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eFaculté polytechnique, 9 rue de Houdain, 7000 Mons, Belgium

Received 17 February 2003; accepted in revised form 5 October 2004

Available online 13 March 2005

Abstract

The clay fraction of CenomanianeCampanian chalks cored at Poigny and Sainte-Colombe, close to Provins (east-south-east of

Paris), includes variable proportions of smectitic minerals, illite and kaolinite. The smectitic sediments (which constitute the
background of low-terrigenous supply throughout the stratigraphic interval) resulted mainly from the warm, humid climate and
high sea level that prevailed during Late Cretaceous in this area. During the Late Turonian, the smectitic sedimentation was

interrupted by significant detrital inputs of illite and kaolinite. This reflected tectonic rejuvenation of landmasses coeval with an
explosive volcanism expressed by the occurrence of bentonite layers. Comparison with clay assemblages occurring at equivalent
stratigraphic intervals in the western part of the Paris Basin reveals great variation in clay mineralogy reflecting either local detrital
input or complex basin morphology. Bentonites identified in the Poigny and Sainte-Colombe boreholes include the Southerham,

Caburn, Bridgewick and Lewes marls. Cropping out from England to Germany, these clay-rich beds usually show a smectitic clay
fraction originating from the submarine weathering of volcanic glass shards. Surprisingly, at Poigny and Sainte-Colombe, the
occurrence of authigenic kaolinite characterizes these bentonite layers. Authigenesis of kaolinite in volcanic layers deposited in

marine environments is unusual. The formation of kaolinite, which requires a low pH, usually occurs in organic matter-rich
continental settings. At Poigny and Sainte-Colombe, kaolinite probably formed shortly after burial in reducing microenvironments.
The systematic Cr, V, U and organic carbon enrichment of kaolinite-rich bentonites by comparison with smectite-rich bentonites

suggests deposition in oxygen-depleted environments in the deepest part of the Paris Basin.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The variable clay fraction of chalks in the Anglo-
Paris Basin was controlled either by environmental
conditions prevailing during the Late Cretaceous or by
authigenic and diagenetic processes (Deconinck and
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Chamley, 1995). In France, the clay fraction of the Late
Cretaceous successions has been studied mainly in the
Boulonnais and Normandy (north-west Paris Basin)
where the chalk is particularly well exposed along
coastal cliffs (Deconinck et al., 1989, 1991b) but few
data have been published dealing with the chalk
deposited in the eastern part of the Paris Basin.
Recently, the chalk was continuously cored at Poigny
and Sainte-Colombe, close to Provins (east-south-east of
Paris; Fig. 1), as part of the so-called ‘‘Craie 700’’
scientific program. The objectives of ‘‘Craie 700’’ were
to identify the origin of variations in the velocity of
seismic waves in the chalks (Hanot and Renoux, 1991;
Hanot and Thiry, 1999). The study of the chalk
recovered has shown that velocity variations origina-
ted in diagenetic features including the occurrence of a
dolomitized interval of Campanian age (Robaszynski
et al., 2005). The 650-m-thick chalk succession encom-
passes the Cenomanian to Campanian stages with
a recovery reaching 98%. The Poigny and Sainte-
Colombe boreholes therefore provide an opportunity
for detailed continuous clay mineralogical investigations
(Pomerol, 2000; Robaszynski, 2000) and biostratigraphic
studies of foraminifers (Robaszynski and Bellier, 2000),
nannofossils (Janin, 2000), ostracods (Robaszynski
et al., 2000), dinoflagellates (Masure, 2000) and other
fossils.

The main objectives of this paper are to: (1)
reconstruct the environmental conditions that prevailed
during the deposition of the Late Cretaceous chalk,
including climates, terrigenous influences, tectonic
events and volcanism; (2) compare our data on the
clays with those from the western part of the Paris
Basin; and (3) characterize the bentonite layers pre-
viously identified from England to Germany in middle
and late Turonian chalks (Ernst et al., 1983; Zimmerle,
1989; Deconinck et al., 1991a; Wray, 1999).

