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a b s t r a c t

This paper documents the pressure solution-fracturing interactions in weakly cohesive carbonate sedi-
ments and rocks by studying the synsedimentary deformation of the Campanian chalk from the Mons
Basin (Belgium). The present work shows that the development of a normal fault in a near-surface
marine environment can promote significant mass transfers and volume changes in weakly cohesive
micritic carbonate materials. The deformation corresponds to a mass redistribution from the deformed
zones adjacent to the fault plane towards the outermost deformed zones. These mass transfers result
from a faster return of the interstitial fluid pressure to an initial state within the outermost deformed
zones. The deformation is rapidly controlled by the volume gains caused by the diffused rupture of grain
contacts inside the outermost deformed zones and not by fracturing. Within the deformed zones
adjacent to the fault plane, the mass losses and the related chemical compaction lead to a decrease in
reservoir qualities of the material and the growth of a permeability barrier that rapidly restricts the flow
of interstitial fluids towards the active fractures. Within the outermost deformed zones, the transport
properties and the reservoir qualities of the material are maintained or increased.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Pressure solution (fluid-enhanced deformation) is considered
to be a major mechanism of rock deformation. In the upper crust,
it often plays an important role within zones where it is spatially
associated with brittle deformation (Gratier et al., 1999). Previous
contributions (Mimran, 1975, 1977; Jones et al., 1984; Carrio-
Schaffhauser and Gaviglio, 1990; Hellmann et al., 2002a, b; Angelier
et al., 2006; Schroeder et al., 2006; Darquennes et al., 2007;
Richard et al., 2002; Richard, 2008; Gaviglio et al., 1993, 1997, 1999,
2009) highlighted the interest to study the interactions between
pressure solution and fracturing by examining the experimental and
natural deformation in carbonate rocks and particularly in chalk.
A small number of these works focussed on the mass transfers and
volume changes caused by the pressure solution-fracturing interac-
tions and attempted to make clear, at the grain scale, the diagenetic
processes at the origin of these mass transfers and volume changes.
A first study (Richard, 2008) highlighted the interest of this approach
: þ33 3 81666558.
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to develop physico-chemical models of deformation mechanisms.
The present paper completes this first study by examining the syn-
sedimentary deformation of the Campanian chalk from the Mons
Basin in a near-surface marine environment.

Several works (Angelier et al., 2006; Schroeder et al., 2006;
Darquennes et al., 2007; Gaviglio et al., 1993, 1997, 1999, 2009)
were devoted to the study of interactions betweenpressure solution
and fracturing processes in chalk from the Mons Basin. These
previous contributions have chiefly provided data about the pet-
rophysical and petrographic impact of the pressure solution-frac-
turing interactions but did not examine the mass and volume
changes caused by thesemechano-chemical interactions.Moreover,
the modifications of transport properties of chalk (essential for
petroleum geologists) were poorly documented and no physico-
chemical model of the deformation mechanism was proposed. The
purpose of the present paper is therefore (1) to qualitatively and
quantitatively characterise the diagenetic signature (modifications
of reservoir qualities and transport properties, elemental signature
and nannofacies of chalk) of pressure solution-fracturing interac-
tions caused by the development of a dip-slip normal fault in the
”white chalk” from the Mons Basin, (2) to quantify the mass trans-
fers and volume changes, to determinate their spatial distribution
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and to make clear, at the grain scale, the diagenetic processes at the
origin of these mass and volume changes and (3) to propose
a physico-chemical model of the deformation mechanism.

2. Geological setting

The Mons Basin (30 km long and 15 km wide) that constitutes
a northern extension of the Paris Basin is located in southwestern
Belgium (Fig.1). It is filled by Cretaceous and Cenozoic deposits that
unconformably overlap the Paleozoic basement (Fig. 1).
Fig. 1. Geological map and geological section of the Mons
Detailed tectonic investigations have been carried out in the
Mons Basin (Vandycke et al., 1988, 1991; Vandycke and Bergerat,
1989; Vandycke, 2002). They highlighted that the Late Cretaceous
tectonics was dominated by an extensional regime (NWeSE
extension during the Late Campanian followed by a NEeSW
extension during the Maastrichtian) interrupted by a strike-slip
event during the Early Maastrichtian. The Late Campanian NWeSE
extension led to the development of N040�E to N055�E normal
faults, often associated with subvertical joints. The field observa-
tions indicate that normal faulting related to the Late Campanian
Basin with location of the HainaulteSambre quarry.
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NWeSE extension results from a synsedimentary tectonics that
probably played an important role in the basin subsidence
(Vandycke et al., 1991).

3. Sampling, analytical techniques and methods

3.1. Sampling

Core samples were collected in the HainaulteSambre quarry
located in the southern part of the Mons Basin near Harmignies
(Fig. 1). The studied fault system results from the development of
a dip-slip normal fault through a “white chalk” (insoluble residue
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Fig. 2. Simplified sketch of the studied working face with location of samples. The studied f
principal fault plane is N055�E, its dip is 67�S and the throw reaches 1.7 m. Two cores were d
one of 58.6 cm long through the hangingwall and one of 76.9 cm long through the footwall
fault plane (F), two of its subsidiary branches (f1 and f2) and joints. The samples showing a
below 3%) in the Obourg Chalk (Late Campanian lithostratigraphic
unit). It shows a principal fault plane with subsidiary branches
(Fig. 2). The strike of the principal fault plane F is N055�E, its dip is
67�S and the throw reaches 1.7 m (Fig. 2). The strike of the principal
fault plane indicates that the studied fault system is related to the
Late Campanian NWeSE extension and consequently to synsedi-
mentary tectonics.

