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A B S T R A C T

Argillaceous chalk intervals from the North Sea are characterised by matrix permeabilities lower than 0.2 mD
and therefore they are defined as tight chalks. Hence, fracture networks within these chalks are of major im-
portance to predict fluid flow and reservoir or seal behaviour. This study aims to understand the geological
parameters controlling the chalk petrophysical and mechanical properties, using the outcrop analogue of the
Cenomanian chalk at Cap-Blanc Nez (Northern France). Sedimentological, petrographic and petrophysical
analyses were performed and show that the combination of the depositional environment and diagenetic imprint
control the microtexture. Non carbonate content is ranging from 5 to 40% within the studied samples, and is
critical for the diagenetic imprint. The fracture behaviour of the chalk was studied using a mechanical strati-
graphy approach throughout the 70m-thick succession, where a transition between lower Cenomanian argil-
laceous chalk and middle-upper Cenomanian pure chalk is exposed. Twenty-two mechanical units are dis-
tinguished and the amount of fractures crosscutting, initiating and terminating on mechanical interfaces
quantified. Manual scanlines show that fracture spacing ranges from 17 to 232 cm. Mechanical interfaces are
associated with lithological heterogeneities with strong microtextural contrasts, related to the non-carbonate
content and/or degree of cementation. The mechanical units are thus defined either by deposition or diagenesis.
The fracturing behaviour of about 10m homogeneous pure chalk interval units, defined as DFZ (densely frac-
tured zones) differs significantly from the rest of the succession. Large sigmoidal-shaped fractures are confined to
those intervals, and a dense fracture network developed. Because of their plastic behaviour clay layers are able to
accommodate part of the stress, whereas homogeneous pure chalk show a more brittle behaviour.

1. Introduction

Calcareous oozes have been deposited over large marine areas, from
the Mesozoic till the present in sedimentary basins all over the world
(Garrison, 1981). Chalk was deposited as such an ooze and is one of the
most important carbonate rock types in NW Europe, playing a major
economical role. Chalk is a major groundwater reservoir in NW Europe,
yielding 8 million cubic metres daily (Downing et al., 2005) and a
major hydrocarbon reservoir, especially in the North Sea. For example,
estimates indicate that about 7 billion barrels of oil were originally in
place in the Upper Cretaceous chalk of the Ekofisk Reservoir (North
Sea) (Agarwal et al., 2000). Therefore, petrophysical properties and
other rock characteristics of chalk reservoir intervals have been ex-
tensively studied and are fairly well known (e.g. Fabricius, 2007;

Gommesen et al., 2007; Hardman, 1982; Scholle, 1977; Scholle et al.,
1998; Vejbæk, 2002). Microporous chalk reservoirs are commonly
characterised by high porosities (up to 50%) and low permeabilities
(from 0.01 to 10 mD). However, only approximately 10% of the Upper
Cretaceous/Lower Palaeocene Chalk Group in the central North Sea
represents a conventional reservoir. The rest of the chalk was described
as non-reservoir chalk (Damholt and Surlyk, 2004; Mallon and
Swarbrick, 2002, 2008) or tight chalk (Faÿ-Gomord et al., 2016a;
Lindgreen et al., 2012) which have permeability values lower than 0.2
mD (Bailey et al., 1999). Tight chalks have received relatively little
attention since the discovery of chalk hydrocarbon reservoirs of the
North Sea in the 1960s, despite forming the bulk of the chalk deposits.
Recently there has been a growing interest in understanding the in-
trinsic properties of those low reservoir quality chalks that were
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previously identified as potential intrareservoir seals (Damholt and
Surlyk, 2004; Fabricius, 2001; Gennaro et al., 2013; Hjuler and
Fabricius, 2009; Jakobsen et al., 2004; Madsen, 2010; Røgen and
Fabricius, 2002).

In such low permeability rocks, fractures are the primary pathway
for fluid flow (Nelson, 1985), and the role of structural features as
preferential flow pathways in chalk have been proven to be important
in reservoir studies (e.g. Bear, 1993; Travis, 1984). In layered rocks it
has been shown that the opening and the intensity of joint fracturing is
controlled by stratigraphy. This was highlighted by Underwood et al.
(2003) and Rustichelli et al. (2012), who defined a mechanical unit as a
unit representing one or more sedimentary beds that fracture in-
dependently from other units. These mechanical units are bounded by
mechanical interfaces, which are commonly related to sedimentary
contrasts, although sedimentary boundaries do not always define me-
chanical interfaces. An example where the concept of mechanical
stratigraphy has been applied to chalk are the deeply buried Austin
chalks in Texas, where mechanical interfaces correspond to thick marl
interlayers (Cooke et al., 2006).

In the subsurface, tight chalk intervals constrain fluid flow, acting as
seals or as unconventional reservoirs depending on their fracture pat-
terns. In order to accurately characterise their heterogeneity and to
determine fundamental controls on fracturing behaviour of argillaceous
chalks, outcrop analogue studies are essential. Thus, a multidisciplinary
approach was used on the Cenomanian argillaceous chalk cliffs of Cap
Blanc-Nez in Northern France. Deposits are characterised by a high non-
carbonate content (up to 38%) resulting in very low permeabilities (as
low as 0.04 mD) (Faÿ-Gomord et al., 2016a). Previous studies of this
outcrop provide a detailed stratigraphical framework (Amédro and
Robaszynski, 2001; Robaszynski and Amédro, 1986) and a detailed
understanding of the clay fraction (Deconinck et al., 1989, 2005;
Deconinck and Chamley, 1995). However, data on the petrographic,
petrophysical and microtextural properties of the Cap Blanc-Nez chalk
are limited to Doremus (1978), who described chalk microtextures
based on SEM observations. This author highlighted the influence of
porosity and clay content on mechanical properties, as well as the im-
portance of grain contacts on the intrinsic cohesion of the rock.

However, the relationship between the geological context, e.g. de-
positional and diagenetic history of the samples and their microtextural
properties was not emphasized.

