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[1] A CO2-rich brine core-flood experiment in calcite
limestone for conditions representative of underground
storage (P = 12MPa and T = 100�C) was performed in
order to explore the dissolution mechanisms arising at
moderate CO2 partial pressure (0.3MPa). An increase of
the total porosity (’T) accompanied by a persistent
permeability (k) decrease was measured. The mechanisms
controlling this atypical anticorrelated k�’T relationship
were investigated from the analysis of high-resolution
X-ray microtomography images of the sample acquired
before and after the experiment. All the evidences
converge to the conclusion that the ubiquitous decrease of
permeability measured during the 44 h of dissolution is
due to the clogging of a fraction of the macroporosity by
microporous material triggered by the rearrangement of
the detached undissolved particles. This mechanism
results in the development of low permeability zones
bridging the macroporosity. Citation: Mangane, P. O.,
P. Gouze, and L. Luquot (2013), Permeability impairment of a
limestone reservoir triggered by heterogeneous dissolution and
particles migration during CO2-rich injection, Geophys. Res. Lett.,
40, 4614–4619, doi:10.1002/grl.50595.

1. Introduction

[2] CO2 geological storage (GCS) is considered as a
way to decrease the carbon emissions of industrial
processes (i.e., fossil fuel combustion). This is based upon
nearly 40 years of oil industry experiments regarding CO2

injection in reservoirs for enhancing the extraction of
crude oil. Among other issues related, for instance, to
caprock integrity, a main research subject concerns the
change in reservoir flow dynamics (e.g., change in the
rock permeability k) induced by the pore structure alter-
ation during a CO2 injection [Hoefner and Fogler, 1988;
Steefel and Lasaga, 1990; Golfier et al., 2002]. The
principal feature of CO2 injection into geologic formation
is the possible interactions between the fluid and the host
rock, which trigger geochemical processes (dissolution/
precipitation reactions) that depend on the rock composi-
tion and fabric, the brine composition, and the thermody-
namic and hydrodynamic conditions. Results of reactive

transport experiments, performed in reservoir rock sample
[Luquot and Gouze, 2009; Grigg and Svec, 2003; Qajar
et al., 2012] demonstrated that a rock structure modification
can either impair or improve the permeability value k,
depending on the fluid-rock thermodynamical disequilib-
rium and flow rate. Then, these mechanisms of pore
structure alteration may largely control the injectivity, the
pressure field dynamics, and the CO2 spreading and conse-
quently are crucial for developing predictive modeling tools
and reliable risk assessment. Detailed laboratory-scale in-
vestigations of the geochemical processes controlling
fluid-rock mass transfers critically contribute to understand-
ing the key features of the system dynamics and forming
the basis for the development of process-based models.
However, application of reactive transport models to car-
bonate rock systems is especially challenging, because they
are hampered by the heterogeneous distribution of pores
and reactive minerals as well as uncertainties in the effective
kinetic rates of carbonate minerals in CO2-rich waters
[Carroll et al., 2013].
[3] Carbonate reservoirs contain roughly half the world’s

oil and gas reserves. These reservoirs, when depleted, as
well as deep-saline aquifers, are envisaged targets for
long-term GCS. GCS consists of injecting supercritical
more-or-less pure CO2 into the formation porosity through
boreholes. The progressive dissolution of CO2 in the forma-
tion water (generally initially at thermodynamic equilibrium
with the rock-forming minerals, e.g., calcite) leads to a
decrease in pH and the dissolution of the carbonates species
(see reviews in Plummer et al. [1978] and Pokrovsky et al.
[2009]). In the vicinity of the injection well, where disequi-
librium is maximal, dissolution processes will lead to an
increase in porosity and permeability [e.g., Egermann
et al., 2005]. For instance, Luquot and Gouze [2009] mea-
sured different porosity-permeability trends in the case of
variable CO2-enriched brine injection through the same
oolitic carbonate used for this study. As a general rule,
the permeability increase is triggered by the increase of
the hydraulic radius, the decrease of the flow path
tortuosity, and eventually the increase of the percolating
network connectivity [Gouze and Luquot, 2011].
[4] However, few recent publications mention atypical

