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• Oolithic carbonate rocks from the
Paris Basin are studied under in situ
conditions.

• Elastic and mechanical properties
are controlled by porosity distribu-
tion in micrite.
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the contrasting behavior with pore
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a b s t r a c t

The mechanical behavior of oolithic carbonate rocks was investigated for selected rocks
with two different microstructural attributes: uniform (UP) and rimmed (RP) distribution
of microporosity within ooids. These oolithic carbonate rocks are from the Oolithe
Blanche formation, a deep saline aquifer in the Paris Basin, and a possible target for CO2
sequestration and geothermal production. Samples of similar physical properties (porosity,
grain diameter, cement content) but differentmicroporosity textureswere deformedunder
triaxial configuration, inwater saturated conditions, at 28MPa of confining pressure, 5MPa
of pore pressure and at a temperature of 55 °C. During the experiments, acoustic velocities
were monitored, and permeability was measured. The results show that the mechanical
behavior of these microporous carbonates are strongly controlled by the microporosity
distribution within the grains, at the origin of variations in elastic properties, mechanical
strength and failure mode. The lower velocities measured in UP samples indicate a larger
compliance of the whole structure. The mechanical response indicates that UP samples
are characterized by a ductile behavior whereas RP samples display a brittle behavior.
Using a conceptual model for the failure envelope of both rocks, our observations can be
accounted for if one considers a significant variation of the critical pressure P∗, with UP
samples having a lower P∗ than RP samples. The permeability evolution under stress was
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interpreted using a revised Kozeny–Carman equation, showing that fluid flow is strongly
affected by the tortuosity of the pore space, which is controlled by the microporosity
distributionwithin the ooids. This study brings new insight into the parameters controlling
the physical and mechanical response of oolithic carbonates, and the possible impact on
production of geothermal energy at depth or storativity for CO2 sequestration operations.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Deformation in porous rocks is a crucial problem in fault
development and reservoir management. Active tectonics
and extraction of fluidsmodify the pore pressure in a reser-
voir, causing variations of the effective stress and possibly
leading to faulting and inelastic deformation. The ability to
interpret and predict the occurrence and extent of such de-
formation depends on a fundamental understanding of the
mechanical properties (inelastic behavior, failure mode) of
porous rocks.

The Oolithe Blanche formation, is one of the two major
deep saline aquifers in the Paris Basin (France). This forma-
tion has been used for over thirty years in the exploitation
of geothermal energy and newwells are still implemented
nowadays. This reservoir was also selected by the French
geological survey (BRGM) as a potential target for CO2
geological storage.1 However, several studies concerning
both type of exploitations showed that the Oolithe Blanche
forms a complex carbonate reservoir presenting heteroge-
neous petrophysical and microstructural properties.2–6

Many studies using P-wave velocities measurements
have shown that dynamic moduli of carbonate rocks are
controlled by several microstructural parameters such as
rock fabric, pore type and shape, porosity and pore fluid,
making it difficult to attribute changes in seismic expres-
sion to any one parameter.3,4,6–15 Elastic waves are, in
essence, small mechanical perturbations and are there-
fore affected by the rockmicrostructure and rock deforma-
tion processes. An effect is thus logically expected on the
static moduli, which are directly measured during defor-
mation, and therefore on the overall mechanical response
of carbonate rocks. Numerous studies have described me-
chanical compaction in carbonate rocks.16–20 The brittle to
ductile transition in carbonates shows different attributes
than those found in silicate rocks. Limestones undergo
the brittle to ductile transition at room temperature for
confining pressures accessible in the laboratory21–24 be-
cause calcite requires relatively low shear stresses to
initiate mechanical twinning and dislocation. In lime-
stones of intermediate porosity (from 3% to 18%), dilatancy
and shear localization is developed under low confin-
ing pressure, while strain hardening and shear-enhanced
compaction are observed at high confining pressure.16–18
However at high confining pressure and after a cer-
tain amount of strain-hardening, the samples consistently
evolve from compaction to dilatancy. This characteristic of
dilatant and compactant failure in carbonates is a common
feature shared with many types of porous sandstones.25