2. Material and methods

After a visual core description, wherever possible
a sampling interval of 3 m or less throughout the whole
succession of the Poigny borehole was used. At Sainte-
Colombe, as the same mineralogical trends were
expected, sampling was restricted to the Cenomaniane
Coniacian interval. More than 300 samples from chalk
and clay-rich beds were studied. Clay mineral associa-
tions were examined using X-ray diffraction on orien-
tated mounts. Defloculation of clays was achieved by
successive washing with distilled water after removal of
carbonates from the crushed rock with 0.2 N HCl. The
clay fraction (!2 mm) was separated by sedimentation
and centrifugation (Brown and Brindley, 1980). X-ray
diffractograms were obtained using a Philips PW 1730
diffractometer with CuKa radiation and Ni filter. A tube
voltage of 40 kV and a tube current of 25 mA were used.
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Fig. 1. Location map with chalk isopachs. The distance between boreholes 701 and 702 respectively at Poigny and Sainte-Colombe is only 2 km.



173J.-F. Deconinck et al. / Cretaceous Research 26 (2005) 171e179
Three X-ray analyses were performed after air-drying,
ethylene-glycol solvation and heating at 490 �C for 2 h.
The goniometer scanned from 2.5e28.5 � 2Q for air-
dried and glycol-solvated samples and from 2.5e14.5 �

2Q for heated samples. The identification of clay
minerals was made according to the position of the
(00l) series of basal reflections on the three X-ray
diagrams and semi-quantitative estimations were based
on the intensity and the area of the main diffraction
peak (Brown and Brindley, 1980; Reynolds, 1980;
Moore and Reynolds, 1989). The proportions of
smectite vs. illite and kaolinite vs. illite are expressed
by ratios of the intensity of the main diffraction peaks of
these minerals.

Clay layers were also studied by transmission and
scanning electron microscopy. Chemical data were
obtained using the ICP-Emission technique after LiBO2

and HNO3 treatment (Nancy CRPG laboratory). Major
elements were analysed by ICP-AES and trace elements
by ICP-MS. Ten major and 43 trace elements including
Rare Earth Elements (REE) have been measured from
the bulk sediment.

Organic carbon content was measured using a LECO
IR 212 after decarbonatation by HCl 1 N.
3. Results

3.1. Clay mineralogy of the Poigny borehole

Below a 34.75-m-thick Tertiary cover, 665.25 m
of chalk were penetrated. The following three main
lithological units are distinguished (Robaszynski et al.,
2005):

(1) 700e646.6 m: limestones and marly limestones of
Cenomanian age, with chert and phosphatic pebbles
at base. The uppermost part corresponds to a grey
marly chalk attributed to the Plenus Marls (upper-
most Cenomanian).

(2) 646.6e520.7 m: Turonian greyish chalk at base with
common clay seams and thin (1e5 cm) clay-rich
beds.

(3) 520.7e34.75 m: bioturbated TuronianeCampanian
white chalk either with or without chert.

The clay fraction of the chalk (Fig. 2) comprisesmainly
smectitic minerals including random illite/smectite
mixed-layers (I/S) and smectite, illite, kaolinite and traces
of chlorite. Quartz and opal CT (cristobalite/tridymite)
Fig. 2. Clay mineralogy of the CenomanianeCampanian chalk encountered in Poigny borehole 701; traces of chlorite are not plotted.
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also occur in the clay fraction. Five intervals, each being
characterized by their clay mineral associations, can be
distinguished. They coincide partly with the lithological
units mentioned above (Fig. 2).

In the first interval, from the base to 570 m
(Cenomanian and Turonian pro parte) the clay fraction
of the chalk comprises smectitic minerals (76% average),
illite (22% average) and traces of chlorite and kaolinite.
Further division of the interval shows a smectite-rich
(more than 80%) lower part and an illite-rich (more
than 20%) upper part. This minor mineralogical change
coincides roughly with the boundary between litholog-
ical units 1 and 2.

The second interval of MiddleeLate Turonian age,
which is only 23 m thick, is characterized by a sharp
increase in the proportions of illite and kaolinite,
respectively 46 and 24% on average. Some clay-rich
beds occurring in this interval show an illite-depleted
clay fraction balanced by the unusual occurrence of
abundant well-crystallized kaolinite. Kaolinite reaches
50% of the clay fraction and occurs as euhedral crystals
and vermicular aggregates, indicating an authigenic
origin (Fig. 3).