This study aims to better understand the geological history of Cap
Blanc-Nez chalk, from depositional setting, through diagenesis and
fracturing. Chalk porosity and permeability properties are assessed
using sedimentological and petrographic analyses. In order to char-
acterise the fracture network and define the mechanical interfaces, a
mechanical stratigraphy study was performed. The latter provides es-
sential information regarding fluid flow, since a proper characterisation
of the dual permeability of pores and fractures is essential in order to
accurately model fluid flow in aquifers, hydrocarbon reservoirs or ap-
parent aquacludes and seals. The Cap Blanc-Nez outcrop allows an
understanding of the behaviour of argillaceous chalk intervals in NW
Europe and especially their equivalents in hydrocarbon fields of the
North Sea. This study reveals the prominent impact of the variations in
non-carbonate phases on the characteristic behaviour of a layered chalk
succession, influencing both petrophysical and rock mechanical prop-
erties.

2. Geological settings

The field study focused on the 5 km long chalk cliffs of Cap Blanc-
Nez (northern France), which is located in the Boulonnais area, in the
NW part of the Paris Basin. The Paris Basin was part of the NW
European Chalk Sea, which formed a large basin in western Europe
known as the Anglo-Paris Basin. This intracratonic basin was mainly
characterised by thermal subsidence, following Permian–Triassic tec-
tonic extension (Brunet and Le Pichon, 1982; Le Solleuz et al., 2004).
The basin is currently bounded by the Brabant Massif to the northeast
which became flooded during the Late Cretaceous, the Central Massif to
the south, and the Armorican Massif to the west (Fig. 1).

2.1. Sedimentological setting

The 70m thick succession of Cap Blanc-Nez is the reference section
for the Cenomanian in this part of the Anglo-Paris Basin (Robaszynski

Fig. 1. (A) Palaeogeography map of western Europe
during the middle Cenomanian (after Wendler et al.,
2002); AM=Armorican Massive, WH=Wales High,
IBM=Iberian Massive, IM=Irish Massive,
MC=Massive Centrale, RM=Rheinish Massive. (B)
Geological map of northern France, showing the ex-
tent of the Weald–Boulonnais Basin. (after Mansy
et al., 2003) (C) Schematic profile of the cliffs along
section C (after Amédro and Robaszynski, 2001).
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Fig. 2. Sedimentological log of the Cap Blanc-Nez Cenomanian chalks. Stratigraphy from Robaszynski and Amédro (1986, 1993) and Amédro and Robaszynski
(2001) (1,2,3). Biostratigraphy based on ammonites. Gamma-ray measurements from Gräfe (1999) (4). Location of the depositional environment along a carbonate
ramp are from the more proximal facies (4) to the more distal (8). Sequence stratigraphy based on depositional facies. Abbreviation: F.S.= Formation Strouanne,
M.g.=Metoicoceras geslinianum, N.j.=Neocardioceras judii.
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and Amédro, 1986). Deposition originally took place in an outer shelf
setting characterised by continuous sedimentation of metre-thick
chalk/marl alternations. During the Cenomanian, a continuously rising
sea level led to the worldwide expansion of shelf seas (Haq et al., 1987).
This event was expressed locally as chalk deposition on a progressively
developing carbonate ramp, with deposition of chalk and a significant
siliciclastic input from the Armorican Massif to the south (Juignet,
1974) and the Brabant Massif to the northeast (Deconinck and
Chamley, 1995). Lower Cenomanian chalks have a relatively high sili-
ciclastic content because they were deposited adjacent to deltaic and
estuarine sediments, located in the Biscay Bay during the Late Cretac-
eous (Guillocheau et al., 2000). Cap Blanc-Nez chalk deposits range
from glauconitic argillaceous bioclastic chalks in the lower Cenomanian
to pure white chalks that were deposited during the late Cenomanian
(Amédro and Robaszynski, 1993). The Cenomanian chalks in the study
area have been subdivided into five regional formations (Fig. 2),
namely: (I) Strouanne Formation, 2m thick at the base of the lower
Cenomanian, also called glauconitic chalk; (II) Petit Blanc-Nez Forma-
tion of early Cenomanian age and base of the middle Cenomanian,
composed of about 30m of chalk/marl alternations; (III) Cran Forma-
tion, part of middle Cenomanian consisting of about 10m of chalk/marl
cycles with high carbonate content; (IV) Escalles Formation, part of
middle Cenomanian and upper Cenomanian made of 30m of thin
rhythmically bedded chalk; (V) Crupes Formation, 1–2m thick corre-
sponding to the uppermost Cenomanian, overlain by the Turonian
Plenus Marls.

A cyclostratigraphic study performed on middle and upper
Cenomanian chalks relates the variations in the planktonic foraminifera
to plankton productivity, associated with water depth (Gräfe, 1999).
The clay-mineralogy of the Cenomanian chalks of the Boulonnais was
studied by Deconinck et al. (1989) and Deconinck and Chamley (1995).
Detrital clays found in the chalk include illite, smectite and kaolinite
(Deconinck and Chamley, 1995). Smectite dominance in the lower
Cenomanian succession changes to illite and kaolinite dominance up-
wards into the middle Cenomanian succession (Deconinck et al., 1989).
Metre-thick cycles are recorded in gamma-ray logs acquired by Gräfe
(1999) on the whole Cenomanian chalk section of Cap Blanc-Nez
(Fig. 2).

2.2. Structural context and fracture network

Several patterns of master joints and normal faults with NW–SE
orientation are observed in the Cenomanian–Santonian chalks in the
Boulonnais (Vandycke and Bergerat, 1992) and relate to the NE–SW
Oligocene extension phase, clearly identified in the whole NW Eur-
opean platform in terms of faulting and master jointing (Bevan and
Hancock, 1986) or in geomorphological studies. The NE–SW extension
was active since the end of the Cretaceous until the Neogene.

A palaeostress study based on fault-slip analyses recorded in the
Cretaceous formations of the Boulonnais revealed an extensive regime
interrupted time-to-time by inversion tectonics along the Nord-Artois-

Shear Zone (Bergerat and Vandycke, 1994; Colbeaux, 1974; Vandycke
and Bergerat, 1992; Vandycke, 2002). The palaeostress evolution in the
Boulonnais area showed that several tectonic events took place during
the Cretaceous. The inversion of this area took place during the Cen-
ozoic. A late Eocene inversion has been documented, although it could
be multiphase starting in the early Palaeocene (Mansy et al., 2003;
Briais et al., 2016).