Motivated by the microstructural observations, a num-
ber of micromechanical models have been proposed to
capture the brittle and ductile failure in porous rock. In
the brittle field, models involving pore-emanated crack26
and sliding wing crack27–29 have been tested to interpret
the experimental data. In relation to these models, ana-
lytic estimates of the brittle strength as a function of the
initial damage have been derived20,30,31 and the theoret-
ical predictions can conveniently be compared with lab-
oratory data. In the ductile field, the grain crushing30,32
and Hertzian fracture25,33 models have been developed
for analyses of pore collapse in carbonate and siliciclastic
rocks, respectively. However, considering the extreme het-
erogeneity of pore systems andmicrostructures in carbon-
ate rocks, the pore collapse model for limestone30 would
likely be inappropriate in situations where dual porosity is
not present, like in carbonates dominated bymicritic struc-
tures only. To date, there is a lack of microstructural data
and observations to constrain more elaborate models.

A key question on the mechanics of inelastic deforma-
tion is: how does the starting microstructure of porous
carbonates trigger or inhibit the development of inelastic
compaction at a given pressure? In this paper, we address
this major issue by presenting new physical and mechan-
ical data on porous carbonates with different microstruc-
tural settings. We also provide insights on the dominant
micromechanismof deformation that leads tomacroscopic
compaction in porous carbonates. Finally, we investigate
the change in ultrasonic velocities and permeability as a
function of increasing hydrostatic pressure and deviatoric
stress.

2. Sampling and experimental set-up

2.1. Sample selection and preparation

The Oolithe Blanche samples are from the same blocks
studied by Casteleyn et al.3,4 and Makhloufi et al.,6 who
have provided a fully detailed petrophysical description.
The blocks come from three quarries located in the Paris
Basin (France), in the north of Burgundy near the towns
of Massangis (N 47°37′19.22′′

; E 3°57′22.49′′), Bierry-
Les-Belles-Fontaines (N 47°36′42.96′′

; E 4°10′48.78′′)
and Ravières (N 47°43′34.92′′

; E 4°14′21.36′′) (Fig. 1).
The Oolithe Blanche formation is an ooid-rich limestone
with minor bioclastic content (echinoderms, bivalves, bra-
chiopods, gastropods, bryozoans and foraminiferas). Ooids
found in this limestone show laminations typical ofmarine
ooids formed in a disturbed environment.Macroporosity is
not observed and the dominant inter-crystalline microp-
orosity (pore diameter < 10 µm as defined by Lønøy34)
occurs in a lithified matrix located in the grains and is
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Fig. 1. Geological map of the Eastern part of the Paris Basin, and localization of the three quarries investigated. Simplified from Makhloufi et al.6
essentially composed of microcrystalline calcite particles
(‘micrite’, Folk35). Two different microstructures are of
primary interest here and are linked to the microporos-
ity distribution within the grains: (1) ‘‘Uniform poros-
ity’’ (called hereafter UP) samples with fully microporous
grains (Fig. 2(A) and (C)) and (2) ‘‘Rimmed porosity’’ (called
hereafter RP) samples displayingmicroporosity only at the
edge of grains (Fig. 2(B) and (D)). Microporous areas are
mostly composed of rounded to subrounded particle mor-
phologies, whereas non-microporous parts are essentially
made of anhedral morphologies (sensu Deville de Periere
et al.36) (Fig. 2(E)–(H)).

Two samples of both UP and RP varieties were cored
perpendicular to the sedimentary bedding. The size of the
cores depended on the analytical protocols to be applied.
Porosity and gas permeability at low confining pressure
were measured on 25 mm diameter/50 mm length sam-
ples, and 40 mm diameter/83 mm length samples were
prepared for mechanical deformation and permeability
evolution in a triaxial cell.

