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ABSTRACT

Cretaceous fossil inclusions were recently discovered in silica-rich nodules from
the diachronic alteritic deposits of the Moragne hill, Charente-Maritime, western
France. Nodules contain marine organisms such as sponge spicules, putative algae,
echinoids (Periaster undulatus Agassiz and Desor) and rudists (Sphaerulites foliaceus
Lamarck; hippuritids and radiolitids). These inclusions co-occur with fragmented pin-
nae of ferns as well as diverse structures of conifers including leafy axes (Geinitzia sp.;
Glenrosa carentonensis Moreau, Néraudeau, Tafforeau and Dépré) and isolated ovu-
late scales or subtending bracts of cones. The palaeontological assemblage shows
that the alterites from Moragne are condensed deposits resulting from the alteration of
the Cenomanian to Turonian-Senonian regional series. Conifer leafy axes display
diverse kinds of preservation: permineralization in silica, empty external casts of the
gross morphology, and casts filled by ferruginous siltstone. Propagation phase-contrast
X-ray synchrotron microtomography revealed exceptional preservation of some leafy
axes up to the cell level. We support a multi-phase silicification including at least: (1) a
precocious phase occurring during the sedimentation of the Upper Cretaceous depos-
its or during the earliest diagenesis, and that could be linked with the abundance of
sponge spicules; then (2) a late phase occurring during Eocene-Oligocene period that
corresponds to a hard climate event with strong and long paedogenitic alteration asso-
ciated with an important phase of silicification (nodulation). The alterites from Moragne
are an uncommon example of long-term time-averaged deposits caused by compac-
tion and selective dissolution of matrix in the context of a late continental weathering.
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INTRODUCTION

To determine the age and origins of flint-bear-
ing alterites is commonly problematic because they
can result from the erosion and condensation of
diverse geological units, and are sometimes dia-
chronic (Dewolf, 1970; Daniou, 1982, 1984).
Locally, such superficial deposits contain silica-rich
nodules that yield abundant fossil inclusions whose
stratigraphic origins and preservation are precious
tools to discuss the genesis of alterites. In France,
whereas Cretaceous marine invertebrates (bra-
chiopods, bivalves, bryozoans, echinoids,
sponges) are common inside flint from alterites
(e.g., Néraudeau 2004, 2011; Caux, 2015), terres-
trial floras remain extremely rare. Over the last
decades, alterites containing fossiliferous flints with
Upper Cretaceous plant macroremains were dis-
covered from few localities in western France: the
Font-Benon quarries in Charente-Maritime
(Moreau et al., 2014a); Claix and Torsac in Char-
ente (Néraudeau, 2014; Moreau et al., 2016); and
three areas around Châtellerault in Vienne
(Moreau et al., 2018). By contrast with most of Cre-
taceous plant beds from western France which
preserved foliar remains as impressions or com-
pressions with or without cuticle (e.g., Lecointre
and Carpentier, 1938; Alvarez-Ramis et al., 1981;
Berthelin and Pons, 1999; Néraudeau et al., 2005,
2012; Saint-Martin et al., 2013; Valentin et al.,
2014), flints may contain exquisite siliceous preser-
vations of the plant macroremains up to the cell
levels.

Recently, flint nodules containing Cretaceous
terrestrial plant inclusions and marine invertebrates
were discovered in alterites from the village of Mor-
agne, in Charente-Maritime. In order to discuss
age and origin of the alterites, we describe the
palaeontological assemblage of nodules and its
preservation. X-ray synchrotron microtomography

is used to determine the degree of preservation of
plant macroremains and to characterize their his-
tology.

GEOGRAPHICAL AND GEOLOGICAL SETTING

The study area is located in the northern part
of the Aquitaine Basin at Moragne, 14 km east of
Rochefort (Charente-Maritime department, south-
western France). The Moragne area consists of a
small hill of lower Cenomanian sandstone and clay,
which are overlain by Palaeogene alteritic deposits
(Bourgueil et al., 1972; Figure 1). Regionally, Cre-
taceous deposits lie unconformably on the Late
Jurassic limestone deposits that constitute the out-
crops around the Moragne hill (Figure 1). The fos-
siliferous flints studied here were all collected in the
Eocene-Oligocene residual formation that consti-
tutes the top of the hill and is mainly composed of
gravel, sand, silt, and clay. At Moragne, the forma-
tion yielding fossiliferous flints are not well devel-
oped being limited to a small area of less than 800
m in diameter and 50 cm to some metres in thick-
ness. Alterites yield abundant yellow, orange, red
to brown flints.