3. Methodology

3.1. Sedimentology

Sedimentological logging was performed on the 70m thick section
of the Cenomanian chalks. Facies interpretation was performed fol-
lowing Lasseur et al. (2009). Metre-scale cycles were identified and
classified based on depositional facies and hiatal surfaces. Depositional
facies (DF) classification is based essentially on shell concentration,
sedimentary structures, texture and faunal content (faunas, ichnology)
observed both in the field and in thin-section. Hiatal surfaces are
classified according to their type (hardgrounds, firmgrounds and soft-
grounds), ichnofacies and the occurrence/absence of an erosion surface
on top of these condensed levels. For coherence purposes, the deposi-
tional facies (DF) designations used by Lasseur et al. (2009) were
maintained and range from the shallowest/coarsest DF1 to the deepest/
finest DF7. However, the reader should be aware that Lasseur et al.
(2009) developed this classification for sedimentary cycles based on
Normandy outcrops where due to the palaeogeographic setting terri-
genous input is significantly lower than in present study area. In order
to integrate the distinct argillaceous and pure chalk facies characteristic
of Cap Blanc-Nez, sedimentary cycles were defined as PC-cycles for
pure chalk and AC-cycles for argillaceous chalk (Table 2). Other ab-
breviations used throughout this paper are summarised Table 1.

In the field, 42 samples were collected and 30 μm thin-sections were
prepared. Samples were impregnated under vacuum with a fluorescent
epoxy resin to highlight the porous network, when studied by fluor-
escent incident light microscopy. Lasseur et al. (2009) positioned their
cycles on a water depth profile, based on both hydrodynamic char-
acteristics, provided by shell concentration or sedimentary structures,
and echinoid palaeoecology. The vertical succession of facies/cycles
was thus used to build a 1D sequence stratigraphic framework ac-
cording to the methodology of high-resolution sequence stratigraphy
(Homewood et al., 1992).

3.2. Petrography and insoluble residue measurements

Samples were impregnated under vacuum with a fluorescent epoxy
resin to highlight the porous network, when studied by fluorescent
incident light microscopy. Additionally, an EM XL30 FEG field emission
Scanning Electron Microscope (SEM) was used to observe the fresh
surfaces of the samples to identify microporosity and to study micro-
textural features, especially non-carbonate content and cements.
Throughout this paper, the term microtexture describes the texture of
the chalk matrix, as observed under SEM, while texture refers to the
Dunham sedimentary texture classification. Acid-insoluble residues of
the samples were obtained by dissolving roughly crushed samples of
chalk in 2M hydrochloric acid followed by washing of the residue with
deionised water (Hjuler and Fabricius, 2009). Forty-two samples of Cap
Blanc-Nez Cenomanian chalk were characterised both in terms of de-
positional facies based on thin-section petrography and microtexture
analyses based on SEM observations.

3.3. Petrophysics and geomechanics

Helium porosity and Klinkenberg's corrected permeability mea-
surements were performed on 38 and 36 samples, respectively, and
uniaxial compressive strength (UCS) measurements were performed on

Table 1
Abbreviations used throughout the manuscript by order of appearance.

DF Depositional Facies

MT Microtexture
IR Insoluble Residue
DFZ Densely Fractured Zone
SEM Secondary Electron Microscope
UCS Uniaxial Compressive Strength
HCS Hummocky Crossed Stratification
AC-cycle Argillaceous Chalk sedimentary cycle
PC-cycle Pure chalk sedimentary cycle
MFS Maximum Flooding Surface
MI Mechanical Interface
MU Mechanical Unit
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29 samples. For a detailed methodology readers are referred to Faÿ-
Gomord et al. (2016b).

3.4. Mechanical stratigraphy

In order to characterise the fracture properties of the chalk succes-
sion, manual scanlines were performed. These scanlines were acquired
in the field for every accessible mechanical unit. Mechanical units were
defined between two mechanical interfaces for which less than 3/5 of
the fractures were crosscutting. The outcrop is orientated NE–SW, and
the open-mode fractures measured within the scanlines belong to the
NW–SE family defined by Vandycke (2002), which is perpendicular to
the cliff outcrop and the scanlines. Therefore, no Terzaghi correction
was applied to the collected dataset. The very small dip of the chalk
deposits, of about 3°, makes it possible to access the whole section of
Cenomanian chalk and to perform scanlines along an outcrop more
than 5 km in total length. Length of the scanlines was based on Re-
presentative Elementary Length (REL) curves acquired in the field to-
gether with fracture spacing measurements. Previous studies have
shown that fracture density depends on distance to faults (Vermilye and
Scholz, 1998) and tends to increase towards the fault core within the
fault-damage zone (Caine et al., 1996). The thickness of the latter de-
pends on several parameters including the fault displacement or throw
(Faulkner et al., 2010). Therefore, scanline measurements were per-
formed away from fault zones, although major damage zones of major
faults are very limited in Cap Blanc-Nez. For each scanline, the thick-
ness of the mechanical unit was measured and the fracture counting
was performed in the middle of each unit. In order to assess the liability
of the scanline measurements, any clustering effect had to be excluded.
Therefore, the coefficient of variation (CV) of each scanline was cal-
culated, following Gillespie et al. (1999, 2001). Cv is defined as the
ratio of the standard deviation to the mean fracture spacing. Clustering
is considered to be present if Cv > 1, meaning that the standard de-
viation would be higher than the average fractures spacing. Fracture
spacing was measured along the 22 mechanical units and the percen-
tage of fractures crosscutting, initiating and terminating at each me-
chanical interface was quantified.

4. Results

4.1. Sedimentology

4.1.1. Depositional facies
Six depositional facies were distinguished (Table 2). DF1 identified

by Lasseur et al. (2009) is not present in Cap Blanc-Nez. DF2–3
(packstone with many bioclasts) to DF4 (fine wackestone-packstone
with small bioclasts and calcispheres) are identified within the argil-
laceous chalk succession, while DF4 to DF6 (mudstone-wackestone
dominated by calcispheres and sponge spicules) are present in both
argillaceous and pure chalk and DF7 (mudstone) corresponds to pure
chalk. As in the Normandy outcrops, from DF2–3 to DF5, abundance of
broken shells and the coarser grain size as well as better sorting reflect a
higher hydrodynamic setting. As described in detail by Lasseur et al.
(2009), sedimentary features such as planar or hummocky cross-stra-
tified (HCS) laminations are present in argillaceous chalk in DF2–3
(Fig. 3). Winnowing of smaller-particles resulted in bioclast con-
centration, such as in DF5 which is dominated by calcispheres. Facies
DF2/3 to DF4 were interpreted by Lasseur et al. (2009) as upper off-
shore deposits. Glauconite grains are observed in thin-sections within
DF2-3 (very abundant), DF3 (common) and DF4 (sparse). Iron oxides,
which are likely of secondary origin, are found associated with centi-
metre-size marcassite nodules (DF2–4) and/or with rare framboidal
pyrite in thin-section. In contrast, DF6 and DF7 facies do not display
evidence of sorting, as demonstrated by their mudstone texture. Mac-
rofossils are rare to absent and the facies are dominated by open-sea
microfossils, revealing a deeper depositional setting. DF7 consists of

pure mudstones composed of coccolith fragments deposited by settling.
DF6 and DF7 are thus associated with lower offshore environments.
Characteristic microfacies of each depositional facies are illustrated in
Fig. 4.