2.2. Experimental procedure

Porosity of dry samples was measured by the gas ex-
pansion method (here nitrogen) at ambient temperature
and pressure. Permeability tests were performed with a
steady-state nitrogen permeameter (lower limit of 0.001
mD). The nitrogen permeabilitymeasurementsweremade
at a confining pressure of 3MPa andwere corrected for the
Klinkenberg effect. The mechanical tests were performed
in a conventional triaxial cell at the Laboratoire de Géolo-
gie of École Normale Supérieure (Paris, France) which is
fully described in Ougier-Simonin et al.37 The hydrostatic
and differential stresses were servo-controlled with an
accuracy of 0.01 MPa. The confining medium was oil. Pore
pressure was driven by a precision volumetric pump. Pore
fluid (tapwater in equilibriumwith CaCO3)was introduced
into the sample through the hardened steel platens and
we used thin porous steel spacers to distribute the pore
fluid on the top and bottom sample surfaces. The pore
pressure was kept constant during the experiment. The
variation of the pore volume during a test allowed the evo-
lution of volumetric strain to be obtained from the injected
or withdrawn volume of water, neglecting the deforma-
tion of the solid elements at such low stresses. To perform
permeability measurements under stress, a differential
pore pressure of 1 MPa was applied between upstream
and downstream pressures, inducing a flow through the
sample. Accordingly, the permeability can be inferred di-
rectly fromDarcy’s law. Axial strainwasmeasured by three
eddy (or Foucault) current sensors mounted externally to
the sample37 with an uncertainty in measurements esti-
mated to 10−5. The samples were jacketed in a perforated
neoprene sleeve and a set of 8 piezoceramic transduc-
ers is used to measure high frequency P and S-wave ve-
locities along radial directions. Ultrasonic velocities were
corrected for radial strain of the samples. Petrographic
analyses of average grain size (with a minimum of 500
counts per thin sections) and cement proportion (back-
ground analysis technique, expressed in percentage) were
conducted on blue dyed thin sections using JmicroVision
Image Analysis software (http://www.jmicrovision.com),
on both intact rock and post-mortem samples. Thin
sections were made along the axial orientation of the
samples.

Our objective was not to get a comprehensive knowl-
edge of the mechanical behavior of the selected rocks by
building the complete failure envelopes, but to compare

http://www.jmicrovision.com
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Fig. 2. Pictures of the samples selected for the experiments. The microporosity is dyed in blue color. Ooids can be completely microporous (A) or they can
show a rimmedmicroporosity located on the outside cortex of the ooids (B). C and D: schematic illustration of the two different microstructural attributes.
E and F—SEM pictures of a rimmedmicroporosity ooid, and the boundary between microporous and tight parts (F). The outer part of the cortex (G) display
fine grained (1 µm) and the inner part is characterized by tight and coarse anhedral micrites (3 µm). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
at a selected stress state how the initial microstructure
will affect the hydro-mechanical properties. This was done
on two samples taken from each set of UP and RP sam-
ples. The stress state that was selected mimics the in situ
conditions prevailing in the Oolithe Blanche formation in
the center of the Paris Basin at a depth of about 2 km. All
experiments were carried out under water saturated con-
ditions at an effective confining pressure of 23 MPa (con-
fining pressure Pc = 28 MPa and a pore pressure Pp =

5 MPa) and at a temperature of 55 °C. First, confining and
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Fig. 3. A—P-wave velocity vs. porosity crossplot. B—Capillary imbibition coefficient vs. porosity cross-plot. The distribution of velocity and capillary
coefficient values regarding the microstructural attribute is very clear.
Source:Modified from Casteleyn et al.3,4 and Makhloufi et al.6
Table 1
Petrophysical description of the selected rocks (measured on samples of the same blocks as the selected samples for mechanical testing).

Sample MA04 RA13 BY11 RA15

Porosity (%) 15.7 15.3 16 15.5
Permeability (mD) 0.06 0.06 0.68 0.13
Pore throat diameter (µm) 0.2 0.23 0.7 0.19
Cement content (%) 4.51 4.55 6.41 6.84
Grain size (µm) 355 440 389 479
Microstructure Rimmed porosity Rimmed porosity Uniform porosity Uniform porosity
pore pressure were set to 8 and 5 MPa respectively, then
temperature was increased to 55 °C. In a second step sam-
ples were loaded hydrostatically at the desired confining
pressure (σ1 = σ2 = Pc), and then the axial stress (σ1)
increased incrementally under controlled axial strain rate
(10−5 s−1) while maintaining the radial stresses constant.
At different stages of deformation, the axial loading ram
was locked and the in situ permeability was measured as a
function of the stress state.

