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Abstract. Coupled transport-reaction numerical simulatioresemsential to model large-scale
processes over long durations. However, in the c&€€), underground storage, few
experimental data exist allowing us to constraid @alidate the various assumptions
implemented in these models. In particular, ligl&nown about the (irreversible)
modifications of reservoir properties in the highactive systems resulting from massive
CO; injection. A set of four reactive flow-trough exjpeents at temperatufe= 100 °C and
total pressur® = 12 MPa are performed using limestone resenamrmes. The objectives
are to quantify mass transfers occurring (1) nleairijection well, where the aquifer fluid is

almost saturated with G@.e. P = P), and (2) at increasing distances from the ingecti

well, where the fluid is expected to display lowg, values and higher divalent cation

concentrations resulting from rock dissolution gidine fluid pathway.
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The results foP., of 10 MPa and 6 MPa predict non-uniform dissolufieatures
associated with transport-controlled mass transéar the injection well, while kinetically-
controlled uniform dissolution is observed at lovieg, (2.5 MPa). Furthermore, the scaling

laws relating porosity to permeability are distlpatifferent between experiments. As a
result, macroscale porosity-permeability relatiopstshould be parameterized not only to
account for rock-type-dependent properties, asmerlly the case when modelling low

reactivity systems, but also to take account ofaleal dissolution regime. Therefore, we
define a reference macroscopic Damkéhler num&a*(: 1) corresponding to the

kinetically-controlled dissolution conditions obged atP., = 2.5 MPa. Then, the value of

Da > 1 characterizing the transport-controlled distioh is given by the ratio between the

calcium production (normalized to the sample-satgtpined in experiments &, > 2.5

MPa and atP., = 2.5 MPa. We propose a Damkdhler-dependent rektip between

porosity and permeabilityk ~ (@—@.)", where¢, is the porosity at the percolation
threshold anadh a power law oDa. As Da is defined only from macroscopic measurable
parameters (i.e. calcium concentration in the cisalcite dissolution), the proposdd ¢ -
Da law can be easily implemented in reservoir-scal@erical simulations. Finally, for the

experiment atP, = 0.7, i.e. reproducing conditions far from theetjon well, we observe a

uniform decrease of the porosity associated witbrddization of the reservoir. However, the

rate of permeability decrease is not constant bawg strongly as the porosity approaches

¢., indicating a probable clogging of the mediumafamitization conditions persist.

Keywords: Geologic sequestration, carbon dioxigelrddynamic
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1 Introduction

CO, sequestration in geological formations is incneglsi being studied as a workable
way of limiting the overload of CQemissions in the atmosphere. {fisposal into
geological formations includes mainly deep-saligeiers and depleted oil reservoirs, which
represent storage capacities estimated aroutid@@nd 4 x 18 kg, respectively (Holloway,
1997). The process consists in injecting supeécafitnore-or-less-pure GOnto the
formation porosity through boreholes, following tteame procedure routinely performed by
the petroleum industry for enhancing oil recovetgre, we focus on carbonate-rich rocks
which are widely present in sedimentary reservoirs.
Whatever the rock composition, the progressiveatiis®n of CQ in the formation water
(generally at thermodynamic equilibrium with thekdorming minerals) leads to a decrease
in its pH. As a result, there is a significant e&se in the dissolution capacity of the £©h
fluid and the main expected processes involve tiisa of carbonates and, eventually, the
(alumino)silicates, depending on the kineticshef individual reactions see reviews in
Plummer et al. (1978) and Lasaga (1981). Neamjjeetion well, where disequilibrium is
maximal, dissolution processes are expected tatdfifeeversibly) the mechanical and
hydrodynamic properties of the host rock. Spedifycaissolution will lead to an increase in
porosity and permeability as well as changes inr¢letive surface. For a constant injection
rate, the penetration distance of the dissolutiontfwill be a complex function of all these
time- and space-resolved modifications. Converdbb/jncrease of cation concentration
produced by the carbonate dissolution will everyyaloduce supersaturated fluids with
respect to carbonate minerals at the outermost &foime CQ-rich plume. We would expect

precipitation processes and then decreasing pyrast permeability.