4.1.2. Hiatal surfaces
In Cap Blanc-Nez, hiatal surfaces essentially consist of more or less

pronounced firm- and softgrounds. Firmgrounds are typically asso-
ciated with more proximal facies. They mainly occur in the lower part
of the section and are typically associated with sponge beds and erosion
on top (FG1 type of Lasseur et al., 2009). They are more scattered in the
upper part of the succession, where hiatal surfaces are less pronounced
and expressed by softgrounds. Two prominent firmgrounds are present
in the middle Cenomanian and display both deformed Thalassinoides
burrows and poorly deformed vertical burrows. Around the middle/
upper Cenomanian boundary, a condensed interval, several metres
thick, corresponds to several stacked firmgrounds. The softgrounds
correspond to distinct surfaces overlying Thalassinoides-bioturbated
chalks which are characterised by poorly defined, highly deformed
burrows. Softgrounds are poorly expressed surfaces associated with fine
grained mudstone.

4.1.3. Sedimentary cycles
Depositional facies and hiatal surfaces are organized according to

recurrent cyclic patterns, which form sedimentary cycles (Lasseur et al.,
2009). The relationship between hiatal surfaces, depositional facies and
sedimentary cycles are shown in Table 2, along with the correspon-
dence between the terminology used in this study and the one used by
Lasseur et al. (2009) in the original classification. Sedimentary cycles
range from the shallowest (AC-4) to the deepest (PC-8), along a storm-
dominated carbonate ramp (Fig. 5). Some cycles formed below storm
waves base (AC-4 to AC-6 and PC-6), whereas others developed above it
(PC-7 and PC-8). Hiatal surfaces are more developed in the more
proximal cycles. The occurrence of the different sedimentary cycles in
the Cenomanian chalk succession are represented in Fig. 2. AC-cycles
are related to a proximal depositional environment based on their
faunal content and sedimentary features (Fig. 3). These several deci-
metres thick cycles, commonly grouped in series of 4–5 cycles, are
usually topped by sponge beds highlighting a hiatal surface (Fig. 3B).
They are also associated with an increase in clay content as reflected in
the gamma-ray log (Gräfe, 1999, Fig. 2). In pure chalk, the sedimentary
cyclicity is highlighted in the field by the regular occurrences of marl-
seams (Fig. 3- E) which preferentially develop on top of bioturbated
intervals. The C. naviculare zone (Fig. 2), at the base of the upper
Cenomanian, is characterised by sedimentary cycles PC-8 (DF7: mud-
stone, no hiatal surfaces) and reflects the maximum transgression of the
Cenomanian (Juignet, 1974).

4.1.4. A transgressive trend with higher order sequences
Overall, the evolution of both macro- and microfacies through the

70m-thick Cenomanian succession displays a transgressive trend, with
several higher order sequences. The maximum flooding surfaces are
associated with the deepest facies of the section. They are recorded at
25m (transition lower/middle Cenomanian), 45m (middle
Cenomanian) and 57m (upper Cenomanian). The sequence strati-
graphy obtained from sedimentary cycle associations and their related
water-depth model fits with the sequences proposed for the same out-
crop by Robaszynski et al. (1998). Their interpretation in terms of se-
quence stratigraphy is essentially based on non-carbonate content and
biostratigraphy, highlighting the strong correlation between the in-
soluble residue content and the transgression that precluded siliciclastic
input to the basin.

4.2. Insoluble residue and microtextures

Insoluble residue (IR) contents range from 5 to 38% within the
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studied chalks. From the lower Cenomanian until the A. rhotomagense
zone (middle Cenomanian), the IR values range between 10 and 38%.
Lower non-carbonate contents are associated with hiatal surfaces, such
as firmground samples CB10 and CB39 (Appendix 1) that contain 10%
and 11% IR, respectively. Starting from the A. rhotomagense zone until
the top of the upper Cenomanian, IR content ranges from 5 to 15%,
with values from 10 to 15% for chalk with marl-seams and from 5 to 8%
for interlayered clean chalk (Appendix 1).

Microtexture classes were previously defined by Faÿ-Gomord et al.
(2016b), based on SEM observations of the degree of cementation and
non-carbonate content measurements. Five microtextures (MT) are re-
cognized within the Cenomanian chalks of Cap Blanc-Nez (Fig. 6):

• MT1: poorly to uncemented pure chalk. The non-carbonate content
is low (below 8%), as well as the degree of cementation. Cement
overgrowths on coccolith particles are uncommon, and authigenic
calcite crystals are rare to absent. Contacts between grains are es-
sentially punctic and coccoliths are well preserved. Intraparticular
porosity of foraminifera and calcispheres is preserved.

• MT2: moderately cemented pure chalk. Samples are characterised
by low non-carbonate content (below 8%) and a higher degree of
cementation. Cement overgrowth is common, as well as authigenic
calcite crystals. Contacts between grains are serrated, and the
chambers of foraminifera and calcispheres are cemented.

• MT3: moderately cemented argillaceous chalk. Samples are char-
acterised by a very high non-carbonate content (> 20%), dominated
by clays. Clays are mostly observed as thin undulated flakes of
1–5 μm in size, non-orientated and dispersed in the matrix, some-
times larger clay sheets partly coat some carbonate grains.

• MT4: poorly cemented argillaceous chalk. The microtexture is very
similar to MT3. However, SEM observations of MT4 samples reveal
the presence of clay flakes orientated parallel to the bedding.