In the third interval (Late TuronianeConiacian),
from 547 to 365 m, the proportion of smectitic minerals
again increases upward, while illite decreases. The
proportion of kaolinite never exceeds 5% except in
a clay-rich bed occurring at 523 m in which well-
crystallized kaolinite (25% of the clay fraction) is much
more abundant than in the enclosing chalk. The
transition between the second and the third intervals
coincides with the boundary between lithological units 2
and 3.

In the fourth interval (SantonianeCampanian pro
parte), from 365 to 130 m, the clay fraction is almost
entirely composed of smectitic minerals associated with
minor proportions of illite. Neither kaolinite nor
chlorite occurs in this interval, which is also character-
ized by a clean chalk consisting of more than 95%
CaCO3 (Le Callonnec et al., 2000).

The fifth interval (Campanian pro parte), from 130 to
34.75 m, contains clay assemblages still dominantly
composed of smectite, but with a significant increase
in illite recorded throughout.

3.2. Clay mineralogy of Sainte-Colombe borehole

Clay mineralogical analyses were restricted to 90
samples spanning the CenomanianeConiacian. Because
the distance between Poigny and Sainte-Colombe bore-
holes is only 2 km, similar trends in clay mineral
associations are observed. These are particularly well
expressed by the smectite/illite and the kaolinite/
illite ratios (Fig. 4). As in Poigny, some clay-rich
beds enriched with authigenic kaolinite occur in the
Turonian.
4. Discussion

4.1. Smectitic minerals

Many previous studies dealing with the clay miner-
alogy of Late Cretaceous sediments (including chalks
from the Anglo-Paris Basin as well as coeval limestones
and shales from the Tethyan realm and the Atlantic
Ocean) have shown that smectitic minerals are the
dominant clay species (Millot et al., 1957; Weir and
Catt, 1965; Jeans, 1968, 1978; Morgan-Jones, 1977;
Deconinck et al., 1985; Johnsson and Reynolds, 1986;
Accarie et al., 1989; Chamley, 1989; Chamley et al.,
1990; Thiry and Jacquin, 1993). The smectitic minerals
include detrital illite/smectite mixed-layers originating
from the erosion of poorly drained soils, authigenic
minerals developed in slowly deposited sediments and
volcanogenic clays derived from the submarine weath-
ering of volcanic glass (Deconinck and Chamley, 1995).
Based on calculations of mass accumulation rates in the
Coniacian chalk, Kimblin (1992) suggested that most
smectitic minerals may have been transported by wind,

Fig. 3. Scanning electron micrographs of authigenic vermicular

kaolinite occurring in Turonian clay-rich layers (bentonite) recovered

from the Poigny and Sainte-Colombe boreholes. The illustrations are

from the Bridgewick marl recovered at 523 m in the Poigny borehole.
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Fig. 4. Smectite/illite (S/I) and kaolinite/illite (K/I) ratios in boreholes 701 (Poigny) and 702 (Sainte-Colombe). Clay mineral intervals are

distinguished by variations in S/I and K/I. Spikes occurring in intervals 2 and 3 correspond to kaolinite-bentonite layers.
thus reflecting an aeolian component to the chalk. The
Late Cretaceous greenhouse climates and sea levels, to-
gether with volcanic activity, were favourable for the
development of smectitic sedimentation (Deconinck and
Chamley, 1995). However, monotonous smectitic sedi-
mentation was occasionally interrupted by terrigenous
input of illite and kaolinite.