Two cores (7 cm in diameter) were drilled at right angles with
the strike of the principal fault plane in a horizontal position (at the
core scale, the bedding plane can be considered as horizontal): one
of 58.6 cm long through the hangingwall and one of 76.9 cm long
through the footwall (Fig. 2). Both were drilled 1.2 m below a key
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ault system shows a principal fault plane (F) with subsidiary branches. The strike of the
rilled at right angles with the strike of the principal fault plane in a horizontal position:
. Both were drilled 1.2 m below a key bed with belemnites. They crosscut the principal
fault plane are in bold and italic whereas the samples showing a joint are in italic.
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bed with belemnites (Fig. 2). They crosscut the principal fault plane
F, two of its subsidiary branches (f1 and f2) and several joints
(Fig. 2).

3.2. Analytical techniques

3.2.1. Geochemical analyses
The concentrations of 53 elements were measured in S.A.R.M.

(Service d’Analyse des Roches et des Minéraux, Vandoeuvre-lès-
Nancy, France) by:

- ICP-AES: Al, Ca, Fe, K, Mg, Mn, Na, P, Si, Ti;
- ICP-MS: As, Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Ga, Gd, Ge,
Hf, Ho, In, La, Lu, Mo, Nb, Nd, Ni, Pb, Pr, Rb, Sb, Sm, Sn, Sr, Ta, Tb,
Th, Tm, U, V, W, Y, Yb, Zn and Zr;

- and AAS: Al.

The samples were ground to fine powders in an agate ball mill.
Subsamples were fused with lithium metaborate and the melts
dissolved in acid solutions. The concentrations are expressed in
parts per million (ppm). In the concentration ranges observed in
this study, the analytical accuracy is:

- <5% for Ca, Sr and Y;
- <10% for Al, Ba, Er, Eu, Hf, La, Nd, Si, V, Yb and Zn;
- <15% for Ce, Gd, Mg, Nb, Pr, Rb, Sb, Sm, Sn, Th, U and Zr;
- <20% for Ga, Co, Cr, Cs, Cu, Dy, Fe, Ho, Lu, P, Ta, Tb and Tm;
- >20% for As, Cd, Mo and Pb.
3.2.2. Pore space characterisation
Water porosimetry measurements were performed to deter-

mine the bulk density and the total porosity. The samples were
dried at 60 �C until they reached a stablemass (Md). Theywere then
degassed during 24 h in an air-tight enclosure before being
progressively saturated, from their bottom, with a degassed and
distilled water under a dynamic vacuum. The bulk density (r) and
the total porosity (F) are given by the expressions:

r ¼ Md=ðM1 �M2Þ

F ¼ ððM1 �MdÞ=ðM1 �M2ÞÞ � 100

where M1 is the mass of the sample entirely saturated with
a degassed and distilled water and M2 is the mass of the under-
water sample (hydrostatic weight). The analytical accuracies are �
0.002 (r) and �0.05% (F).

Measurements by mercury injection porosimetry were made by
using a Micromeritics PoreSizer Autopore IV porosimeter. They
allowed to clarify the distribution of pore access radii between 200
and 0.003 mm, to quantify the trapped porosity and to determine
the threshold radii. The trapped porosity percentage (Ft) is given by
the expression:

Ft ¼ ðF1=F2Þ � 100

where F1 is the porosity filled by liquid mercury at the end of the
extrusion cycle and F2 the porosity filled by liquid mercury at
the end of the intrusion cycle. The analytical accuracy is �0.05%.
The threshold radius ra (Dullien, 1979) was calculated from equa-
tions of secant tangents at the base of the cumulative pore volume
versus pore access radius curve (first injection). The analytical
accuracy ranges from �0.001 mm (ra z 0.04 mm) to � 0.01 mm
(ra z 2 mm).

The gas permeability measurements were performed with
a Hassler cell using nitrogen. During the measurements the flow
was laminar (Reynolds number below 0.001) and the lateral pres-
sure and the pressure gradient were equal respectively to 0.20 and
0.16 MPa. The analytical accuracy varies between �10% (k z 1 D)
and �0.5% (k z 0.001 mD).