3. Results

In our previous works,3,4,6 a comprehensive study
of the petrophysical properties of the Oolithe Blanche
formation has been done on a large set. In particular, vari-
ations of elastic wave velocities and transport proper-
ties could be linked to specific microstructural attributes.
Fig. 3(A) shows that there is a clear separation between
the UP samples where the P wave velocity is lower than
about 4000 m/s, and the RP samples which have a higher
velocity.4 A similar separation exists for the capillary co-
efficient derived from spontaneous water imbibition ex-
periments (Fig. 3(B)), with clearly lower values for the RP
samples compared to the UP samples.3 Therefore both mi-
crostructural arrangements selected in this study (Fig. 2)
are reported to have a specific response for the acoustic
and fluid flow properties. We expect similar contrasted
results for the mechanical behavior and permeability
evolution during deformation between these two mi-
crostructural attributes. In order to investigate the mi-
crostructural control on the mechanical behavior, the
selected samples have similar porosity, grain size, pore
throat diameter (derived frommercury injection tests) and
cement content (Table 1). Only the permeability of sam-
ple BY11 is different by about one order of magnitude.
The Oolithe Blanche formation being a microporous grain-
stone, the pore network connectivity and thus permeabil-
ity depends on the distribution ofmicroporositywithin the
grains (rimmed vs. uniform).6 The difference in the ooids
microtexture can be observed on pore-casts (Fig. 4) ob-
tained by dissolving on a surface the calcite matrix using
HCl acid after injection of blue-dyed epoxy into the pore
space: this technique reveals the three dimensional geom-
etry of the pore space (in blue) for each sample. For the
UP sample (Fig. 4(A)), the ooid being fully microporous has
a preserved structure on the pore cast, and only the sur-
rounding cement has been removed. In contrast for the RP
sample (Fig. 4(B)), the nucleus of the ooid made of non-
porous calcite has been completely dissolved, and only the
microporous cortex remains.

In the following, we present data from triaxial defor-
mation experiments, with measurement of acoustic prop-
erties and permeability evolution under stress.

3.1. Mechanical data

In this paper we use the convention that compressive
stresses and compactive strains are positive. The terms
σ1 and σ3 represent the maximum and the minimum
principal stresses. The effectivemean stress P ′ is defined by
P ′

=
σ1+2σ3

3 − Pp and the deviatoric stress Q is defined by
Q = σ1 − σ3. Two different types of mechanical behaviors
were observed regarding the microstructural parameter:
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Fig. 4. Pore casts obtained on Oolithe Blanche samples in which blue-dyed epoxy has been injected into the pore space. A—Uniform porosity sample with
fully microporous grains. B—Rimmed porosity sample where the non-porous inner cortex has been dissolved by HCl. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
Source: From Makhloufi.5
Fig. 5. A—Deviatoric stress vs. axial strain plot. The zoomed part corresponds to the first 0.6% of axial deformation. B—Effective mean stress vs. volumetric
strain plot, during hydrostatic and triaxial loading. Black arrows indicate creep stages induced by the axial ram locking during permeability measurements.
Uniform porosity samples have a slight barrel shape typical of ductile behavior, whereas Rimmed porosity samples present shear fractures (imaged using
X-ray scanning) typical of brittle behavior. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
(1) UP samples with fully microporous grains (BY11 and
RA15, red and purple curves respectively in Fig. 5) have
a typical behavior of the compactive cataclastic flow
regime, where both samples display similar differen-
tial stress-axial strain curves (Fig. 5(A)). Indeed, both
samples exhibit strain hardening, large strains and no
stress drop. On the effective mean stress vs. volumet-
ric strain plot (Fig. 5(B)), the triaxial curves coincide
with the hydrostat up to the onset of shear-enhanced
compaction at critical stress C∗.25 Beyond these stress
levels, the deviatoric stress provided a significant con-
tribution to the compactive strain, and shear-enhanced
compaction is observed. Creep deformation appeared
when the axial loading ram was locked during per-
meability measurements (arrows). Porosity reduction
went up to 1.3% for BY11 and 0.35% for RA15 before
reaching the critical stress state C∗′ corresponding to
the progressive evolution from shear-enhanced com-
paction to shear-induced dilation, as the amount of
cracks created in the samples progressively rose during
deformation. No shear localizationwas observed in the
samples after the experiments but a slight barrel shape
(Fig. 5(A)) for both samples with scarce induced frac-
tures perpendicular to σ1 probably due to unloading.
All those features are common attributes of the cata-
clastic flow (or ductile) regime.