4.2. Significance of illite and kaolinite components

The detrital input of illite and kaolinite that occurred
during the Late Turonian in the area of Poigny and
Sainte-Colombe is the most striking feature of the clay
mineral evolution. In the Anglo-Paris Basin, the best
documented comparable increase in illite and kaolinite is
recorded in the Cenomanian chalk that crops out in the
Boulonnais. There the smectite-rich sedimentation that
prevailed during the Early Cenomanian was interrupted
by illite and kaolinite input at the end of the Early
Cenomanian, as indicated in the topmost part of the
Mantelliceras dixoni ammonite Zone (Deconinck et al.,
1989, 1991b). A similar mineralogical change was re-
corded in boreholes in the north of France (Decommer,
1981) and in England (Morgan-Jones, 1977). In the
north-east of the Paris Basin, close to the Ardennes
Massif, the mineralogical change is also recorded but
it occurs higher, around the Cenomanian/Turonian
boundary (Debrabant et al., 1992). By contrast, in the
Cenomanian and Turonian successions of Normandy,
illite- and kaolinite-rich detrital inputs are not recorded,
probably because this area corresponded to a submarine
swell that was protected from terrigenous influences
(Deconinck et al., 1991b; Deconinck and Chamley,
1995). Therefore, despite the wide distribution of clay
minerals in open-marine environments, the mineralog-
ical changes are not coeval and cannot be used for
correlation. They reveal either a complex basin mor-
phology or local detrital input. The increase in detrital
illite and kaolinite in the Boulonnais at the end of Early
Cenomanian indicates the erosion of newly exposed
landmasses. According to palaeogeographic reconstruc-
tions, the London-Brabant Massif was the continental
area nearest to northern France (Cope et al., 1992). This
massif was exposed during the Late Albian, and then
probably flooded during the Early Cenomanian owing
to sea-level rise. The Mid-Cenomanian detrital input of
illite and kaolinite occurring in the Boulonnais suggests
that the London-Brabant Massif was rising at that time.
This was probably the consequence of tectonic uplift in
this continental area (Decommer and Chamley, 1981;
Deconinck et al., 1991b) associated with a documented
strike-slip regime, north-south compression and east-
west extension during the Early Cenomanian (Vandycke
and Bergerat, 1992; Bergerat and Vandycke, 1994).
This tectonic event seems also to have been responsible
for the uplift of the Bray-Caux submarine high in
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Normandy, which was consequently protected from
the detrital input of illite and kaolinite. As smectitic
sedimentation prevailed throughout the Cenomanian at
Poigny and Sainte-Colombe, this area was also pro-
tected from terrigenous supply, suggesting the presence
of a submarine high during the Cenomanian. An
alternative interpretation is that owing to differential
settling of clay minerals in marine environments, illite
and kaolinite were deposited nearshore, and could not
reach the area of Poigny and Sainte-Colombe located in
the distal part of the Paris Basin.

In the Poigny and Sainte-Colombe boreholes, terrig-
enous inputs occur in two steps. As in the north-east of
the Paris Basin, only illite gradually increases around the
Cenomanian/Turonian boundary (transition from in-
terval 1a to 1b; Fig. 4), However, illite increases more
rapidly, displaying a close association with kaolinite
during the Late Turonian (Interval 2; Figs. 2, 4). Oxygen
isotope data suggest that a climatic cooling caused by
the burial of organic matter that led to decreasing CO2

content in the atmosphere occurred during or shortly
after Oceanic Anoxic Event 2 (OAE 2; Jenkyns et al.,
1994). In the Middle and Late Turonian, positive d18O
shifts are associated with the southward spread of
northern macrofaunas, thus also indicating a clima-
tic cooling (Voigt and Wiese, 2000). The slight and
progressive increase in illite content supports such a
climatic interpretation, but the regressive trend that
characterizes the Turonian (Hardenbol et al., 1998) may
be also responsible for increasing proportions of illite.

By comparison with the increase of illite and kaolinite
occurring in the Cenomanian of the Boulonnais, it is
likely that detrital supply of both kaolinite and illite
recorded in the Upper Turonian of Poigny and Sainte-
Colombe was controlled by a tectonic event responsible
for continental rejuvenation. Three intra-Late Creta-
ceous tectonic phases are recognized (Mortimore et al.,
1998) by field evidence of slumping, lateral changes in
thickness or lithology, and lacunae coincident with
tectonic axes. The tectonic phases include Ilsede (Late
TuronianeEarly Coniacian), Wernigerode (Late Santo-
nianeEarly Campanian) and Riedel’s Peine (latest Early
Campanian) (Mortimore and Pomerol, 1997; Morti-
more et al., 1998). The illite and kaolinite input recorded
in the Turonian of Poigny and Sainte-Colombe may be
the consequence of the Ilsede phase. It is interesting to
note that the bentonite layers at Poigny and Sainte-
Colombe occur mainly in the interval enriched with
detrital kaolinite and illite, suggesting close relationships
between the volcanic activity (probably in the North Sea
area) and the tectonic event itself.