3.3. Mass and volume changes: method

Isoconmethod is an effective means of quantitatively evaluating
changes inmass and volume in awide range of geological processes
(Grant, 1986, 2005). In the isocon analysis, the Gresens’ equation
(Gresens, 1967) was rewritten as:

CA
i ¼ MO=MA

�
CO
i þ DCi

�
(1)

where CO
i and CA

i are the concentrations of the major or trace
element i in the original and altered rock respectively, MO and MA

are the masses of the original and altered rock respectively and DCi
denotes the change in concentration of the major or trace element i
between the original and altered rock. For an immobile element, Eq.
(1) can be written:

CA
i =C

O
i ¼ MO=MA ¼ 1 (2)

because DCi ¼ 0. The masses of the original and altered rock (MO

and MA respectively) can be expressed by the formulae:

MO ¼ rO � VO (3)

MA ¼ rA � VA (4)

where r is the bulk density and V the volume. Combining Eq. (2)
with Eqs. (3) and (4), we can write:

CA
i =C

O
i ¼ MO=MA ¼

�
rO � VO

�.�
rA � VA

�
¼ 1 (5)

Eq. (5) allows to calculate the changes in volume and mass by
using the analytical data CO

i , C
A
i , rO and rA:

VO=VA ¼
�
CA
i =C

O
i

�
�
�
rA=rO

�
(6)

MO=MA ¼
�
rO=rA

�
�
�
VO=VA

�
¼ CA

i =C
O
i (7)

VO/VA (or MO/MA) > 1 indicates a volume (or mass) loss, VO/VA

(or MO/MA) < 1 indicates a volume (or mass) gain, VO/VA (or MO/
MA)¼ 1 indicates an alterationwithout change in volume (ormass).
The volume and mass changes are given in %.

4. Results

4.1. Petrophysical signature of the deformation

4.1.1. Total porosity
The total porosity versus sample position curve reveals that the

original chalk from the footwall and the hangingwall has two
different signatures (Fig. 3). The footwall and the hangingwall were
therefore investigated by using different reference values:
40.38e41.00% and 42.37e43.07% respectively. Considering these
reference values, it appears that the total porosity is modified
within a 43.3 � 1.9 cm wide zone (Fig. 3): 19.1 � 0.5 cm in the
footwall (samples 1 to 23e24) and 24.2� 1.4 cm in the hangingwall
(samples 1 to 24e27).

In the footwall (Fig. 3), the total porosity decreases within an
internal zone (samples 1 to 9e10) and it increases within an
external zone (samples 10e11 to 18e19). The lowest value (36.28%)
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is observed on the principal fault plane (sample 1). A total porosity
depletion is also observed on both sides of the subsidiary branch f1
within a 2.8� 1.4 cmwide zone (samples 19e20 to 23e24) but this
depletion is less important than the decrease linked to the principal
fault plane.

In the hangingwall (Fig. 3), the total porosity decreases from
42.37 to 43.07% (original chalk) to a minimum of 37.40% (sample 2).
Several differences are observed between the hangingwall and the
footwall: in the hangingwall, [1] the total porosity does not increase
within an external zone, [2] the lowest value (sample 2) is not
observed on the principal fault plane but at 1.4 cm from it and [3]
the development of the subsidiary branch f2 did not lead to any
change in total porosity.

4.1.2. Threshold radius and trapped porosity
In the footwall as well as in the hangingwall, the decrease in

total porosity is correlated with a decrease in threshold radii
(Fig. 4): from 0.38 mm (original chalk samples 29 and 57) to 0.34 mm
(lowest value, sample 3) and from 0.43 to 0.46 mm (original chalk
samples 31 and 55) to 0.35 mm (lowest value, sample 2) respec-
tively. The lowest threshold radii (footwall sample 3, hangingwall
sample 2) are not observed on the principal fault plane but at 1.4 cm
from it (Fig. 4). The samples closer to the principal fault plane
(footwall samples 1 and 2, hangingwall sample 1) show larger
threshold radii (Fig. 4). It is notably the case of footwall sample 1
that exhibits a value higher than the original chalk values. Footwall
samples 13 and 15 (Fig. 4) indicate that the increase in total porosity
observed from samples 10e11 to 18e19 (Fig. 3) is correlated with
an increase in threshold radius.

Significant changes in trapped porosity are only observed in the
two sides of the principal fault plane between 0.5 and 1.4 cm
(Fig. 4): the trapped porosity increases in the footwall and
decreases in the hangingwall. On the principal fault plane (footwall
sample 1), no change is observed (Fig. 4).

4.1.3. Permeability
Gas permeability measurements were performed using sub-

cores (1 cm in diameter, between 0.8 and 2.7 cm in length)
perpendicular or parallel to the principal fault plane and drilled in
the bedding plane.

In the footwall as well as in the hangingwall, the permeability
of perpendicular subcores varies with the distance to the principal
fault plane (Fig. 5). In the two sides of the principal fault plane,
a permeability depletion correlatedwith a decrease in total porosity
is observed (Fig. 5):

- within the footwall, the permeability decreases from 3.92 mD
(original chalk) to 2.41 mD (lowest value, sample A) within
a 6.9 � 2.7 cm wide zone (from samples CeB to the principal
fault plane);

- within the hangingwall, the permeability decreases from 3.38
to 3.63 mD (original chalk) to 2.20 mD (lowest value, sample a)
within a 4 � 0.6 cm wide zone (from samples ceb to the
principal fault plane).

In the footwall as well as in the hangingwall, the lowest values
(samples A and a respectively) are observed on the principal fault
plane (Fig. 5). Hangingwall sample d reveals that the low decreases
in total porosity are not correlated with significant changes in
permeability (Fig. 5). Footwall sample D (Fig. 5) indicates that the
increase in total porosity observed within the footwall from
samples 10e11 to 18e19 (Fig. 3) can be correlated to a significant
increase in permeability.