• MT5: highly cemented argillaceous chalk. MT5 samples display high
non-carbonate content (from 8 to 20%) and a high degree of ce-
mentation. Authigenic calcite crystals are present in the matrix.
Contact between grains ranges from punctic to fused. Microns-thick
cemented zones are regularly observed in the samples. Coccoliths
are rare, but usually well preserved, with common cement over-
growths. Clay particles are present as flakes, as in MT3 and 4, but do
not display any recognizable orientation.

As previously established, microtextures are controlled by both
depositional settings and diagenetic alteration (e.g. Fabricius et al.,
2007; Faÿ-Gomord et al., 2016a, b). Fig. 7 illustrates the relationship
between depositional facies and microtextures. Although there is no
clear correlation between one depositional facies and one single type of
microtexture, it appears that DF2–3, DF3 and DF4 preferentially show
clay-rich microtextures MT3, MT4 and MT5. DF5, DF6 and DF7 are

Fig. 3. (A) Basal Cenomanian sedimentary facies (DF2-3 to 3, cycle AC-4 and AC-5) (B) Sponge bed from a firmground, characteristic of AC-4/AC-5 sedimentary
cycles (C) HCS laminations characteristic of DF 2–3 (D) Storm deposits with many bioclasts (E) Overview of middle/upper Cenomanian deposits. The cyclicity is
highlighted by darker marl-seams horizons (F) PC-7 sedimentary cycles with marl-seams features (yellow arrow). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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dominated by pure microtextures MT1 and MT2. In terms of strati-
graphic distribution, MT3–5 are dominant in the lower to middle
Cenomanian (A. rhotomagense zone) strata, when the clay input from
the land was significant. MT1 and MT2 are prevalent from the middle
Cenomanian and upward, and were deposited during a period of low
detrital input. In the upper portion of the strata, clay-rich microtextures
are related to pressure-dissolution horizons. They are representative of
centimetre-thick intervals where marl-seams developed marked by
concentrated insoluble residue.

4.3. Petrophysics and geomechanics

Porosity values of the samples range from 17 to 37%. Permeability
values range from 0.04 to 2.3 mD with more than 70% of the samples
qualifying as tight chalks, according to the Joint Chalk Research defi-
nition, thus holding permeability values lower than 0.2 mD (Bailey
et al., 1999).

Depositional facies impacts porosity and permeability (Fig. 8).
Samples from DF5 (calcisphere-rich wackestone) cluster together, as
well as DF6 (calcisphere-rich mud-wackestone) (Fig. 8). The impact of
depositional setting on petrophysical properties has been proven in

chalks, especially the contrast between autochthonous and allochtho-
nous deposits (Kennedy, 1987; Taylor and Lapre, 1987). The latter
commonly exhibit better reservoir properties. The petrographic and
petrophysical observations on the Cap Blanc-Nez chalks show that small
depositional facies variations influence petrophysical properties. The
changes in grain size and sorting, controlled by deposition, especially
control the petrophysical properties. Microtexture also impacts porosity
and permeability (Fig. 8), however, of each of those depositional facies
types, which are classified according to hydrodynamics, the samples
exhibiting argillaceous microtexture display lower porosity and per-
meability values within all depositional facies. Several studies demon-
strate that microtexture, especially the degree of cementation and clay
content, controls petrophysical properties (e.g. Fabricius, 2007; Faÿ-
Gomord et al., 2016a, b; Mortimore and Fielding, 1990). The degree of
cementation and clay content are inversely related to porosity and
permeability values, MT1 samples display the highest values with
porosities ranging from 33 to 37% and permeabilities ranging from 0.3
to 2.3 mD. MT2 cementation reduces porosity (17–27%) and perme-
ability (0.15–0.4 mD). MT5 samples, which are characterised by both a
high degree of cementation and high non-carbonate content, display
tight chalk permeability values ranging from 0.04 to 0.13 mD, and

Fig. 4. Microphotograph of typical depositional facies (DF2-3) Packstone with many bioclasts, glauconitic grains and some quartz (DF3) Wackestone-packstone with
bioclasts, calcispheres and glauconitic grains (DF4) Fine wackestone-packstone with small bioclasts, calcispheres; displaying some bioclasts alignments (DF5)
Wackestone dominated by calcispheres (DF6) Mudstone-wackestone dominated by calcispheres and sponge spicules (DF7) Mudstone with rare calcispheres and
foraminifera.
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porosity is reduced to 17–25%. Clay-rich microtextures, with a low
degree of cementation (MT3 and 4) commonly displays very low per-
meability (below 0.2 mD) and high non-carbonate contents (16–37%).

Cap Blanc-Nez chalks cover a wide spectrum of uniaxial compres-
sive strength (UCS) values, ranging from 7 to 32MPa. They classify as
extremely soft (< 9MPa) to very hard (25–45MPa) according to the
classification of Mortimore and Fielding (1990). Porosity is known to be
a controlling parameter on UCS in sedimentary rocks (e.g. Chang et al.,
2006; Vernik et al., 1993). Regarding chalk samples from Cap Blanc-
Nez, the best-fit correlation between porosity and UCS is exponential
(Faÿ-Gomord et al., 2016b), and the coefficient of determination
R2=0.63 (Fig. 9). Dispersion of the data is a function of microtexture
variation. Several authors have demonstrated that parameters such as
cementation, grain contact and clay content control the geomechanical
properties (e.g. Faÿ-Gomord et al., 2016b; Mortimore and Fielding,
1990; Schroeder, 2002). Some MT1 samples (Fig. 9) display very low
strength ranging from 7 to 9MPa, while cemented samples from MT2
and MT5 display values ranging from 11 to 32MPa depending on the

degree of cementation. Therefore, strength increases with increased
cementation in this succession.

4.4. Mechanical stratigraphy

Fracture intensity strongly varies throughout the 70m thick suc-
cession. The normalised average fracture spacing of each mechanical
unit ranges from 18 to 232 cm, with coefficients of variation (Cv)
ranging from 0.32 to 0.85 (Appendix 2). The low Cv (< 1) reflects the
absence of clustering along the measured scanlines and quantifies the
regularity of the fractures. Along the section, five zones (Z1 to Z5) with
distinct mechanical behaviour can be differentiated (Fig. 10):

• Z1: The base of the lower Cenomanian, from 0 to 12m on the li-
thology log, is characterised by successive half-metre to metre scale
mechanical units (MU) from MU 1 to 9 (Fig. 10). Mechanical unit
thickness ranges from 63 to 220 cm and fracture spacing ranges
from 19 to 94 cm. Most sedimentary cycles (AC-cycles) represent

Fig. 5. Depositional environment reconstruction during early Cenomanian and middle/late Cenomanian.
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single mechanical units. Between 20 and 58% of the fractures in-
itiate between the firmground at the top of a cycle and the marly
deposits at the base of the overlying one. Mechanical interfaces (MI)
within this succession are mostly made of hardened bioturbated
firmgrounds, in some cases made up of a layer of sponges affected by
early cementation (MI 5/6, MI 7/8). On the mechanical interface MI
7/8 for instance 44% of fractures initiate or terminate, whereas 56%
cross-cut the interface. In the field, a fracture trajectory either stops
against a cemented sponge fossil or cross the mechanical interface
avoiding sponges, highlighting the impact fossils may have on the
strength of a mechanical interface.