porosity-permeability relationships with transient negative
correlations attributed to particle displacement [Qajar et al.,
2012]. The carbonate rocks are usually highly heterogeneous
across all observation scales and formed by the aggregation
of grains spanning a large range of sizes and degrees of indu-
ration as well as sparry calcite cement (or sparite). Cements
dissolve faster than grains, and then grains become free par-
ticles because the solid matrix cohesion relies on the cement
[Noiriel et al., 2009]. Accordingly, the origin of these
flowing particles that can accumulate in the pore throats
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may be linked to the intrinsic variability of the rock-forming
grain sizes that triggered differential dissolution rates.
[5] Particles migration and deposition in porous media has

long been known to have a critical effect on its hydraulic
properties and consequently on production and injection
wells performance [Qajar et al., 2012, Richards, 2010;
Mays and Hunt, 2005; Bennion et al., 1995; Sharma and
Yortsos, 1987]. Different models have been proposed to eval-
uate the effect of particle redistribution on permeability using
the concept of plugging (pore throat and rough or tortuous
channels) and nonplugging pathways (large cross-sectional
channels) [e.g., Gruesbeck and Collins, 1982; Civan and
Nguyen, 2005]. These models do not account for the particle
detachment mechanism, for instance due to cement dissolu-
tion, but evaluate from macroscopic rules the particle dis-
placement and accumulation. To the best of our knowledge,
only indirect evidences, such as permeability impairment
and particles displacement, have been published [Noiriel
et al., 2004; Qajar et al., 2012].
[6] Another issue concerns the parameters that control the

occurrence of negative porosity-permeability, while most
laboratory experiments dealing with carbonate dissolution
display positive correlations [Smith et al., 2012]. The pore
structure heterogeneity is often cited as a critical parameter
controlling the permeability change during dissolution
[Gouze and Luquot, 2011; Carroll et al., 2013; Smith
et al., 2012]. However, we envisage that the degree of
undersaturation of the flowing solution should have a signif-
icant impact on the occurrence and the sustainability of the
negative correlation between the porosity and the perme-
ability during dissolution. In this letter, we first present the
result of a flow-through experiment using the same rock
and procedure as Luquot and Gouze [2009] but with a
CO2-rich brine displaying a lower partial pressure of CO2

( PCO2 ); a negative correlation between the porosity and
the permeability changes is measured. Then, X-ray tomog-
raphy is used to investigate the redistribution of mass within
the rock sample and to conclude on its effect on the perme-
ability decrease.

2. Methods and Results

2.1. Experimental Procedure

[7] The experiment involved the injection of CO2-enriched
fluid through a cylindrical limestone core of 9mm diameter
(D) and 16mm length (L). The reservoir rock is an oolitic
calcite (Ca0.99Mg0.01CO3) from the Mondeville formation
of Middle Jurassic age (Paris Basin, France). The presence
of Mg can be neglected in the mass balance calculation
[Luquot and Gouze, 2009]. This sample is essentially com-
posed of recrystallized ooliths, presenting a mean diameter
of less than a few hundred micrometers. The rock displays
two types of porosities that can be easily identified from stan-
dard microscope observations; the intergranular porosity and
the intragranular porosity formed mainly by the oolitic rings
(see Figure S1 in the supporting information). The total
connected porosity of the sample before injection is
12.62%. This was measured by weighing the sample dry
(wdry), saturated (wsat), and immersed (wimm), with a preci-
sion balance of 1mg accuracy and water prepared to be at

equilibrium with the mineral: ’ ¼ wsat�wdryð Þ
wsat�wimmð Þ.

[8] The experiment was performed using a flow-through
device engineered to simulate the conditions expected during
CO2 injection in deep reservoirs. Fluid pressure and temper-
ature were set to P= 12MPa and T= 100�C, respectively.
The injected fluid is a synthetic pore fluid (brine) of compo-
sition corresponding to the thermodynamic equilibrium
with the rock (CCa = 1.09� 10�2� 0.05� 10�2mol L�1,
CMg = 1.708� 10�4� 0.08� 10�4 mol L�1, CNa = 0.966�
0.05mol L�1, and CCl = 0.988� 0.05mol L�1, pH = 7.55),
then enriched in CO2 with a partial pressure of 0.3MPa.
The fluid composition and pressure correspond to the con-
ditions expected far away from the injection well, where
the CO2 concentration is low due to the CO2 consumption
by the dissolution processes occurring along the flow path.
Dissolution is expected to be the prevailing mass transfer
mechanism because of the low value of pH (pH = 3.9)
and negative value of the saturation index for calcite
(Ωcal|in =� 3.72).
[9] A complete description of the equipment is given in

Luquot and Gouze [2009] and is summarized in Figure 1.
The experiment was performed with a constant flow rate
of Q = 1mLmin�1.