Thepermeabilityof parallel subcores ranges from2.38 to 7.41mD.
It is not correlated with the distance to the principal fault plane.

4.2. Geochemical signature of the deformation

The elemental signature of the deformation was clarified by
measuring the concentrations of 53 major and trace elements. The
concentrations of 10 elements (Be, Bi, Ge, In, K, Na, Mn, Ni, Ti and
W) are below detection limits. The concentration versus sample
position curves reveal that 24 elements (Al, Cs, Ga, Nb, Rb, Si, Ta, Th,
Y, Zr and REE) show strong evidence of variations caused by the
development of the studied fault system. The correlation matrix
from the normalised principal component analysis of the chemical
data-set shows a positive correlation between these 24 elements.
This suggests that these 24 elements shared the same behaviour
during the deformation.

The Al concentration versus sample position curve (Fig. 6) allows
to describe this behaviour. The original chalk from the footwall and
the hangingwall shows the same Al signature (1270e1429 ppm).
Considering these reference values, it appears that the Al concen-
tration is modified within a 33.5 � 2 cm wide zone (Fig. 6):
19.6� 1 cm in the footwall (samples 1 to 23e25) and 13.9� 1 cm in
the hangingwall (samples 1 to 14e16). In the footwall as well as in
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the hangingwall, the Al concentration increases within an internal
zone (samples 1 to 11e12 and 1 to 3e4 respectively) and decreases
within an external zone (samples 12e13 to 15e16 and 4e5 to 14e16
respectively). In the footwall, the Al concentration gradually
increases within the internal zone (from samples 11e12 to 2) but
the highest value (sample 2: 1746 ppm) is observed at 0.5 cm of the
principal fault plane. Within the internal zone of the hangingwall,
the highest value (1694 ppm) is also observed near the principal
fault plane (between 1.4 and 2.4 cm, samples 2 and 3). An Al
enrichment is noticed in the two sides of the subsidiary branch f1
within a 6.6 � 1.5 cmwide zone (samples 15e16 to 23e25). On the
other hand, no modification in Al concentration is observed in the
vicinity of the subsidiary branch f2.

Unlike REE concentrations, the development of the fault system
did not cause modifications in REE pattern. All REE patterns have
the same shape (Fig. 7): they show a distinct negative Ce anomaly
and a flat baseline reflecting a lack of fractionation between light,
middle and heavy REE.
4.3. Mass and volume changes

4.3.1. Identification of immobile elements
In order to quantify the changes in mass and volume caused by

the deformation by using the isocon method, immobile elements
must be first identified (Grant, 2005). A previous contribution
about the Oligocene deformation of the Coniacian chalk in the Paris
Basin (Richard, 2008) showed that several major and trace
elements (Al, Si and REE particularly) can be considered as immo-
bile elements when the pressure solution-fracturing interactions
affect a “white chalk” in an unconfined near-surface meteoric
environment. Evidence suggests that Al, Si and REE can be also
considered as immobile elements in the present investigation:

- the clay association of the deformed chalk was protected
from significant diagenetic effects during and after the defor-
mation because (1) the clay association consists of smectite and
illite (Richard et al., 2005), (2) the deformation results from
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a synsedimentary tectonic activity in a near-surface marine
environment (Section 5.1) and (3) the Campanian chalk from
the Mons Basin does not show any evidence of burial diagen-
esis (Richard et al., 2005);

- no evidence of dissolution and/or precipitation of silica are
observed in SEM and polarized light microscopy;

- the REE pattern does not show any modification caused by the
deformation (Section 4.2).

The correlation matrix from the normalised principal compo-
nent analysis of the chemical data-set indicates that Al, Cs, Ga, Nb,
Rb, Si, Ta, Th, Y, Zr and REE are correlated. This positive correlation
reveals that these 24 elements can be considered as immobile
elements during the deformation.
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The calculation of mass and volume changes was based on Eqs.
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�
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respectively) and the corresponding bulk densities (rO and rA). The
original chalk from the footwall and the hangingwall has the same Al
signature (CO

i ¼ 1270 to 1429 ppm, Section 4.2). The bulk density
versus sample position curve shows that the original chalk from the
footwall and the hangingwall has two different signatures. The
footwall and the hangingwall were therefore studied by using
different reference values: rOfootwall ¼ 1:594� 1:645 and
rOhangingwall ¼ 1:540� 1:562.

4.3.3. Quantification and spatial distribution of mass and volume
changes

The spatial distribution of mass and volume changes linked to
the principal fault plane is similar in the footwall and the hang-
ingwall (Fig. 8): themass and volume decrease in the internal zones
and increase in the external zones.

The mass and volume losses are similar in the footwall and
hangingwall internal zones (Fig. 8): the highest mass losses are
23.5% (sample 2) and 21.1% (samples 2 and 3) respectively and the
highest volume losses are 28.1% (sample 2) and 27.9% (sample 2)
respectively. These highest mass and volume changes are not
observed on the principal fault plane but slightly further (Fig. 8).
The affected zone is larger in the footwall (9.2 � 0.5 cm) than in the
hangingwall (3.4 � 0.5 cm).