A slight but significant increase in illite also occurs
in the Campanian section. The clay mineralogy of this
stratigraphic interval is less well documented. Increasing
illite may be interpreted either as a result of a climatic
cooling or as the effect of a tectonic event. A climatic
cooling is consistent with isotopic data showing in-
creasing values of d18O but this trend began in the
Turonian after OAE 2 (Jenkyns et al., 1994) and there is
no evidence to suggest that a more pronounced climatic
cooling may have occurred during the Campanian. The
alternative hypothesis of a tectonic event (intra-Late
Cretaceous uplift related to the Peine phase) is more
likely (Gale, 1980; Mortimore and Pomerol, 1997;
Mortimore et al., 1998).

4.3. Turonian clay-rich beds

The Turonian Chalk of England, France and
Germany contains several cm-thick clay-rich beds that
have been used for long range correlations (Mortimore
and Pomerol, 1987; Deconinck et al., 1991a; Wray and
Gale, 1993; Wray and Wood, 1995; Gale, 1996; Wray
et al., 1996; Horna and Wiese, 1997). The clay-rich beds
correspond to either detrital horizons or bentonites.
Their origin can be determined using REE, bentonites
displaying a negative Eu anomaly (Wray, 1995, 1999).
Using this discriminative criterion, at least five horizons
of bentonite have been identified in the Middle and
Upper Turonian. These horizons, defined in southern
England, include the Glynde, Southerham, Caburn,
Bridgewick and Lewes marls. They are particularly well
exposed along coastal cliffs in southern England (e.g.,
Wray and Gale, 1993) and northern France (Amédro
and Robaszynski, 2001), and in quarries in the Lower
Saxony Basin of north-central Germany (Wray and
Wood, 1995) and Westphalia (Wiese and Kaplan, 2001).

Thin (1e5 cm) clay-rich beds occur in the chalk
recovered at Poigny and Sainte-Colombe, particularly in
the Middle and Upper Turonian. After a visual core
description and using biostratigraphical data, some clay-
rich beds identified in the two boreholes were suspected
to correspond to bentonite by comparison with known
successions in the Anglo-Paris Basin. In the Poigny
borehole, clay-rich beds occur at 566.7, 550.5 and 523 m;
they are attributed to the Southerham, Caburn and
Bridgewick marls, respectively. In the Sainte-Colombe
borehole, clay-rich beds occur at 551.65, 532, 508.9 and
496.7 m, and are likewise suggested to be these same
three and the Lewes marls respectively (Robaszynski
et al., 2005). To confirm the volcanic origin of the clay-
rich beds studied, REE analyses were carried out. The
profiles presented here (Fig. 5) have been normalized to
the Cody Shale following Wray (1999) for further
comparison. As expected, all samples studied display
a negative Eu anomaly indicative of bentonites. How-
ever, their kaolinite-rich composition is surprising
because kaolinite-bearing volcanic layers, otherwise
known as tonsteins, formed in non-marine settings in-
cluding coal-forming environments (Spears and Duff,
1984; Bohor and Triplehorn, 1993). Previous studies
have shown that the clay fraction of bentonites from
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chalk, and more generally of Cretaceous bentonites
deposited in marine environments and unaffected by
thermal diagenesis, was composed of pure dioctahedral
smectite (Siebertz and Vortisch, 1979; Pacey, 1984;
Elder, 1988; Deconinck and Chamley, 1995; Graziano
and Adabbo, 1996; Meunier et al., 1999; Wray, 1999;
Vanderaveroet et al., 2000; Dauphin, 2002). However,
volcanic ashes altered to kaolinite in marine organic-rich
environments were mentioned by Schultz (1963) and
authigenic kaolinite associated with framboidal pyrite
occurs in bentonites in the Cretaceous Niobrara Forma-
tion of Colorado (Pollastro, 1981). In the Western
Interior Basin of North America, XRD analyses of
Cenomanian and Turonian bentonites reveal substantial
mineralogical differences. From Manitoba to South
Dakota, Wyoming and Colorado, they are all composed
of 100% smectite while bentonites from Kansas and
Oklahoma are dominantly composed of kaolinite. The
kaolinite-rich composition is tentatively explained by
reworking of volcanic ash under low pH conditions
(Cadrin et al., 1995). The degradation of organic matter
seems to have been a key factor for controlling the
formation of organic acid responsible for the low pH
required for the formation of kaolinite. Pollastro (1981)
suggested that shortly after burial a colloidal aluminous
gel formed from unstable ash and moved in reducing
organic-rich microenvironments, such as foraminiferal
tests. Chemical data show that the Cr, V and U content
of kaolinite-rich bentonites from Poigny and Sainte-
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Fig. 5. Shale normalized REE profiles of kaolinite-bentonite recovered

