthy in palynofacies anal-
yses: the UBS contains 56% of brightly fluorescence AOM
(type 5, Tyson 1995) reflecting a strong algal/bacterial
input, whereas the two Urbino samples studied are enriched
in non- to poorly fluorescent AOM (56% AOM, FSI1 in
Contessa and 86% AOM, FS3 in Monte Petrano) character-
izing EPS input associated to microbial mats. According to
Tsikos et al. (2004), it is debatable whether these data rep-
resent a primary isotopic signal or the result of later diage-
netic overprinting. They display striking similarities
between the UBS in Greece and OAE1b from ODP site
1049C (Kuypers et al. 2002). Therefore, the differences
observed in palynofacies data, i.e., AOM quantity and fluo-
rescence (related to the AOM composition), support the
local conditions that prevailed during the deposition of the
Urbino level.

Model of organic matter deposition during the OAE1b

Consequently, we can propose a model of OM deposition
during the sedimentation of the Urbino level (Fig. 17). The
source of organic and mineral constituents comes from a
terrestrial supply of clays, quartz, and palynomorphs, and a
marine fraction mainly composed of phytoplankton. The
organic accumulation is initiated through biological pri-
mary productivity. At sea bottom occurs the development

@ Springer

layers attached to dense thin membranes in the Hassi Jerbi microbial
mat after acid etching

of benthic photosynthetic microbial mats producing AOM,
where cyanobacteria, diatoms, and other microalgae are
dominant in the uppermost part of the mat. It becomes
slowly enriched in a variety of organic compounds due to
the overproduction of carbon during photosynthesis and
lysis of the primary producers. Production and preservation
of marine OM depend on the composition of phytoplank-
tonic marine organic tests. Some are enriched in lipidic,
bio-resistant macromolecules and labile organic com-
pounds and others are composed of a mineral test and labile
OM (Boussafir and Lallier-Verges 1997). These com-
pounds are degraded by fermentative and heterotrophic
bacteria. A mat is governed by complex pathways in which
primary production of organic carbon and nitrogen fixa-
tion by phototrophy and chemoautotrophy in the upper
mat are balanced by heterotrophic decomposition below.
Therefore, in a photosynthetic mat where anoxia occurs,
nitrate and sulfate reduction and methanogenesis take
place thanks to anoxygenic organisms that metabolize
cyanobacterial products. The ammonium may be directly
utilized by some microorganisms as a nitrogen source,
whereas what remains is oxidized to nitrate by nitrifying
bacteria (Konhauser 2007).

Selective preservation preserves both morphological and
molecular structures: microalgal cell walls (ultralaminae),
dinocysts and terrestrial OM. In the case of bacteria, the
preservation process acts so as to re-organize “selectively
preserved” molecules. Only the molecular structure is pre-
served. All organisms produced contribute to the flux of
metabolizable OM exported to the sea floor. Organisms
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Fig. 17 Model of organic mat-
ter deposition during the Urbino
level (modified from Boussafir
and Lallier-Verges 1997)
continental runoff,
climate
vegetation

h terrestrial fraction

marine fraction J

nitrate and sulfate reduction
methanog

OM preservation pathways occurring in a microbial mat:

re-organization of selectively T sorptive preservation:
i i ( vulcanization ) b
selective preservation Cpreserved macromolecules mineral & EPS

chemical protection

with “organic tests” and bacteria possess naturally bioresis-
tant biomolecules (Boussafir and Lallier-Verges 1997). The
metabolizable OM is generally recycled in the oxic zone.
During diagenesis, AOM is greatly protected from chemi-
cal and physical degradation by the concomitant presence
of EPS and clays through the sorptive preservation path-
way. The selective preservation pathway also has an impor-
tant part in the OM preservation, characterized by the
abundance and preservation quality of ultralaminae. The
development of such photosynthetic microbial mats points
to a possible depositional environment: the Urbino level
formed at a water depth within the photic zone.

Conclusions

OM in the Urbino level (OAEIDb) is characterized by
organic laminites, mainly composed of AOM, with a

physical and chemical protection

minor terrestrial contribution. Microscopic investigations
indicate a dominance of microbial activity characterized
by EPS, bacterial bodies, and other photosynthetic micro-
organisms. Based on comparisons with a recent microbial
material, sedimentary OM is interpreted to be directly
derived from photosynthetic microbial mats. Mechanisms
involved in OM preservation are mainly the sorptive pres-
ervation pathway (EPS and clay) and the selective preser-
vation pathway.

Consequently, the development of benthic photosyn-
thetic microbial mats implies that this OAEIb in Albian
times was formed in relatively shallow water, i.e., within
the photic zone. Therefore, this interpretation based on OM
sheds a new perspective on OAE research. It challenges the
standard interpretation of OAEs, and particularly that of
OAEIlb (Premoli Silva et al. 1999), confirming that it has a
regional extent, but displays locally valid, specific palaco-
environmental conditions.
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