The mass gains observed in the external zones are close (Fig. 8):
the highest mass gains are 20.2% in the footwall (sample 13) and
14.7% in the hangingwall (samples 6, 7 and 14). On the other hand,
the volume gains are more different (Fig. 8): the highest volume
gains are 25.6% in the footwall (sample 13) and 13.0% in the
hangingwall (sample 14). The affected zone is larger in the hang-
ingwall (9.9 � 1.5 cm) than in the footwall (2.8 � 1.0 cm).

Mass and volume losses are observed in the vicinity of the
subsidiary branch f1 within 6.6 � 1.5 cm (samples 15e16 to 23e25)
and 5.6� 1.5 cm (samples 16e17 to 23e25) wide zones respectively
(Fig. 8). The highest mass (15.9%, samples 18,19 and 20) and volume
(18.5%, sample 20) losses are lower than those linked to the prin-
cipal fault plane (�7.6% and �9.6% respectively). No mass and
volume change is related to the subsidiary branch f2 (Fig. 8).

4.3.4. Comparison between the mass and volume changes and the
total porosity modifications

The decreases (and the increases) in total porosity result from
mass and volume losses as well as mass and volume gains (Fig. 9).
The modifications in total porosity are in fact controlled by the
difference in mass and volume changes (mass change < volume
change or mass change > volume change, Fig. 9). The samples
15e16 to 24e27 collected in the hangingwall show lowdecreases in
total porosity without any change in mass and volume (Fig. 9).

4.4. Nannofacies modifications

The petrophysical data and the spatial distribution of mass and
volume changes allowed to select samples for SEM observations.

4.4.1. Nannofacies of the original chalk
The nannofacies of the original chalk (Fig. 10A) consists of coc-

cospheres (scarse), intact or broken coccoliths and anhedral primary
particles (a primary particle is one isolated constituent plate of coc-
colith). The content of intact coccoliths is important. The constituent
plates of coccoliths and the primary particles show smooth faces and
their shape is regular. Few secondary particles related to the
cementation of primary particles and/or coccolith fragments are
observed. The original chalk displays a point-contact fabric.

4.4.2. Nannofacies of the deformed chalk
The SEM observations allowed to study:

- the nannofacies of the deformed chalk showing a mass and
volume loss and a total porosity decrease (footwall sample 9 to
hangingwall sample 4, Fig. 9): this diagenetic evolution
(Fig. 10B) consists of a decrease in amount of coccoliths (the
intact coccoliths are scarse) that often display constituent
plates with an irregular shape. The primary particles show an
anhedral morphology with an irregular shape or a change in
morphology (from anhedral to subhedral or euhedral) linked to
overgrowths. The content of primary particles decreases but
their average size increases. The amount of secondary particles
increases. Their morphology is subhedral or euhedral. Disso-
lution pits are observed on the free faces of particles. The
nucleation of new crystals (authigenic particles) is limited
except at the rim of pores. All these modifications induced
a progressive evolution from a point-contact to a welded fabric
with straight or curved sutured contacts. This more dense
packing leads to a significant reduction in total porosity. At the
SEM scale, the modifications of the chalk fabric are not uniform
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(one sample always shows several fabrics). On the principal
fault plane, the main fabric is the coalescent fabric (Fig. 10C).

- the nannofacies of the deformed chalk showing a mass and
volume gain and a total porosity increase (footwall samples 13,
14 and 15, Fig. 9): this nannofacies (Fig. 10D) shows an
important amount of intact or broken coccoliths and primary
particles. The constituent plates of coccoliths and the primary
particles are anhedral and regular with smooth faces like in the
original chalk. They do not show evidence of dissolution. The
diagenetic evolution consists of an increase in content of
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secondary particles and the nucleation of authigenic particles.
The morphology of these secondary and authigenic particles is
subhedral or euhedral. Their growth induced an increase in
average size of particles without fabric change: the fabric is
a point-contact fabric like in the original chalk. No decrease in
total porosity is observed. These diagenetic modifications
appear homogeneous at the SEM scale.
Fig. 10. Evolutions of the nannofacies of the Campanian chalk from the Mons Basin resulting
fault system. (A) Original chalk (footwall sample 27): [1] intact coccolith showing constituent
with smooth faces and a regular shape, [4] secondary particle (cementation of primary part
volume loss with a total porosity decrease, footwall sample 3): [1] broken coccolith showin
primary particle with a euhedral morphology caused by overgrowths, [3] primary particle
euhedral secondary particle and [5] straight sutured contact. (C) Principal fault plane (foo
porosity increase, footwall sample 14): [1] intact coccolith showing constituent plates with
particle without significant dissolution evidence, [3] secondary particles, [4] euhedral auth
5. Interpretation and discussion