(2) Samples showing a rimmed porosity within the grains
(MA04 and RA13, the blue and green curves respec-
tively) are characterized by a very linear elastic de-
formation. A clear deviatoric stress drop was observed
around 135 MPa associated with an axial deforma-
tion of 1.2% and 2.7% for MA04 and RA13, respectively
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A B

Fig. 6. P and S-wave velocity evolution during hydrostatic and triaxial loading. C* corresponds to the onset of shear-enhanced compaction, and C ′

corresponds to the onset of shear-induced dilation.
(Fig. 5(A)). After that peak stress, strain softening was
observed and the stress dropped to a residual level. A
deviation from the hydrostatic loading (dashed curve)
was observed and implies amodification in the change
of porosity, induced by the deviatoric stress Q .15 The
C ′ point represents the onset of shear-induced dilation,
beyond which the applied stress forces the pore space
to dilate. The compaction decelerates in comparison to
the hydrostat with a reduction of the volumetric strain
as the effective mean stress increases (Fig. 5(B)). The
volumetric strain for rimmed porosity samples does
not exceed 0.6%. A very weak creep deformation was
observed when the axial stress was maintained sta-
ble during permeability measurements. The end of the
experiment is marked by a localization of the defor-
mation on a shear fracture oriented at an intermedi-
ate angle (40°–45°)with respect to the principal stress
(Fig. 5(A)). All those features are common attributes of
the brittle fracture regime.

3.2. Acoustic properties

The effects of hydrostatic loading and differential stress
on both radial P and S-wave velocities were analyzed dur-
ing the four experiments. Fig. 6 summarizes the velocity
measurements for each sample. We plot the elastic wave
velocities as a function of effective mean stress. It is note-
worthy that the overall trend of acoustic wave evolution
during the experiment was similar for samples display-
ing the same microstructure. During hydrostatic loading
both P and S wave velocities increased (Fig. 6), proba-
bly due to the closure of pre-existing microcracks. After
the hydrostatic loading stage, two types of velocity evo-
lution were observed depending on the microstructural
texture:

(1) For UP samples, the P and S-wave velocities reached
a plateau during the first stage of triaxial loading
from 23 to ∼32 MPa effective mean stress. For
Vp(BY11), Vp(RA15) and Vs(BY11) a good agreement
was found between the onset of inelastic compaction
at C∗ and the decrease in P and/or S wave velocities,
whereas a small offset was observed for Vs(RA15). The
large velocity decrease is linked to the larger strain
experienced by these samples.

(2) RP samples are characterized by an increase of P and
S-wave velocities at the beginning of axial loading,
until ∼40 MPa of effective mean stress. Then, they
reached a plateau just before showing a gentle drop
while reaching the stress state C ′. Beyond this onset of
shear-induced dilation, a large decrease of both P and
S-wave velocities was observed.

3.3. Permeability evolution

The permeability evolution as a function of effective
mean stress is shown in Fig. 7. Permeability slowly de-
creases during hydrostatic loading for both uniform and
rimmed porosity samples. Under triaxial loading, con-
trasted permeability evolution appears:

(1) UP samples are characterized by a diminution of
permeability during the first stage of triaxial loading,
until the stress state C*. This critical stress state marks
the onset of an acceleration of permeability reduction.
When approaching the critical stress state C∗′ and
beyond, corresponding to the onset of shear-induced
dilation, the permeability of RA15 sample rises from
0.18 to 0.37 mD.

(2) RP samples are characterized by a slight diminution of
permeability during the first stage of triaxial loading.
While the effective mean stress rises (from 35 to
50MPa), sampleMA04 shows a rather flat trendwhere
permeability is stable before a slight augmentation
near the stress state C ′, marking the beginning of
shear-induced dilation. Sample RA13 is characterized
by a sharper drop of permeability values between 35
and 50 MPa of effective mean stress, before a smooth
increase near the onset of shear-induced dilation.
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Fig. 7. Permeability evolution during hydrostatic and triaxial loading.
C* corresponds to the onset of shear-enhanced compaction, and C ′

corresponds to the onset of shear-induced dilation.