2.2. Monitoring Changes in Porosity and Permeability

[10] The limestone permeability k(t) during the experi-
ment was calculated from the monitored pressure drop
ΔP(t) across the rock sample, according to Darcy’s law:
k(t) = m�L�Q� (S�ΔP(t))� 1, where L is the length of
the sample, S is the cross-sectional area, and m is the
dynamic viscosity of the fluid.
[11] The outlet fluid was regularly sampled and ana-

lyzed for Ca concentrations using Inductively Coupled
Plasma Atomic Emission Spectroscopy. The porosity
change with time was calculated from mass balance
between the inlet and the outlet chemical composition:
@ ’(t)/@ t= υQΔCCa(t)/V, where υ is the calcite molar volume
(3.7� 10�5m3mol�1), ΔCCa denotes the difference in
calcium concentration between the outlet (CCa|out) and the
inlet (CCa|in), and V is the volume of the sample (i.e.,
V = pLD2/4). Accordingly, the porosity is

’ tð Þ ¼ ’ 0ð Þ þ
Z t

t’¼0
dt 0@’

�
t 0
�
=@t 0

¼ ’ 0ð Þ þ υQV�1
Z t

t’¼0
dt 0ΔCCa

�
t 0
�
; (1)

where ’(0) denotes the porosity before the experiment
(i.e., 12.62%). The time-resolved porosity and permeability
in the course of the flow-through experiment are given in
Figures 2a and 2b, respectively. Porosity increased with
time, whereas the permeability decreased. This enhance-
ment of the porosity with time denotes the occurrence
of dissolution processes as expected from the negative
value of the saturation index of the inlet brine Ωcal|in.
The saturation index of the outlet fluid is also estimated
negative (Ωcal|out =� 3.69). We note (Figure 2a) that the
calcium concentration in the effluent CCa|out was higher
than in the injected brine CCa|in, which confirms the re-
moval of calcium from the sample. Conversely, the
values of CCa|out were much lower than the equilibrium
value indicating that dissolution proceeds far from
equilibrium.
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2.3. X-Ray Microtomography

[12] High-resolution X-ray microtomography (XRMT) of
the sample was performed before and after the experiment,
in order to investigate the changes in the microstructure
triggered by the dissolution processes. XRMT images were
acquired at the European Synchrotron Radiation Facility in
Grenoble, France, using the ID19 beam line (http://www.
esrf.eu/UsersAndScience/Experiments/Imaging/ID19/Beam
lineDescription). The voxel volume of the images was
5.063 mm3. The principle of XRMT is described in the
supporting information (see Text S1).

2.3.1. Identification of the Different Types of Porosity
[13] A three-phase image segmentation algorithm, based

on the growing phase method [Spirkovska, 1993], was used
to determine the three distinguishable components of the
rock: (1) the intergranular porosity formed by voxels of the
lowest X-ray adsorption denoting void, (2) the microporous
phase containing voxels encompassing calcite and pores of
size smaller than the pixel size, and (3) the solid matrix
phase, which presents the highest X-ray adsorption. The seg-
mentation is a crucial data processing step because it deter-
mines the porosity and the geometry of the individualized
phase interfaces. Usually, the segmentation is based on the