5.1. Diagenetic environment

The fault system studied in the present contribution results
from the development of a normal fault related to the Late Cam-
panian NWeSE extension (Section 3.1). Normal faulting linked to
from pressure solution-fracturing interactions linked to the development of the studied
plates with smooth faces and a regular shape, [2] broken coccolith, [3] primary particle
icles and/or coccolith fragments) and [5] point contacts. (B) Deformed chalk (mass and
g constituent plates with an irregular shape linked to dissolution on the free faces, [2]
with an anhedral morphology and an irregular shape resulting from dissolution, [4]
twall): [1] coalescent fabric. (D) Deformed chalk (mass and volume gain with a total
a regular morphology and smooth faces like in the original chalk, [2] anhedral primary
igenic particle and [5] point contacts.
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the Late Campanian NWeSE extension is only observed through
the Campanian lithostratigraphic units, never in the Maastrichtian
units (Vandycke et al., 1991). Considering the thickness of Campa-
nian lithostratigraphic units from the Harmignies area (Robaszinski
and Anciaux, 1996), it is reasonable to consider that the studied
fault system developed at depths smaller than 100 m. During the
deformation, this near-surface environment was an unconfined
phreatic zonewithmarine interstitial fluids: at the Late Campanian,
the Mons Basin was a marine environment and no permeability
barrier is observed in the Late Campanian lithostratigraphic
succession from the Harmignies area (Richard et al., 2005). The
studied deformation therefore results from a synsedimentary
tectonic activity in a near-surface marine environment where it
affected a weakly cohesive material.

5.2. Diagenetic impact of the principal fault plane

5.2.1. Pore space modifications
5.2.1.1. Reservoir qualities. The development of the fault system
modified the total porosity of chalk within a 43.3 � 1.9 cm wide
zone (Section 4.1.1). The spatial distribution of modifications is
controlled by the distance to the principal fault plane but the
subsidiary branch f1 also played a significant role (Fig. 3).

In the footwall as well as in the hangingwall, the decrease in
total porosity is linked to a decrease in threshold radius (Section
4.1.2). This petrophysical evolution indicates a decrease in pore size
and pore-throat size. In the "white chalk", it is reasonable to
consider that the trapped porosity is mainly controlled by the ratio
distance to the principa
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Dpore/Dpore-throat where Dpore is the pore diameter and Dpore-throat
the pore-throat diameter. The trapped porosity therefore highlights
that the decrease in pore size and pore-throat size occurredwithout
modifications of the ratio Dpore/Dpore-throat in the samples showing
a low total porosity depletion (footwall sample 6 and hangingwall
samples 8 and 15, Fig. 4). In the samples showing a high total
porosity depletion (footwall samples 2 and 3 and hangingwall
sample 2, Fig. 4), the decrease in pore size and pore-throat size
occurred with a modification of the ratio Dpore/Dpore-throat: in
the footwall, the difference between the pore diameter and the
pore-throat diameter increases (increase in trapped porosity)
whereas, in the hangingwall, it decreases (decrease in trapped
porosity).

On the principal fault plane, the chalk shows a specific signature
(Sections 4.1.1 and 4.1.2). The comparison between footwall and
hangingwall samples 1 and their neighbouring samples (footwall
and hangingwall samples 2) reveals that the pore-throat size
increases and the difference between the pore diameter and the
pore-throat diameter decreases (Fig. 4).

In the footwall, the samples with an increase in total porosity
(samples 13 and 15, Fig. 4) show an increase in pore size and pore-
throat size without modification of the ratio Dpore/Dpore-throat.

5.2.1.2. Transport properties. The development of the fault system is
at the origin of modifications of the chalk permeability (Section
4.1.3). These modifications are controlled by the distance to the
principal fault plane (Fig. 5). The deformation promoted the
development of a permeability barrier inside zones adjacent to
l fault plane F (cm)
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the principal fault plane: 4 � 0.6 cm wide zone in the hangingwall
and 6.9 � 2.7 cm wide zone in the footwall (Section 4.1.3). Within
the more external deformed zones, significant modifications are
only observed in the footwall where the increase in total porosity
can be associatedwith an increase inpermeability (sampleD, Fig. 5).

Footwall samples 6 and 13 and hangingwall samples 1 and 8
show a poor correlation between the threshold radius and the
permeability (Fig. 11). This evidence indicates that the permeability
can be controlled by the petrophysical characteristics of narrow
bands or planes that represent a small part of the total pore space.
In samples 13 (footwall) and 8 (hangingwall), these narrow bands
or planes have an original pore space whereas, in samples 6
(footwall) and 1 (hangingwall), they have a pore space more
modified than the adjacent material. In samples 6 and 13 (footwall)
and 1 (hangingwall), these narrow bands or planes are parallel or
sub-parallel to the principal fault plane whereas, in sample 8
(hangingwall), they are perpendicular to the principal fault plane. It
therefore appears that the deformation of the pore space is not
homogeneous.

5.2.2. Mass and volume changes at the grain scale
The SEM observations allow to clarify, at the grain scale, the

diagenetic processes at the origin of mass and volume changes
related to the principal fault plane.