• Z2: The first densely fractured zone (DFZ1) is observed from 12 to
26m (Fig. 10) in the lower Cenomanian. The DFZ are characterised
by large sigmoidal fractures which are confined to this stratigraphic
interval. The fractures cross the entire DFZ at high angles and are
deflected to lower angles towards the bottom and the top of the DFZ.
The sigmoidal fractures are connected by a very dense fracture
network (Fig. 11). The interface at the base of the DFZ corresponds
to a clay layer and is characterised by a high amount of initiating

fractures (e.g. 41% for DFZ1) at the interface.

• Z3: Middle Cenomanian, from 26 to 33m, is characterised by the
presence of two individual metre-thick firmgrounds of MT5 which
behave as separate mechanical units (i.e. MU10 and MU12).
Measurements show that 64% (MI DFZ1–10) and 31% (MI 11–12) of
fractures are initiating at the basal interface, while 62% (MI 10–11)
and 55% (MI 12–13) of the fractures terminate at the upper inter-
face. This means that a major part of the fractures within firm-
grounds are stratabound. They are thus poorly connected to the
overall fracture network. The percentage of fractures terminating at
the lower interface of a firmground is rather low (11 and 6% re-
spectively), probably due to the fact that a firmground is sedi-
mentologically marked by a gradual transition from regular chalk
towards a more hardened chalk, characteristic of condensed surfaces
associated with early sediment lithification. This explains the pre-
sence of stronger mechanical interfaces at the top of hiatal surfaces.
Cv for MU10 and MU12 equals 0.54 and 0.65 respectively, illus-
trating rather regular and homogeneous fracture spacing.

• Z4: From 33 to 53m, the insoluble residue is significantly lower and

Fig. 6. SEM-microphotograph and schematic representation of three characteristic microtexture type (MT1) Pure chalk with visible interparticle porosity (MT4)
Highly argillaceous chalk with clay flakes orientated parallel to the stratigraphy (MT5) Cemented argillaceous chalk displaying both clay flakes dispersed in the
matrix and calcite cements. In green are the clay flakes and in red the cement crystals. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

O. Faÿ-Gomord et al. Marine and Petroleum Geology 92 (2018) 962–978

971



chalk deposits are essentially characterised by an alternation of pure
chalk and marl-seams, with poorly pronounced softgrounds or ab-
sence of hiatal surfaces (Fig. 3 E–F). However, in terms of me-
chanical stratigraphy those 30–50 cm thick pure chalk (PC-7) sedi-
mentary cycles do not behave as separate entities. The thickness of
the mechanical units range from 2 to 5.5m, while fracture spacing
varies from 117 to 232 cm, revealing very low fracture intensity
compared to the rest of the Cenomanian succession. Mechanical
interfaces bounding MU15 and MU16 are clay layers, described by
Amédro and Robaszynski (2001) as stratigraphic marker-beds.
However, MU17 unit corresponds to a distinct sedimentological unit

semi-nodular chalk interval. Here the mechanical interfaces are
defined by a strong contrast between the semi-nodular chalk defined
by MT5 with an insoluble residue content of 12% and the sur-
rounding chalk defined by MT2 with 6–7% of insoluble residue.

• Z5: A second densely fractured zone (DFZ2) is observed from 53 to
74m in the upper Cenomanian. Like DFZ1, DFZ2 is characterised by
large stratigraphically-confined sigmoidal fractures, connected by a
very dense fracture network. The interface at the base of DFZ2
consists of a clay-rich layer, characterised by 60% of initiating
fractures, mostly large stratabound sigmoidal fractures. This zone is
mainly composed of pure chalk (PC-8) cycles where no hiatal sur-
faces nor bedding are observed.

The relationship between the mechanical unit thickness and the
fracture spacing show a linear correlation with a coefficient of de-
termination R2= 0.91 (Fig. 12) when the two major densely fractured
zones are not taken into account. However, very few data are available
for mechanical units thicker than 3m (MU15, 16 and 17). For thinner
mechanical units fracture saturation occurs, resulting in fracture spa-
cing not decreasing below 18 cm (MU10). Therefore, a power or ex-
ponential correlation law would also fit the data, but the data set (only
18 mechanical units) is too limited to define preferential correlations.
Instead, the focus of the study is given to the densely fractured zones,
which behave as preferential fluid flow pathways and aquifer re-
servoirs. This is shown by the fresh water outlets visible on the outcrop
(Fig. 11). If similar fracture zones would occur in hydrocarbon re-
servoirs, they would be potential preferential reservoir targets.

Fig. 7. (A) Pie charts of microtexture types plotted by depositional facies (B) Example of two samples that display similar depositional facies but different micro-
textures, CB47 and CB13. Relative to CB47, CB13 has been modified by pressure-dissolution that concentrated clays.

Fig. 8. Porosity versus permeability cross plot illustrating microtexture (colour)
and depositional facies (shape) influences. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this
article.)
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5. Discussion

5.1. Microtextures: sedimentology and diagenesis

The diversity of chalk microtextures observed at Cap Blanc-Nez is
shown Fig. 13. The two main factors controlling microtexture proper-
ties are depositional setting and subsequently diagenesis. The initial
non-carbonate content is a key parameter, which controls burial diag-
enesis. Within pure chalk (MT1) a stabilized framework develops early
during diagenesis and even more so in chalk affected by eogenetic
processes such as hardground formation (MT2), resulting in limited
grain to grain pressure dissolution during subsequent burial diagenesis.
SEM-observations show that the degree of cementation of the matrix
microtexture is higher in argillaceous chalk, especially chalk with an
insoluble residue ranging from about 10 to 25%. The pressure dis-
solution processes are concentrated at grain to grain contacts, leading
to cementation of the whole microtexture. Isolated rhombic calcite
crystals and overgrowth cements are common, resulting in MT3 or
MT5, where porosity loss results from both mechanical and chemical
compaction (Fig. 13). However, samples with insoluble residue higher
than 25% are less cemented and clay flakes are commonly orientated
parallel to bedding, reflecting intense mechanical compaction. Mallon
and Swarbrick (2008) noted that the effect of compaction can clearly be
seen in the highly argillaceous chalk. They describe mechanical flat-
tening, sometimes around more rigid features such as larger bioclasts.
Such features are observed in MT4 samples and suggest a possible clay-
content threshold value around 25% above which mechanical com-
paction dominates the loss in porosity.