X-ray adsorption histogram only, but this does not guarantee
that the structure and the porosity are appropriately identi-
fied. Here the four input parameters required for the three-
phase segmentation of the image acquired before the injec-
tion were sequentially optimized in order to minimize the dif-
ference between the measured total connected porosity and
that computed from the segmented image. A similar
approach was applied for the postdissolution image using
the value of porosity given by equation (1).
[14] The total connected porosity is ’T= xV + (xm�’m),

where xV denotes the volume fraction of the void phase or
namely the macroporosity, and ’m and xm denote the intrinsic
porosity and the volume fraction of the microporous phase,
respectively. Accordingly, one can define the sample micro-
porosity as ’m= xm�’m. Since the gray-scale values corre-
sponding to the solid matrix and void have been determined
(noted yM and y v, respectively), the gray-scale value of a
voxel belonging to the microporous phase (ym ) is linearly
related to the subresolution porosity ’m within that voxel:
’m = (yM� ym)/(yM� yv).
[15] The sample porosity ’T computed from the XRMT

images was 12.65% before the flow-through experiment,
while the corresponding measured value ’(0) was 12.62%.
After the dissolution, the computed porosity was 13.90%,
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Figure 2. (a) Calcium concentration of the outlet fluid CCa(t)|out and sampled-average porosity ’(t) versus time. (b)
Permeability versus time k(t) for the present study (pCO2 = 0.3MPa) together with the values reported in Luquot and
Gouze [2009] for PCO2 = 10, 6, and 2.5MPa.

Figure 1. Diagram of the experimental setup. The ratio of the brine (room temperature) and liquid CO2 (5�C) is controlled
by computer-controlled piston pumps. The mixture is heated and injected into the core sample. The latter is surrounded by a
silicon jacket and fitted inside the percolation cell where both axial and radial confining pressures are applied. The computer-
controlled valves and the hydro-pneumatic back-pressure system force the desired pressure in the circuit with fluctuations less
than 2%.
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while ’(f) was 13.89%. The relative increase of porosity due
to the calcite dissolution during the experiment was then of
about 10%.
[16] In the following discussion, the segmented images

will be used to calculate the spatial distribution of the phase
volume ratio and subsequently assess the mass redistribution
along the flow path.
2.3.2. Phase Volume Fraction Changes
[17] The profiles (along the flow direction) of the volume

fraction for each phase calculated before and after the exper-
iment are reported in Figures 3a and 3b. The main features
are the overall increase of the microporous phase xm
(Δxm= xm(t(f))� xm(t(0)) = 0.079) while the volume fraction
of the solid matrix phase xM decreases (ΔxM=�0.081), with
a minor increase in the macroporosity (ΔxV= 0.002). This
indicates that the main process is the alteration of the solid
matrix into a microporous phase by dissolution of the
intergrain calcite cement. More instructive information can
be retrieved from the profiles expressed in terms of Δ’T(z),
Δ’m(z), ΔxV(z), Δxm(z), and ΔxM(z) (Figures 3c and 3d). The
mass transfer appears to be higher at the inlet denoting a
higher dissolution. This feature is evidently linked to the
progressive decrease of the fluid disequilibrium while
flowing deeper in the sample. The bulk porosity ’T of the
limestone core increases at all depths (Δ’T> 0) along the
flow direction, except at the bottom of the sample where
it is significantly reduced, i.e., Δ’T< 0 (Figure 3c).
Obviously, a decrease of porosity cannot be explained by dis-
solution processes but rather indicates mass transfers of solid
(particles) triggered by the fluid flow. Moreover, Figure 3d
shows that ΔxM(z) and Δxm(z) profiles are almost symmetric

while ΔxV(z) oscillates between positive and negative values
with a value of the correlation length of about half that of the
sample. The decrease of ΔxV is about 6.6% in the vicinity of
the outlet. We recall that the mass balance (equation (1)) is
performed at the sample scale, so that no constraint is
imposed for the redistribution of the phase within the sample.
Another significant result is that the porosity of the micropo-
rous phase, ’m, is globally reduced (Δ’m(z)< 0, Figure 3c),
while its volume ratio is enhanced due to the matrix dissolu-
tion (Δxm(z)> 0). Probably, this reduction of ’m is due to
both the averaging of different stages of cement dissolution
within the microporous volume and the local rearrangements
of the freed grains. This apparent compaction (or densifica-
tion) is slightly more pronounced in the vicinity of the sample
inlet and does not correlate with Δxm.

3. Discussion and Conclusions

[18] The permeability change in the course of CO2 injec-
tion in carbonate reservoir is a major issue because of the
high reactivity of these environments at low pH. The for-
mation of preferential paths and the resulting permeability
increase such as experimented by Luquot and Gouze
[2009] (see Figure 2b), who investigated the mechanisms
of dissolution at high pCO2 expected in the vicinity of
the injection well, are viewed as favoring both the pres-
sure dissipation and the spreading and mixing of the
CO2. However, the present results of the core-flood exper-
iment performed in the same conditions of dissolution but
with lower pCO2 showed significant clogging of the
macropores and permeability decrease.