MATERIALS AND METHODS

Plant inclusions from the fossiliferous flints of
Moragne were first observed by one of us (ED) in
2013. Thousands of flints were examined and hun-
dreds of fossiliferous flints were collected on sur-
faces of agricultural fields between 2013 and 2018.
Only some of them bear plant inclusions. Plant
remains consist of fragmented pinnae of ferns,
leafy axes and isolated scales of cones of conifers,
and wood (Figures 2-5). Wood fragments are found
isolated in alteritic deposits whereas leafy axes are
present on the broken surfaces or inside flints. Size
of wood fragments varies from several centimetres
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to more than 3 dm. Plant-bearing flints are irregular
in shape and do not exceed 25 cm in diameter. The
plant inclusions consist of macroremains dispersed
inside the flint matrix and do not form rich accumu-
lations. Although plants are all preserved in 3D or
slightly compressed, preservation is not homoge-
neous (Figure 3). Some specimens are completely
permineralized in silica, preserving most of tissues.
On surface of broken flints, some plant remains
consist of replicas showing external casts filled by
orange ferruginous siltstone, whereas more rarely
external casts are empty. In some cases, speci-
mens display a combination of these diverse kinds
of preservation. Plant remains co-occur with oxi-
dized and silicified marine organisms in the lateritic
deposits and sometimes inside reddish flints. The
flints are housed in the collection of Géosciences
Rennes, CNRS UMR 6118, Université Rennes 1
(Rennes, France). 

Propagation phase-contrast X-ray synchro-
tron microtomography (PPC-SRμCT) was used on
the best preserved plant specimens and was effi-
cient to characterize their histology. The flint nod-
ules were characterized at beamline ID19 of the
European Synchrotron Radiation Facility (ESRF,
Grenoble France) using PPC-SRμCT. The setup
consisted of: filtered white beam with an effective
energy of 125 keV (wiggler W150b gap 35 mm, 6
mm coper filter); sample-detector propagation dis-
tance of 100 cm; an indirect detector comprising a
200 µm LuAG scintillator, 3x magnification from a
set of Hasselblad lenses and a PCO edge 4.2
detector, producing data with an isotropic voxel
size of 2.26 µm. The acquisition consisted of 6000
projections (0.01s exposure time) over 360º, with
an offset on the centre of rotation to increase the
lateral field of view. The reconstruction was per-
formed with PyHST2 (Mirone et al., 2014), using
single distance phase retrieval (Paganin et al.,
2002) and an unsharp mask to limit the induced
blurring (Sanchez et al., 2012). Data were finally
converted into a 16 bit tiff stack of slices (0.001%
exclusion of the 32 bits 3D histogram), corrected
for residual ring artefacts (Lyckegaard et al., 2011)
and cropped. The three-dimensional (3D) recon-
structions of specimens were achieved with the
software VG Studio Max 2.2 (Volume Graphics,
Heidelberg, Germany). The virtual dissection and
segmentation were made using 3D region growing
and manual selections. 

SYSTEMATIC PALAEOBOTANY

Order FILICALES Bower, 1899
Filicales indet. “Fern Type 1”

Figure 2
Material. 1 specimen, IGR-PAL-2782.
Description. The specimen displays three distal
fragments of pinnae. The largest pinna fragment is
7 mm long and 5 mm wide. The pinna consists of a
rachis bearing sub opposite, scythe-shaped, up to
3.5 long and 2 mm wide pinnules (Figure 2). They
are attached by a broad base to the rachis and dis-
play an acute apex and an entire margin. The
rachis is less than 1 mm wide.
Remarks. Ferns correspond to the less abundant
remains in the silicified flora from Moragne.
Because of a limited preservation, the veins cannot
be distinguished. 