In upper Cenomanian chalk of Cap Blanc-Nez, marl-seams are de-
veloped in slightly clay-rich chalks that contain about 5–10% insoluble
residue. Marl-seams commonly overlie hiatal surfaces, characterised by
a bioturbated layer in UK chalks (Kennedy and Garrison, 1975). Their
origin, sedimentary versus diagenetic, is still debated (Wray and Jeans,
2014). Microtextural and field observations suggest that marl-seams
result from burial diagenetic pressure-dissolution processes, which
propagate laterally ensuing local concentration of insoluble residues.
According to the model proposed by Westphal et al. (2000) and
Westphal (2006) with regard to marl-limestone alternations, limestone
beds are early cemented and thus mechanically stabilized. Moreover,
marl interlayers are compacted and calcium carbonate is dissolved
during burial diagenesis (Fig. 13, MT4). The limestone beds receive
calcium carbonate resulting in cementation, occluding primary porosity
(Fig. 13, MT2). According to Neugebauer (1973), pressure solution is
dependent on the contact pressure between two grains, which in geo-
technical terms can be expressed as the effective stress (σ’) (Terzaghi,

1936), defined as:

σ' = σ - u

where σ is the total stress and u the pore fluid pressure.
Therefore, the amount of pressure solution is largely dependent on

the pore fluid pressure. Hill (1987) suggested that the presence of clays
in chalk may reduce the permeability significantly and thus prevent
drainage, producing the undrained conditions required for pressure
dissolution. Marl-seams are initially depositional features which are
enhanced during diagenesis due to carbonate dissolution.

5.2. A multilayered reservoir

This study supports the idea that chalk behaves as a multi-layered
reservoir, especially when argillaceous chalk levels are present. The
overall behaviour of individual beds is controlled by both sedimentary
and diagenetic processes, which significantly affect the fracture dis-
tribution. Mechanical stratigraphy highlights that mechanical inter-
faces controlling fracture propagation always correspond to strati-
graphic bedding heterogeneities. They are caused by different
sedimentological and eogenetic processes, which commonly correspond
to either clay-rich layers or hiatal surfaces, whose ichnological features
are characteristic of a firm substratum. Duperret et al. (2002) first de-
scribed chalk as an aquifer controlled horizontally by the marls and
vertically by poorly developed pre-existing joint systems. Hydro-
geologists (Brouyère, 2006; Odling et al., 2013; Van den Daele et al.,
2007) consider chalk as a dual-porosity reservoir, with both matrix and
fracture porosity. However, chalk reservoirs are still commonly mod-
elled as homogeneous systems in an oversimplified way. A full under-
standing of fluid flow in argillaceous chalk reservoir systems requires
an integrated approach in the analyses and modelling of such re-
servoirs. In order to predict a fracture network from core analyses,
mechanical interfaces and their origins must be identified.

In this study, stratigraphic surfaces acting as mechanical interfaces
always display strong microtextural heterogeneities. These interfaces
commonly display strong contrast in insoluble residue or in degree of
cementation, whereas porosity values may remain similar. Top surfaces
of firmgrounds for instance, which are highly cemented, always behave
as mechanical interfaces. Interestingly, the matrix petrophysical prop-
erties of firmgrounds/hardgrounds qualify them as permeability bar-
riers. Nevertheless, since they are intensively fractured, they probably
behave rather as very permeable conduits, enhancing fluid flow.

However, not all stratigraphic heterogeneities act as mechanical
interfaces in other types of carbonates (Graham Wall, 2006; Underwood
et al., 2003). Marl-seams do not behave as mechanical interfaces and do

Fig. 9. Porosity versus uniaxial compressive strength (UCS) cross plot. SEM-microphotographs illustrate differences between a high-strength sample (CB23) with low
interparticle porosity and calcite cements and a low-strength sample (CB56) with high interparticle porosity and punctic contact between grains.
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not confine bed-perpendicular fracture propagation. They form sig-
nificant discontinuities within the succession, in terms of insoluble re-
sidue content. Graham-Wall (2006) reported similar observations
within Cretaceous carbonate aquifers, where pressure-solution features
acted as frictional interfaces. The solution seams allow fractures to
propagate through them until they are sheared. They may terminate on
bed-perpendicular fractures (Renshaw and Pollard, 1995; Cooke and
Underwood, 2001). For a predictive approach, gamma ray spectra of
boreholes could be used to define strong mechanical interfaces asso-
ciated with clear contrasts between pure and argillaceous chalk.

5.3. Densely fractured zone: the role of clay content

The homogeneity of the pure chalk played a significant role in its
fracturing behaviour (Rankin and May, 1996; Faÿ-Gomord et al.,

2016b). Pure chalk sedimentary cycles do not display any strong het-
erogeneity which would have stopped fracture development. Thus, the
pure chalk intervals correspond to Densely Fractured Zones (DFZ)
acting as single mechanical units of dozens of metres thick, with large
sigmoidal fractures confined to these units. Shear microstructures are
observed in clay-rich layers bounding the DFZ. They indicate the oc-
currence of shear parallel bedding with a strong link with argillaceous
content. The origin of the shear, however, is still being debated.