3.4. Microstructural observations

Samples were unloaded and retrieved from the pres-
sure vessel at the end of the experiments. The deformed
samples were first impregnated with epoxy and then
sawed along a plane parallel to the axial direction to pre-
pare petrographic thin sections. To characterize deforma-
tion features in the microporous ooids, Scanning Electron
Microscope (SEM) is used. Fig. 8 presents a selection of pic-
tures for two samples with contrasted microstructure and
mechanical behavior.

(1) In the UP samples at microstructural scale, few cracks
appear in the calcite cements coupled with an intense
twinning activity (Fig. 8(D), (F) and (H)). This twinning
does appear as an important deformation mechanism
in this sample.

(2) Microstructural deformation features consist of cracks
and twinning localized in calcite cements. Cracks ap-
pear mainly near macroscopic shear zones whereas
twinning activity iswidespread in the sample (Fig. 8(C),
(E) and (G)).

4. Discussion

4.1. Influence of microporosity distribution on the elastic
properties

In our previous studies on the Oolithe Blanche
formation,3,4 P-wave velocitiesmeasurements have shown
that the dynamic moduli are controlled by the microp-
orosity distribution within the ooids, suggesting that UP
samples are characterized by a higher compliance than
RP samples. The same observation can be made on the P
and S-wave velocity evolution through deformation in the
present work (Fig. 6): UP samples clearly display lower ve-
locities than RP samples. A similar conclusion can also be
drawn on the static moduli (Fig. 5(A)) where the RP sam-
ples are stiffer (although it is not that obvious for RA15)
than the UP samples. This result is of primary importance
for the Oolithe Blanche formation, and in general for car-
bonate rock reservoirs, when dealing with reservoir de-
pletion phenomenon during production. The difference in
elastic properties can be easily explained by the contrasted
values of the bulk modulus between the ooids whether
they are composed of porousmicrites (KP) or tightmicrites
(KT ), with KT > KP (Fig. 9). Consequently, the bulk modu-
lus KRP of the ooids in the RP samples can be considered as
the effective moduli KEFF of both the porous micrite (KP)
and the tight micrite (KT ) which can be calculated for ex-
ample using the Hashin–Shtrikman scheme;38 this leads to
KEFF > KP . As the calcite cement located between the ooids
with compressibility KC is assumed to have the same influ-
ence on the elastic properties for both the RP and UP sam-
ples, it is expected that the RP samples are characterized
by a lower compressibility than the UP samples (Fig. 9(A)
and (B)). Recent studies of microhardness estimation on
similar rocks (oolithic grainstone with rimmed microp-
orosity,39), and P-wave velocity data on porous and tight
micrites40 tend to confirm this hypothesis. However a
contrast in compressibility cannot explain the observed
difference inmechanical behavior (brittle or ductile) of the
samples regarding the microstructural attribute.

4.2. Influence of microporosity distribution on the mechani-
cal behavior

Mechanical properties of porous rocks can be analyzed
from two complementary points of view. One approach
is to assume a continuous medium in which pores (and
cracks) can be considered as inclusions. This approach has
been successfully developed many years ago for elastic
properties41,42 and provides in general more relevant
results when the porosity is low. At the other extreme,
another approach is to consider a porous rock as a granular
medium.43 The granular models are more appropriate
for high porosity rocks. They have been improved by
bonding grains44 or considering identical spherical grains
and focusing on the contact of two spheres45 as a key
feature.

Real porous rocks, however, fall between these two ex-
treme viewpoints, because they are made of grains that
are cemented. Our samples are characterized by a very
low cement proportion (5%), which is quite unusual for ce-
mented grainstones.46 Consequently, we suggest and con-
sider that our samples can be seen as a grain-supported
or granular medium, where ooids constitute the skeleton
of the rock. This assumption is somehow confirmed by
the deformation micromechanisms observed in deformed
samples (Fig. 8), where calcite twinning and microcracks
are observed in both samples, regardless of the microp-
orosity distribution. The only difference observed is that
calcite twining seems to be much more intense in UP sam-
ples, which can be explained by the higher amount of
axial strain they underwent during the experiments.
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A B