Order CONIFERALES Gorozhankin, 1904
Genus GEINITZIA Endl., 1847

Geinitzia sp. 
Figure 3

FIGURE 1. Geological map of the Moragne area in Cha-
rente-Maritime (western France). Modified after Bour-
gueil et al. (1972).
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Material. 21 specimens, IGR-PAL-2783– IGR-
PAL-2794, IGR-PAL-2795a, IGR-PAL-2795b, IGR-
PAL-2796–IGR-PAL-2803.
Description. The longest specimen is 70 mm.
Branches arise at up to 45°. Shoots are up to 18
mm in diameter, strait to slightly curve. Leaves are
helically arranged. They are elongated, up to 21
mm long and 2.5 mm wide (Figure 3). Leaves show
a long free part that forms an acute angle of up to
70° with main axis of the shoot. The leaf margin is
entire. The apex of leaves is acute and slightly
curved inward. In cross section, leaves are quad-
rangular in shape.
Remarks. Leafy axes of Geinitzia are the most
abundant plant remains from the silicified flora of
Moragne. Elongated, lanceolate, helically arranged
leaves forming an acute angle with the main axis of
the shoots are known among several Cretaceous
conifers such as Cunninghamites Presl in Stern-
berg, 1838, Elatocladus T.Halle, 1913, Geinitzia
and Pagiophyllum Heer emend. T.M.Harris, 1979.
The genus Geinitzia differs from Elatocladus by the
absence of contraction at the leaf base (Kvaček,
1999). Leaves of Geinitzia differ from Cunningham-
ites in having a triangular to quadrangular form in
cross section, not needles flattened (Kvaček, 1999;
Herman and Kvaček, 2010). 

Genus GLENROSA J.Watson and H.L.Fisher, 
1984 emend. Srinivasan, 1992

Glenrosa carentonensis Moreau, Néraudeau, 
Tafforeau and Dépré, 2015

Figure 4
Material. 1 specimen IGR-PAL-2804.
Description. Leafy axis is unbranched, 10.0 mm
long and 4.5 mm wide (Figure 4.1-3). Leaves are
helically arranged, short, up to 3 mm long and up to

1.5 mm wide. They are triangular in abaxial and
adaxial views, rhomboidal in transversal section,
claw-shaped in sagittal section (Figure 4.4-6).
Their margin is entire. Apex of leaves is obtuse
(Figure 4.1-6). Abaxial and adaxial surface of
leaves bear putative deep stomatal crypts (Figure
4.7). Crypts are generally as wide as deep, or
slightly deeper than wide. Putative stomatal crypts
are up to 80–110 μm in diameter and 60–140 μm
deep (Figure 4.7). Cuticle is only partially pre-
served been often torn and up to13 μm thick. Adax-
ial epidermis is 12–40 μm thick (Figure 4.8).
Ordinary epidermal cells are square, rectangular,
or polygonal, being 10–55 μm of wide. Palisade
parenchyma consists of one layer (rarely two) of
elongated cells (Figure 4.4). Palisade parenchyma
occurs on both sides but is mainly developed on
the adaxial side. It develops along the entire leaf
length. Cells are 35–110 μm long and 30–60 μm
wide. Anticlinal walls are curve to straight. Spongy
parenchyma is well-developed both on abaxial and
adaxial sides (Figure 4.4-6). Spongy parenchyma
is thinner toward to the leaf apex and absent on
this latter. Spongy parenchyma consists of large
and rounded cells. Cells vary in size, being 15–130
μm in diameter. The anticlinal walls are curve.
Transfusion tissue occurs on the abaxial side and
is up to 200 μm thick (Figure 4.4-6). Transfusion
tracheids are slightly elongate and ovoid to polygo-
nal. Transfusion tracheids are 25–100 μm long and
10–45 μm wide. A single vascular bundle ends
before the leaf apex (Figure 4.4-6). Vascular bun-
dle forms an angle of up to 45° with the stem. Vas-
cular bundle is up to 1.5 mm long, up to 120 μm
wide (Figure 4.4-6). Vascular bundle is basally
embedded in transfusion tissue.
Remarks. Due to the poor preservation of some
parts of the specimen and technical limits of the
tomographic protocol, papillae from crypts (see
Moreau et al., 2015), stomata, hypodermis, and
details of vascular cylinder are not accessible. The
genus Glenrosa is represented by seven species
that are Barremian to Turono-Coniacian in age
(e.g., Watson and Fisher, 1984; Srinivasan, 1992;
Zhou et al., 2000; Moreau et al., 2015; Néraudeau
et al., 2016). Glenrosa carentonensis highly differs
from other species in developing a phyllotaxy 8/21,
claw-shaped leaves, a thicker cuticle, and a higher
number of papillae and stomata per crypt. 