(I)

(III)

(II)

(c) (d)

(a) (b)

Figure 3. Volume fraction of the three identified phases constituting the rock versus the distance z from the injection (a)
before (t= t(0)) and (b) after (t= t(f)) the dissolution experiment. Profiles of (c) the total porosity, Δ’T, and the microporous
phase intrinsic porosity, Δ’m and (d) volume ratio change ΔxV, Δxm, ΔxM (z = 0 denotes the sample inlet).
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[19] The analysis of the XRMT images shows that the
dominant mechanism is the dissolution of the microcrystal-
line cement triggering the decohesion of the rock matrix and
then the formation of a microporous material (Figure 3d).
This leads to the formation of a continuous layer of micro-
porosity (see Figure S2 in the supporting information) at
the interface between the macropores and the solid matrix
phase, whereas both these phases were mostly in contact be-
fore the experiment. A cluster labeling algorithm [Hoshen
and Kopelman, 1976] was used to determine if the different
porosity phases (i.e., void, microporous, and “void + micro-
porous”) formed a spanning cluster from the inlet to the
outlet. Both the void phase and the microporous phase
displayed a spanning cluster before the injection.
Conversely, only the microporous phase and the union of
the void and the microporous phases were percolating after
the experiment, i.e., the macroporosity did not form a span-
ning cluster anymore. Therefore, the permeability was
closely controlled by the microporous phase at the end of
the dissolution experiment. This observation cannot be
explained by the exchange of volume from the matrix phase
to the microporous phase only. Conversely, the spatial re-
distribution of a particle fraction forming the external layer
of the microporous material is evidenced by the occurrence
of negative values of ΔxV that are observed around z = 2,
z = 9, and z = 15mm (noted I, II, and III in Figure 3d). A
clear evidence of the displacement and accumulation of
solid particles is given in Figure 4 that displays a 2-D slice
through 3-D XRMT image of the rock sample in the vicinity
of the outlet (z = 15.2mm) where microporous material fills
most of the macropores. At this location, both variations of
the void phase fraction ΔxV and of the total porosity Δ’T are
negative. As the fluid sampling at the outlet was performed
without filtering and the fluid samples were acidified before
analysis, any particles dragged out from rock sample by the
flow would strongly increase the calcium concentration of
these fluid samples ([Ca|out]). Consequently, the fact that
the outlet fluid concentration remains close to the inlet con-
centration (Figure 2a) indicates that the mass of particles
transported out of the rock sample is quite small. We spec-
ulate that the particle displacement takes place over short
distances and that this traveling distance probably decreases

with the distance to the inlet because the dissolution capac-
ity of the fluid decreases from the inlet to the outlet.
[20] All the evidence converges to the conclusion that the

ubiquitous decrease of permeability measured during the
44 h of dissolution was due to the clogging of a fraction of
the macroporosity by microporous material (few mm-sized
particles) triggered by the rearrangement of the detached
undissolved grains (submicrometric to micrometric particles).
This mechanism results in a noticeable increase of the perme-
ability variability along the flow path. Specifically, the devel-
opment of low permeability zones bridging the macroporosity
will control the overall permeability by increasing the tortuos-
ity of the connected path and decreasing the sample-scale
effective hydraulic radius. However, it is not possible to estab-
lish how long this dissolution regime displaying permeability
decrease will persist, because of the relatively short duration
of the experiment. Comparing the results from this experiment
to those presented by Luquot and Gouze [2009], we conjecture
that the occurrence of permeability decrease due to particle
accumulation depends on the capacity of the fluid to dissolve
these particles over distances of the order of magnitude of half
the throat-to-throat distances, i.e., about 200 to 400mm at the
beginning of the experiment.
[21] The implication in terms of injectivity is twofold.

For constant pressure injection, the injected rate will be
substantially decreased impairing the operation efficiency.
Conversely, the increase of pore pressure produced in the
case of constant rate injection may induce stress gradients
possibly detrimental for the reservoir integrity.
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