from the Poigny and Sainte-Colombe boreholes.
Colombe is systematically higher than in laterally
equivalent smectite-rich bentonites in Normandy and
Boulonnais (Table 1). Although all bentonites studied
contain very small quantities of organic carbon (around
0.05%), they are systematically higher (up to 0.37%
Corg) in the kaolinite-rich bentonite than in the
smectite-rich bentonites (Table 1). These differences
confirm the presence of oxygen-depleted bottom and/or
interstitial waters in the area of Poigny and Sainte-
Colombe.

Consequently, we suggest that the unusual occur-
rence of authigenic kaolinite instead of smectite in the
Turonian bentonites recovered from the south-east of
the Paris Basin results from the deposition of ash in deep
oxygen-depleted environments. This difference suggests
higher productivity and/or oxygen-depleted bottom
waters in the area of Poigny and Sainte-Colombe, which
is consistent with its location in the deepest and most
subsiding part of the Paris Basin.

5. Conclusions

The clay fraction of chalks described here comprises
smectitic minerals that reflect the climatic greenhouse
mode of the Late Cretaceous. Superimposed on this
smectitic background, terrigenous input of illite and
kaolinite occurred in various areas at different times.

Illite and kaolinite originating from the London-
Brabant Massif accumulated in the Boulonnais during
the Middle CenomanianeMiddle Turonian. During this
period, the rest of the Paris Basin was either protected
from these detrital influences by submarine swells or was
too distant from the detrital sources to record significant
terrigenous supply. The Late Turonian was character-
ized by volcanic activity expressed by the occurrence of
bentonite beds and local detrital influences recorded in the
eastern part of the Paris Basin. The unusual kaolinite-rich
clay fractions of the bentonite layers recovered at Poigny
and Sainte-Colombe suggest that deposition of volcanic
ashes in oxygen-depleted environments prevailed in the
Table 1

CaO, Cr, V, U and organic carbon content of some Turonian bentonite layers from the Paris Basin

Sample Origin Bentonite Clays CaO V U Cr C. org

FSC 496.65 Ste Colombe Lewes Kaol. 45.13 19 2.60 11.1 no data

AG5 Normandy Lewes Smec. 49.37 9 0.36 5.30 0.05

My 27.50 Boulonnais Bridgewick 1 Smec. 47.80 13 0.47 8.70 no data

FP 523 Poigny Bridgewick 1 Kaol. 38.23 24 3.37 17.9 no data

My 20.20 Boulonnais Caburn Smec. 39.59 22 0.78 10.9 0.05

FP 550.5 Poigny Caburn Kaol. 38.50 57 2.03 33.7 0.16

FSC 532 Ste Colombe Caburn Kaol. 36.94 60 1.67 37.2 0.16

AG1 Normandy Southerham Smec. 32.53 19 0.87 7.80 0.13

My 8 Boulonnais Southerham Smec. 34.93 30 0.90 15.00 0.07

FSC 551.6 Ste Colombe Southerham Kaol. 33.40 59 2.29 33.80 0.37

FP 566.7 Poigny Southerham Kaol. 30.23 72 2.39 43.10 0.32
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deepest part of the Paris Basin. Finally, a great variation
in clay assemblages characterizes the chalk deposited in
the Paris Basin. This may reflect climate, tectonic and
volcanic influences, or redox conditions in the deposi-
tional environment.
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