Coniferales indet. “Scale/bract Type 1”
Figure 5

Material. 1 specimen IGR-PAL-2795c
Description. The scale/bract is longer than wide
(i.e., 6.5 mm long and 5.0 mm wide), convex,

FIGURE 2. 1-2, Pinnae of Filicales indet. “Fern Type 1”
bearing sub opposite falciform pinnules attached by a
broad base to the rachis (1) and interpretative sketch
(2) (IGR-PAL-2782). All scale bars equal 0.5 mm.
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shows a broad truncate base, an acuminate apex
and an entire margin (Figure 5.1-2). The apex dis-
plays a free tip (2 mm long and up to 1 mm wide)
that bends upward. The visible adaxial surface dis-
plays a central, proximal, 3.0 mm long, and 0.5 mm
wide, groove. The groove ends before the apical
free tip.

Remarks. Due to a limited preservation, it is not
clear that the specimen is an ovulate cone scale
rather than its subtending bract. Some isolated
ovulate cone scales preserved as impressions and
compressions were previously reported from the
lower Cenomanian of Charente-Maritime (e.g.,
Néraudeau et al., 2009). They were tentatively

FIGURE 3. Flints from Moragne containing diverse preservations of the Upper Cretaceous conifer leafy axes Geinitzia
sp. which display shoots with helically arranged and elongated leaves. 1-2, Replica showing external cast filled by
orange ferruginous siltstone, IGR-PAL-2783. 3-4, Permineralized in silica preserving inner microstructures, IGR-PAL-
2784. 5-6, Empty external cast, IGR-PAL-2785. Scale bars: 1-5, 1 cm; 6, 0.5 mm.
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FIGURE 4. Flint from Moragne containing an Upper Cretaceous conifer leafy axis Glenrosa carentonensis which dis-
plays a shoot with helically arranged and short leaves, IGR-PAL-2804. 1-2, Photographs of the broke-open nodule
and detail of the leafy axis. 3-9, X-ray synchrotron microtomography virtual histological sections showing preservation
of all inner tissues; longitudinal section of the leafy axis (3); sagittal section of a leaf (4); transversal section of a leaf
(5); tangential section of a leaf (6); uppermost adaxial surface of a leaf showing a putative stomatal crypt in transversal
section (7); uppermost adaxial surface with cuticle, epidermis and hypodermis in transversal section (8); detail of vas-
cular bundle and transfusion tracheids in sagittal section (9). Scale bars: 1, 1 cm; 2, 0.5 mm; 3, 2 mm; 4-6, 0.5 mm; 7-
9, 0.2 mm. Abbreviations: Cu., cuticle; Ep., Epidermis; P.pa, palisade parenchyma; P.sp, spongy parenchyma; St.c,
putative stomatal crypts; Tr.t, transfusion tracheids; Va., vascular bundle. Voxel size: 3-9, 2.26 μm.



PALAEO-ELECTRONICA.ORG

7

ascribed to Alvinia bohemica (Velenovský) Kvaček,
2000. However, the shape of the cone scale from
Moragne strongly differs from these specimens.
We notice that the gross morphology and the range
size of the specimen from Moragne are close to
those of the some bract scales of the Cretaceous
Cheirolepidiaceae (e.g., Del Fueyo et al., 2008). 

OTHER ORGANISMS

The most abundant marine invertebrate
remains correspond to sponge spicules, with doz-
ens to thousands of specimens preserved in a
same flint nodule. Fragmented or complete rudists
are the second most frequent silicified inverte-
brates. Fragments of the Cenomanian rudist
Sphaerulites foliaceus Lamarck, 1819, are particu-
larly abundant in the alterites but never found in the
flints (Figure 6.1). In addition, four sub-complete
rudists have been found in the lateritic deposits.
The two best ones can be identified as large sub-
cylindrical Hippurites sp. or Radiolites sp. (Figure
6.2-4), species that characterize deposits younger
than Cenomanian in Charentes (Macé-Bordy,
2007; Néraudeau et al., 2013b). Five colonial cor-
als close to Eosiderastrea sp. have been collected
in the alterites, outside the flints (Figure 7.1). A sin-
gle solitary coral, close to Aulosmilia sp. has been
found (Figure 7.2). Three specimens of the large
Cenomanian spatangoid echinoid Periaster undu-
latus Agassiz and Desor, 1847 have been col-
lected, two in reddish flint nodules, the last one in
the alterites (Figure 7.3-5). 