Clay flakes strongly influence the behaviour of the chalk submitted
to sediment load and overburden pressure. Therefore, in a succession
holding both argillaceous chalk and pure chalk intervals, different be-
haviours take place during compaction. During the first stage of burial
diagenesis, clay-rich chalk probably underwent strong mechanical
compaction, with a reorganization of the microtexture, while in pure
chalk grain to grain contacts develop which finally stabilized the

Fig. 10. Mechanical stratigraphy logging illustrating average fracture spacing for each mechanical unit. Location of the panoramas (Pano) detailed in Fig. 11 and
scanlines data numbered from 0 to 18 are available in Appendix 2.
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framework. However, as the system reaches a critical stress-load, pure
chalk fractured while clay-rich chalk was able to accommodate the
stress, to a certain extent. Such a differential compaction origin for
interstratal sliding has been first described by Wanless (1979) and is
invoked by Hill (1987) to explain the 10 cm sigmoidal shaped fractures
confined in the pure chalk beds of the Isle of Wight. These authors
correlated fracture geometries to a stress field with a maximum prin-
cipal stress angled normal to the bedding and with a shear component
parallel to the bedding. Interstratal sliding, and local but multi-direc-
tional compaction stresses first described by Wanless (1979), are also
dependent on the clay content. The DFZ are characterised by relatively
pure and homogeneous chalk compared to the surrounding layered
argillaceous chalk. Subhorizontal shear structures are observed in clay-
rich layers, essentially above and below the DFZ. Our study shows
contrasting UCS values ranging from 7 to 9MPa within pure chalk, and
from 20 to 32MPa in argillaceous chalk. In addition, clay-rich chalks
were proven to display a rather plastic behaviour, while pure chalks are
more brittle (Rankin and May, 1996; Faÿ-Gomord et al., 2016b). The
plastic behaviour of clays likely allowed them to accommodate part of
the stress within argillaceous intervals, while the stress translated into
intense fracturing within pure chalk.

However, the overall organization of the sigmoidal fractures pattern
in the DFZ is not fully coherent with the hypothesis of a differential
compaction origin. With a differential compaction on a regional scale,
one would expect to observe a random distribution of the fractures due

to horizontal isotropic stresses. Field measurements reveal that frac-
tures in the DFZ are strikingly periodic with a constant azimuth and dip
(∼N120°, 50°). The overwhelming majority of fractures are northeast-
dipping to the north of Escalles valley and southwest-dipping to the
south of Escalles valley, with azimuths roughly parallel to the Cap Blanc
Nez flexure axes (Fig. 1). These antithetic simple shears from either side
of the flexure argue for a tectonic origin of the interstratal shear in the
stratigraphic pile active during Paleogene inversion. Indeed, flexural
slip is the dominant mechanism for accommodating folding in se-
quences of layered sedimentary rocks that display large competence
contrasts (e.g., Ramsay, 1967; Chapple and Spang, 1974; Behzadi and
Dubey, 1980; Tanner, 1989). Slip is typically concentrated on the limbs
of the fold along horizons of low cohesion. Variations in cohesion along
mechanical interfaces lead to nonuniform-slip distribution. The differ-
ence between slip vectors at the top and bottom of the pure chalk in-
tervals is accommodated by the formation of recurrent opened sig-
moidal fractures (parallel to flexure axes) that may then be preferential
target zones in reservoirs, but may also behave as effective lateral flow
pathways, where permeability is enhanced by intense fracturing.

Outcrop analogue observations are therefore crucial to understand
the behaviour of subsurface pure/argillaceous chalk alternation. Pure
chalk intervals may then be preferential target zones in reservoirs, but
may also behave as lateral flow pathway, where permeability is en-
hanced by intense fracturing.

6. Conclusions

The multidisciplinary approach followed in this study provides a
profound understanding of the properties of argillaceous and pure
chalks and their fracturing behaviour. The integrated study unravels the
close interrelationship between depositional setting and diagenesis, and
how they both impact petrophysical, geomechanical and fracturing
properties in argillaceous and pure chalk. It offers promising prospects
for predicting chalk properties in the subsurface:

(1) Sedimentological, petrographic and petrophysical analyses indicate
how the combination of the detrital input and grain-sorting to-
gether with pressure solution and cementation control the micro-
texture. Differences in microtextures related to deposition, are ac-
centuated by diagenesis and thus constrain the petrophysical and
geomechanical properties of the chalks.

(2) Insoluble residue plays a key role in the diagenetic imprint. Pure

Fig. 11. Fracture networks of panoramas located on the
log Fig. 10. In red, mechanical interfaces. Pano 1: Lower
Cenomanian mechanical units constrained by sedimen-
tary cycles, with mainly stratabound fractures. Pano 2:
Densely fractured zone DFZ 1 with sigmoidal-shaped
fractures. Note water resurgences on the zoom-in (Pano
2′), which reflect the preferential fluid flow in the DFZ.
Pano 3: Many stratabound fractured confined to a 40 cm
thick mechanical unit (MU12) defined by a firmground.
Pano 4: Fracture network from DFZ2 with sigmoidal-
shaped fractures (white) connected by a dense fracture
network (black). (For interpretation of the references to
colour in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 12. Mechanical unit thickness versus fracture spacing cross plot.
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chalk is only slightly affected by mechanical compaction devel-
oping a rigid framework with strong grain to grain contacts. Burial
diagenesis resulted in the formation of pressure dissolution marl-
seams, which develop in chalk intervals slightly enriched in clays.
In chalk that contains 10 to about 25% of insoluble residue, clay
flakes between grains enhance cementation within the interparticle
porosity. However, from a certain threshold value of non-carbonate
content above around 25% IR, chalks are poorly to non-cemented
and mechanical compaction controls the microtexture, resulting in
clay flakes being oriented parallel to the bedding.

(3) The assessment of the mechanical stratigraphy shows that me-
chanical interfaces are associated with lithological heterogeneities,
yielding strong microtextural contrasts related to the non-carbonate

content or/and degree of cementation. The mechanical units are
thus defined either by deposition (sedimentary clay-rich layers,
Milankovitch sedimentary-cyclicity) or diagenesis in the form of
firmgrounds.

(4) The fracturing behaviour of about 10m homogeneous pure chalk
units differs significantly from the rest of the exposed succession.
Large sigmoidal-shaped fractures are confined to those intervals,
and a dense fracture network developed. Sliding with an apparent
shear-stress component is observed at the mechanical interfaces.
While plastic clay layers are able to accommodate part of the stress,
homogeneous pure chalk displays a more brittle behaviour. The
differential response resulted in densely fractured pure chalk in-
tervals which may act as preferential fluid flow pathways in

Fig. 13. Model for the influence of detrital input and diagenesis on chalk final microtexture.
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subsurface settings due to their increased fracture permeability.
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