C D

E F

Fig. 8. Micrographs of samples after mechanical testing. A, C and E display calcite twining in the cemented parts, in optical microscopy and SEM imaging
(RA15 and RA13 samples). B, D and F display microcracks located in the calcite cements in optical microscopy and SEM imaging. These microcracks do not
propagate in the ooids.
Therefore, grain contacts become a key feature to under-
stand the observed mechanical behavior. As our goal is
to understand how the contrast in microporosity distribu-
tion leads to different mechanical behaviors, we need to
compare our observations to a conceptual model for rock
failure. For sake of simplicity we decided to use the 2D
granular model proposed by Guéguen and Fortin47 in a
qualitative way. In this model the authors make the as-
sumption that grain to grain contacts are key features con-
trolling the mechanical response of uncemented granular
rocks, and propose an elastic envelope with two straight
lines on a P–Q plot, delimited by the value T0, which repre-
sents the local tensile stress between grains, and the value
of P*. Both lines intersect at the transition between brit-
tle and ductile domains.47 In oolithic carbonate rocks, we
have to consider here the role of the micrite grains. Both
UP and RP samples display finemicrite particles (1–3µm),
but their morphologies are significantly different (Fig. 9(C)
and (D)). UP samples are composed of rounded micrites
characterized by punctic to partially coalescent contacts,
whereas RP samples are made of anhedral micrites char-
acterized by fully coalescent contacts between particles.
When extrapolating the mechanical behavior of those two
morphologies in the case of a deformation, (1) rounded
micrites in UP samples have a structure similar to that
of an ill-cemented granular material prone to experience
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Fig. 9. Schematic viewof the samples regarding themicrostructural attribute (A—uniformporosity or B—Rimmedporosity), deformation features (twining,
cracking, sliding, collapse), micrite description (C—rounded, D—Anhedral) within the ooids.
significant compaction andpore collapse (Fig. 9(C)), and (2)
anhedral micrite in RP samples form a tight arrangement
prone to sliding at grain contacts with little compaction
(Fig. 9(D)). This could lead to a higher value of pore col-
lapse pressure P* in RP samples than in UP samples, while
the tensile strength To in themodel,47 mostly related to the
cement properties, would remain the same. Then, consid-
ering this contrast in P*, the 2D granular model47 predicts
that if we follow the same stress path (Fig. 10), we will
reach the brittle envelope for RP samples, and the ductile
envelope for UP samples, in agreement with our observa-
tions. This is so because the critical pressure P∗ is a control-
ling parameter for the shape and extension of the failure
envelope in porous rocks.25

4.3. Influence of microporosity distribution on the permeabil-
ity

Rimmed porosity samples display lower permeability
values compared to uniform porosity samples, although
they both have a similar total porosity. This observation
is consistent with our previous studies focusing on
Fig. 10. Conceptual failure envelope model based on the expected
variability of the critical pressure P* with microporosity texture. The
triaxial loading path intersects the ductile envelope for UP samples and
the brittle one for RP samples.

the capillary coefficient values of the Oolithe Blanche
formation, which is often used as a proxy for transport
properties3,4,6 (Fig. 3). This effect is clearly the reflection
of two different microstructural attributes of the porous
media, and can be related to the contrast in tortuosity
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when comparing UP and RP samples.6 To estimate the
tortuosity contrast for flow through our granular media,
we use here a revised Kozeny–Carman equation proposed
byWalsh and Brace48 and Costa,49 where the permeability
k is calculated from:

k =
φm2

bτ 2

where φ is the porosity, b is equal to 2 for flow through
pipe-like pores, m is the hydraulic radius, and τ is the
tortuosity. The measured porosity, cement proportion and
mean grain size are similar6 for UP and RP samples
(Table 1). Concerning the hydraulic radii, we can assume
that the values should also be very close, looking at
the small variability of the mean throat diameter except
for sample BY11 which has a higher mean pore throat
diameter and consistently a higher permeability (Table 1).
The pore throat diameter derived from mercury injection
tests is another microstructural characteristic of the pore
space which is often used in models for permeability
predictions. Consequently the grain network architecture
in terms of grain contact types and coordination number
between ooids are similar, and therefore the permeability
is primarily related to the tortuosity contrast. In the case of
RP samples, the fluid pathwithin the ooids is characterized
by a high tortuosity since the fluid needs to bypass/get
around the non-porous inner cortex of the ooids (Fig. 4).
A lower bound for the actual travel path length in a RP
ooid can be estimated by half the perimeter πR of the ooid
(assumed to have a spherical shape), where R is the radius
of the ooid. On the other hand, in UP samples, the fluid
can directly get through the porous grain, crossing the UP
ooid over a distance 2R. The pore-casts in Fig. 4 highlight
the increased path length for a fluid molecule to cross the
porous medium in RT samples compared to UP samples.
The predicted lower bound permeability ratio between RP
and UP samples is then:

kUP
kRP

=


πR
2R

2

=

π

2

2
.

This ratio equal to 2.46 is in agreement with the lower
bound of the measured permeability ratio between the
UP and RP samples derived from Table 1, which is
approximately 2. With similar microstructural parameters
(porosity, grain size, coordination number), UP and RP
samples have different permeability values which are
explained by the variation of tortuosity.

4.4. Shear-induced dilation: an effective mechanism for
permeability enhancement

A key conclusion we draw here is that there is a good
correspondence between permeability changes and shear-
induced dilation (Fig. 7). This phenomenonwas already ob-
served in porous sandstones50 and some carbonates,51 but
being able to observe permeability rise through dilation
during a triaxial experiment is not that simple. The onset
of shear-induced dilation, C ′ for RP samples and C∗′ for UP
samples, map out a boundary between two domains re-
garding the permeability evolution. Here, the inelastic de-
formation induced by dilation processes is related to the
opening of microcracks and the corresponding increase of
crack density, especially at the grain/cement interfaces.
This is also in agreement with the P and S-wave velocity
evolution as they decrease during the shear-induced dila-
tion, which can only be explained by the nucleation and
propagation of microcracks.52 Both factors (opening of mi-
crocracks and increase of crack density)would enhance the
local hydraulic conductances around the ooids resulting in
an overall increase of permeability. Interestingly, this pro-
cess is evenmore effective for UP samples (RA15) that first
underwent shear-enhanced compaction but without a sig-
nificant change in porosity (volumetric strain ∼ 0.4%). The
microcracks become permeability efficient once the sam-
ple reached the onset of shear-induced dilation accompa-
nied by pore volume increase. This shows that deformation
and fluid transport are coupled in a complex manner. The
quantitative modeling of the permeability enhancement is
beyond the scope of this paper, but this is amajor issue that
need to be investigated in the future.

5. Conclusion

The microporosity distribution is a key feature control-
ling the physical properties and mechanical behavior of
oolithic carbonate rocks from the Eastern Paris Basin. Two
differentmicritemicrotextureswere investigated, all other
parameters being constant: (i) uniform porosity (UP) sam-
ples with microporosity uniformly distributed in the ooids
and (ii) rimmed porosity (RP) samples where the microp-
orosity is present only on the edge of the ooids. Mechani-
cal tests at a selected stress state aimed at mimicking the
in situ stress and temperature condition at two kilometers
depth in the central Paris basin were conducted on both
types of samples, showing different behaviors which can
be summarized as follows:

(1) The elastic wave velocities in uniform porosity (UP)
samples are lower than in rimmed porosity (RP)
samples, showing a larger compliance in the former
directly linked to the uniform distribution of microp-
orosity,

(2) The mechanical behavior for UP sample is ‘‘ductile’’
(compactive cataclastic flow) and brittle for RP sam-
ples, which can be interpreted by a simple failure
envelope model where the critical pressure P* for RP
samples is significantly higher than for UP samples,

(3) The permeability of UP samples is higher than that of
RP samples, which can be interpreted by a significant
higher tortuosity in the latter.

This study shows that porous carbonate rocks can dis-
play a complex behavior regarding their microstructural
attribute, which can strongly influence both the mechani-
cal stability at depth and the transport properties, two key
parameters for a reservoir rock considered as a potential
target for CO2 storage or geothermal energy recovery. In
addition, the work presented here will greatly benefit the
prediction and assessment of porous andpermeable bodies
within a complex carbonate reservoir such as the Oolithe
Blanche formation.
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