Finally, the silicified wood from Moragne is
sometimes perforated by large and long galleries
likely made by the xylophagous bivalve Teredo sp.

These galleries have sometimes a blue opalescent
colour that contrasts with the reddish oxidized
colour of the fossil wood (Figure 6.5). The flints
from Moragne yielded a single specimen of puta-
tive alga that superficially resemble Solenopora
Dybowski, 1877 (Figure 8). 

DISCUSSION

Age of the Fossil Assemblage

Geinitzia and Glenrosa were reported in many
Albian to Turonian plant beds from western France
(e.g., Néraudeau et al., 2005, 2009, 2016; Girard
et al., 2013; Néraudeau, 2014; Moreau et al., 2015,
2017). Geinitzia was previously reported from the
uppermost Albian of the Font-Benon and Les
Renardières quarries (Charente-Maritime;
Néraudeau et al., 2005; Moreau et al., 2017), the
Cenomanian of the Puy-Puy and Le Brouillard
quarries (Charente-Maritime and Maine-et-Loire
respectively; Néraudeau et al., 2005, 2013a) and
from the Turonian of Simeyrols (Dordogne; Saint-
Martin et al., 2013). In all these localities, speci-
mens are preserved as compressions in marls with
lignite. Only the Cenomanian flints of Archingeay-
Les Nouillers (Moreau et al., 2014a), and those
from the Turono-Coniacian of Claix previously
yielded permineralized/petrified leafy axes of
Geinitzia. In western France, cuticles of the conifer
Glenrosa were previously reported from many
Albian to Turono-Coniacian deposits from Aude,
Charente, Charente-Maritime and Dordogne (see
Moreau et al., 2017 and reference therein). After
the silicified deposits from the Font-Benon quarries
(Charente-Maritime), the flints from Moragne con-
stitute the second occurrence worldwide yielding
both Geinitzia and Glenrosa preserved as siliceous
permineralization (Moreau et al., 2014a, 2014b,
2015).

The echinoid Periaster undulatus character-
izes the upper part of the first marine lithological
unit (B1 sensu Néraudeau et al., 1997; Néraudeau
and Moreau, 1989) of the lower Cenomanian from
northern Aquitaine (Néraudeau, 2012). The rudist
Sphaerulites foliaceus is known in the lower and
mid Cenomanian deposits from Charentes
(Néraudeau et al., 2013b; Miramand et al., 2017).
However, the hippuritid and radiolitid rudists indi-
cate a younger age, late Turonian to Senonian. 

Thus, although flints from the Moragne hill
were previously and tentatively dated to Cenoma-
nian (e.g., Laporte et al., 2000), this study demon-
strates that the alterites consist of condensed
deposits, which result from the alteration of Creta-

FIGURE 5. 1-2, Upper Cretaceous scale/bract Type 1
from Moragne (IGR-PAL-2795c) showing a broad trun-
cate base, an acuminate apex and an entire margin (1),
and interpretative sketch (2). Scale bars equal 0.5 mm.
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FIGURE 6. Upper Cretaceous silicified marine bivalves from the flints of Moragne. 1, Fragment of the Cenomanian
rudist Sphaerulites foliaceus, IGR-PAL-2805. 2, Lateral view of radiolitid rudist, IGR-PAL-2806. 3, Lateral view of an
hippuritid rudist, IGR-PAL-2807. 4, Top view of an hippuritid rudist showing the two alveoles, with quartz geodes, that
correspond to the two teeth of the opercular valv, IGR-PAL-2808. 5, Piece of silicified wood with two galleries realized
by the xylophagous bivalvia Teredo sp., IGR-PAL-2809. Scale bars equal 1 cm.
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ceous formations at least lower Cenomanian to
Turonian-Senonian in age (Figure 9). At Moragne,
several dozens of metres of the original Upper Cre-
taceous series finally correspond to only less than
one to some metres of alteritic deposits bearing
flints (Figure 9).