Within the internal zones (from footwall samples 11e12 to
hangingwall samples 4e5, Fig. 8), the mass losses result from the
dissolution of primary particles and constituent plates of coccoliths
(the primary particles and the constituent plates of coccoliths often
display an irregular shape linked to the development of dissolution
pits and their amount decreases). This dissolution took place at the
solidesolid contacts (evolution from point contacts to sutured
contacts) and solid-fluid contacts (dissolution pits on the free
faces). The change in morphology of some primary particles (from
anhedral to subhedral or euhedral), the increase in average size of
these primary particles and the increase in amount of secondary
particles reveal that precipitation took place in the internal zones
despite the mass losses but the dissolution/precipitation ratio is
above 1. The progressive evolution from a point-contact fabric to
awelded fabric (more dense packing) and the change in solidesolid
contacts (from point contacts to sutured contacts) indicate that the
volume losses inside the internal zones result from a chemical
compaction linked to the mass losses.

Within the external zones (from samples 12e13 to 15e16 in the
footwall and from 4e5 to 14e16 in the hangingwall, Fig. 8), the
mass gains are related to the formation of secondary particles and
the growth of authigenic particles that induced a significant
increase in average size of particles. The SEM observations indicate
that the dissolution in the external zones is restricted: [1] the
evidence of dissolution is scarse, [2] the amount of coccoliths and
primary particles is high and [3] the primary particles and the
constituent plates of coccoliths are anhedral and regular and they
The interstitial fluids, particularly the interstitial fluids of internal zones, mainly migrate tow
about the development of internal and external zones through time can be proposed: mode
a successive development of internal and external zones. In the internal zones, the modificat
(decrease in total porosity and permeability) of the medium gradually restrict the diagene
probably at the origin of the migration of the external border of internal zones towards mo
changes at the grain scale in the internal and external zones. Inside zones adjacent to the
decrease in interstitial fluid pressure leads to an increase in stressestrain energy of grains a
plates of coccoliths and primary particles therefore takes place along the solidesolid contac
the margins of solidesolid contacts by increase in plastic or elastic energy and at the solid-flu
origin of volume losses occurs in response to these mass losses. The dissolution that tak
a supersaturation of interstitial fluids with respect to calcite. Precipitation therefore occurs
particles) but it principally takes place within the external zones (formation of secondary pa
stressestrain energy is shorter in the external zones than in the internal zones and the sup
grain contacts inside the medium promotes volume gains. The mass transfers resulting from
plane therefore correspond to a mass redistribution from the internal to the external zone
show smooth faces like in the original chalk. Two hypotheses can be
proposed to explain the volume gains: a localized rupture of grain
contacts at the origin of the formation of microscopic fracture
planes or a diffused rupture of grain contacts inside the medium.
Considering the permeability data and the SEM observations, it is
reasonable to consider that the volume gains in the external zones
result from a diffused rupture of grain contacts inside the medium:

- no microscopic fracture plane is observed inside the external
zones;

- the permeability that ranges between 3.29 mD and 5.60 mD
prohibits the presence of a network of interconnected and
open microscopic fractures;

- the samples collected in the external zones do not show any
permeability depletion related to precipitation of secondary
calcite inside microscopic fracture planes parallel or sub-
parallel to the principal fault plane;

- the mass gains related to the formation of secondary particles
and the growth of authigenic particles and the increase in
average size of particles did not induce a change in fabric (the
chalk of external zones displays a point-contact fabric like in
the original chalk) nor a reduction in total porosity.
5.2.3. Comparison footwall e hangingwall
The evaluation of mass and volume changes related to the

principal fault plane (Fig. 8) suggests that the footwall is more
affected than the hangingwall:

- the internal zone characterised by mass and volume losses is
wider in the footwall (9.2 � 0.5 cm) than in the hangingwall
(3.4 � 0.5 cm);

- in the external zones, the highest mass and volume gains are
observed in the footwall (sample 13).

One observation seems to go against the above conclusion
(Fig. 8): the external zone is wider in the hangingwall (9.9� 1.5 cm)
than in the footwall (2.8 � 1.0 cm). But it is reasonable to consider
that the development of the subsidiary branch f1 restricted the
diagenetic impact of the principal fault plane in the footwall.

The total porosity modifications related to the principal fault
plane show that the hangingwall is more affected than the footwall
(Fig. 3): the total porosity is modified within a 15.9 � 0.5 cm wide
zone in the footwall (samples 1 to 18e19) and within
a 24.2� 1.4 cmwide zone in the hangingwall (samples 1 to 24e27).
But it is clear that the development of the subsidiary branch f1
restricted the diagenetic impact of the principal fault plane (Fig. 3).

The presence of subsidiary branches in the studied fault system
does not allow to clarify if the diagenetic impact related to the
development of the principal fault plane is more important in the
footwall than in the hangingwall.
ards the external zones where volume gains occur. At present, two conceptual models
l I with a simultaneous development of internal and external zones and model II with
ions of the fabric (evolution from a point-contact to a welded fabric) and the pore space
tic impact of repetitive interstitial fluid pressure depletions. This negative feedback is
re external zones. (C) Diagenetic processes at the origin of mass transfers and volume
principal fault plane (internal zones), and principally along their external border, each
ggregates and an input of undersaturated interstitial fluids. Dissolution of constituent
ts by increase in normal stresses (evolution from point contacts to sutured contacts), at
id contacts (dissolution pits on the free faces of particles). A chemical compaction at the
es place inside zones adjacent to the principal fault plane (internal zones) leads to
inside the internal zones (overgrowth of primary particles and formation of secondary
rticles and growth of authigenic particles) because the length of time of the increase in
ersaturated fluids migrates towards the external zones where the diffused rupture of
pressure solution-fracturing interactions led by the development of the principal fault

s.
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5.3. Diagenetic impact of subsidiary branches