Origin of the Alterites

As well as in Moragne, other localities from
Charente and Charente-Maritime show silicified
deposits at the top of topography. It consists of dia-
chronic silicification affecting all deposits inde-
pendently to their age and lithology, from the Upper
Jurassic to the lower-middle Eocene (e.g.,

Néraudeau, 2011; Daniou, 1978). The Eocene-Oli-
gocene period is characterized by a hard climate
episode with strong and long paedogenetic alter-
ation associated to an important phase of silicifica-
tion. Regionally, the phenomenon was tentatively
explained by a kaolinization of surface deposits
(see Moreau et al., 2014a, 2014b). Exposed rocks
were dissolved and decalcified under the influence
of soil leaching by meteoric waters during warm
and wet climates (Gallois, 2009). As explained by
Callen (1983) the dissolution and the re-deposition
of silica commonly result from a climate change
from wet to arid. Regionally, the top of alterite
deposits yields flints containing upper Eocene-Oli-

FIGURE 7. Upper Cretaceous silicified echinoids and Anthozoans from the flints of Moragne. 1, Colonial coral close to
Eosiderastrea sp., IGR-PAL-2810. 2, Solitary coral close to Aulosmilia sp., IGR-PAL-2811. 3, Specimen of the spatan-
goid echinoid Periaster undulatus attached to a flint nodule by its adoral face, IGR-PAL-2812. 4, Periaster undulatus
preserved in an oxidized reddish flint, IGR-PAL-2813. 5-6, Other specimen of P. undulatus from which adapical (5) and
adoral (6) faces are preserved, IGR-PAL-2814. Scale bars equal 1 cm.
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gocene charophytes that characterize the end of
the Palaeogene climatic event (DN and R-AB per-
sonal obs.).

Although a main silicification event occurred
obviously during the late Palaeogene, it is not suffi-
cient to explain the exquisite preservation of tis-
sues and cells in 3D inside Late Cretaceous fossil
plants. Such preservation is only possible when the
mineralization of inner and intracellular spaces
occurs precociously. The abundance of sponge
spicules in the matrix of plant-bearing flints as well
as on the surface of plant remains (see Figure 10)
might has been a potential source of silica. Thus,
the silicified fossil assemblage from the flints of
Moragne supports a multi-phase silicification
including: (1) at least a precocious phase occurring
during the sedimentation of the Upper Cretaceous
deposits or during the earliest diagenesis; (2) a late
phase occurring during Eocene-Oligocene interval
and explaining the nodulation leading to secondary
flints. Such multi-phase silicification processes
have been previously identified in several localities
yielding plant-bearing flints from western France
(Moreau, 2014b, 2017). The various kinds of plant
preservation (empty casts, replicas by siltstone,
permineralizations) among plant macro-remains
show that silicification occurred heterogeneously,
probably depending on the concentration of silica-
rich sponge spicules in the diverse sediments.
Empty casts and replicas of leafy axes are not
compressed but preserved in 3D. It confirms that
plant remains, which were dissolved during the

FIGURE 8. Fragment of flint from Moragne bearing a
putative alga, IGR-PAL-2815. Scale bar equals 1 cm.

FIGURE 9. Synthetic sketches of the formation of the condensed alterites. 1, Formation of Cretaceous deposits and
stratigraphic location of the fossils from the flints of Moragne in the Upper Cretaceous series of Charente and Char-
ente-Maritime. 2, Alteration of Cretaceous units and production of condensed deposits (alterite containing flint nod-
ules) during the Eocene-Oligocene alteration; location of the Upper Cretaceous fossils in the alterites.
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main phase of weathering, were mineralized (at
least partially) during the earliest stages of the dia-
genesis. 

Deposits showing mixing of non-contempora-
neous fossils in a single bed are called “time-aver-
aged deposits” (Walker and Bambach, 1971). As
demonstrated by many authors (e.g., Fürsich and
Aberhan, 1990; Kidwell and Holland, 2002; Bush et
al., 2002), such deposits are commonly observed
in marine environments. However, they are less

documented in context of continental weathering.
Commonly, the main factors causing time-aver-
aged deposits are biological (e.g., biogenic rework-
ing and bioturbation) and sedimentological
(currents and low sediment input produce erosion,
winnowing, reworking, bypassing of sediment and
transport). Here, the alterites from Moragne is an
uncommon example of long-term time-averaged
deposits caused by compaction and selective dis-
solution of matrix during late weathering period
mainly controlled by climatic events.
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