Although the present study is not focussed on the diagenetic
impact of subsidiary branches, it clearly appears that f1 and f2 show
different behaviours:

- a decrease in mass, volume and total porosity is observed on
both sides of f1 (Figs. 3 and 8). These diagenetic modifications
are similar to those linked to the principal fault plane but they
are less important (Sections 4.1.1 and 4.3.3);

- no change in mass, volume and total porosity is related to the
development of f2 (Figs. 3 and 8).

Two phenomena can account for these different behaviours:
a difference in throw (a lower throw cause a less important
deformation) and/or a difference in distance between subsidiary
branch and principal fault plane (the diagenetic impact of subsid-
iary branches increases with the distance to the principal fault
plane).

5.4. Conceptual model of the deformation mechanism

A physico-chemical model of the deformation mechanism can
be proposed by considering all the data detailed above (Fig. 12). The
studied fault system results from a synsedimentary tectonic activity
in an unconfined and phreatic near-surface marine environment
where it affected a weakly cohesive material (Section 5.1). The
development of the principal fault plane (with its subsidiary
branches) and the volume gains caused by the diffused rupture of
grain contacts in the outermost deformed zones (external zones)
trigger repetitive and temporary decreases in interstitial fluid
pressure through time (Fig. 12A). Each decrease in interstitial fluid
pressure is at the origin of an input of undersaturated fluids with
respect to calcite and a flow of interstitial fluids through chalk
towards the active fractures and the external zones where volume
gains occur. The development of a permeability barrier on the
principal fault plane, and gradually within adjacent zones (internal
zones), restricts the flow of interstitial fluids towards this active
fracture (Fig. 12B). It therefore appears that rapidly:

- the decreases in interstitial fluid pressure are mainly controlled
by the volume gains caused by the diffused rupture of grain
contacts in the external zones (Fig. 12A);

- the interstitial fluids, particularly the interstitial fluids of
internal zones, mainly migrate towards the external zones
where volume gains occur (Fig. 12B).

Within zones adjacent to the principal fault plane (internal
zones), and principally along their external borders, each decrease
in interstitial fluid pressure triggers an increase in stressestrain
energy of grains aggregates and an input of undersaturated inter-
stitial fluids with respect to calcite. Dissolution of constituent plates
of coccoliths and primary particles therefore takes place (Fig. 12C)
along the solidesolid contacts by increase in normal stresses
(evolution from point contacts to sutured contacts), at the margins
of solidesolid contacts by increase in plastic or elastic energy and at
the solid-fluid contacts (dissolution pits on the free faces of parti-
cles). A chemical compaction at the origin of volume losses occurs
in response to these mass losses (Fig. 12C). The modifications of
the fabric (evolution from a point-contact to a welded fabric) and
the pore space (decrease in total porosity and permeability) of the
medium gradually restrict the diagenetic impact of interstitial fluid
pressure depletions. This negative feedback is probably at the origin
of the migration of the external borders of internal zones towards
more external zones (Fig. 12B).
The dissolution that takes place within the internal zones leads
to a supersaturation of interstitial fluids with respect to calcite.
Precipitation therefore occurs inside the internal zones (over-
growth of primary particles and formation of secondary particles)
but it mainly takes place inside the external zones (formation of
secondary particles and growth of authigenic particles) because:

- the length of time of the increase in stressestrain energy is
shorter in the external zones than in the internal zones. The
reservoir qualities and the transport properties of chalk of
external zones allow a faster return of the interstitial fluid
pressure to an initial state (Fig. 12A)

- the supersaturated interstitial fluids migrate towards the
external zones where the diffused rupture of grain contacts
inside the medium promotes volume gains (Fig. 12B and C).

The mass transfers related to the development of the principal
fault plane therefore correspond to a mass redistribution from the
internal to the external zones (Fig. 12C). At present, two conceptual
models about the development of internal and external zones
through time can be proposed (Fig. 12B): model I with a simulta-
neous development of internal and external zones and model II
with a successive development of internal and external zones.

6. Conclusions

The present contribution highlights that the pressure solution-
fracturing interactions can promote important diagenetic modifi-
cations in reservoir qualities, transport properties, elemental
signature and nannofacies of weakly cohesive micritic carbonate
materials. This diagenetic evolution results from significant mass
transfers and volume changes.Within the deformed zones adjacent
to the fault planes, the mass losses and the related chemical
compaction lead to a decrease in reservoir qualities of the material
and the development of a permeability barrier that rapidly restricts
the flow of interstitial fluids through medium towards the active
fractures. The deformation is therefore rapidly controlled by the
volume gains caused by the diffused rupture of grain contacts
inside the outermost deformed zones and not by fracturing. Within
the outermost deformed zones, the deformationmechanism allows
to maintain or to increase the reservoir qualities and the transport
properties of the material.
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