Several experimental and theoretical studies haag/sed the geochemical reactions between

reservoir rocks and injected carbon dioxide. Mdshese studies investigated the mass
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transfers of calcite, dolomite and magnesite, imact with acid solutions at low GQartial
pressures (i.d2co2< 0.1 MPa and room temperature (Lund et al., 18f&nmer et al., 1978;
Chou et al., 1989; Compton and Unwin, 1990; Dreglbet al., 1996; Arvidson et al., 2003;
Noiriel et al., 2005). Others studies have focuseaneasuring calcite and dolomite
dissolution rates &®co2> 0.1 MPa and/or moderate temperatsr8@°C) (Alkattan et al.,
1998; Gautelier et al., 1999; Pokrovsky et al.,AY9Recently, Pokrovsky et al. (2005)
measured the dissolution rates of calcite, doloaniig magnesite as a functionR¥o, (Pco2

< 8 MPa), at moderate NaCl concentration (0.01 @a\). and pH< 4. However, only few
experimental studies have been publishedPfdrPco, conditions corresponding to the
anticipatedn situ conditions during injection, i.eT = 80-150 °C andP = 9 -20 MPa. For
instance, Kaszuba et al. (2003, 2005) carried msbtltion/precipitation experiments at high
temperaturd = 200 °C and high pressur € 20 MPa) in a closed reactor using powdered
rocks. These results are fundamental for understgmdaction paths and quantifying mass
transfers in response to hifho; fluids. Nevertheless, to quantify the long-lastprgsence of
huge volumes of C&Qin reservoirs, we need to address the esserdia isf feedback effects
due to mass transfer, which can modify the porgsire and the hydrodynamic properties of
the reservoir. Fluid-rock mass transfers depencewgaral parameter®¢o,, cation
concentrations, flow rate or pressure head at dhdbaries, reactive surface areas, porosity,
permeability, tortuosity, etc). The behaviour aégk coupled processes is unpredictable
without the help of numerical modelling. Howevekey difficulty remains the large
variability of the characteristic scales and timethe hydrodynamic and chemical processes.
Specifically, fluid flow and hydrodynamic transpare controlled by large-scale
characteristics of the porous media (e.g. long-eargrelation of the permeability field and
boundary conditions), whereas chemical reactioacantrolled by local parameters at the

fluid mineral interfaces. Consequently, physicseoblsws relating microscopic volume
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changes to macroscopic changes in permeabilitgrageavailable for very simple models of
homogeneous porous media (i.e. stacked sphere®visk, we need to make use of
heuristic laws that simultaneously lump togetheat apscale all the processes relating mass
transfer to hydrodynamic properties (Waetcal., 1984). At present, i.e. 70 years after the
pioneering work of Kozeny (1927) and Carman (198¥)st numerical models use power
law permeability porosity scaling for the reservoir to predictrpeability changes triggered

by fluid-rock mass transfers.

In carbonate-rich reservoirs, both the pore stnecand the macro-scale distribution of the
transport properties are complex as a result ofyrsancessive diagenetic events, whereas the
chemical composition of the rock may be relativ&@mple. For highly reactive fluids such as
high Pco2 fluids, coupled flow and dissolution processes mnayce the formation of highly
conductive and spatially correlated flow channeften termed wormholes (Fredd, 1998).
Wormholes grow because of the natural heterogenéitye porous medium and the

relatively fast dissolution of the carbonate phaseéer low pH conditions. Evidently, general
laws relating permeabilityk to porosity (g cannot account for changes in the spatial

correlation of properties such as observed in thegnce of wormholes.

This study aims to provide experimental data that e used to constrain the modelling of
CGO; injection and sequestration, and specificallygbemeability/ porosity scaling law. We
present a set of reactive percolation experimeantser] out at pressureB)(and temperatures
(T) typical ofin situ conditions. Experiments are designed to quangéfctions occurring near
the CQ injection zone, where the aquifer fluid is satadatvith CQ. In addition, experiments
were carried out at increasing distances fromrfexiion point, where the fluid is expected to
contain progressively less G@nd more divalent cations resulting from rock oliggon

along the fluid pathway. The underlying idea i®btain experimental control-points in space

and time corresponding to the transport of,@Qthe reservoir during the injection phase,
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whereas a complete and continuous reproductioneskt processes is clearly not feasible at
the laboratory scale. The experimental protocoivedl us to study the feedback between
changes in porosity, permeability and rock strieinduced by the mass transfer of rock-
forming minerals due to reactive fluid percolatiarthe rock. The methodology combines
chemical analysis of the fluid, continuous measaeis of sample permeability and pore-
scale characterization of the rock before and aféeh experiment using X-rays
microtomography (XMT) 3D imaging.

Finally, the dataset are used to establish thertkpee of they- k relationship on the CO

partial pressure and disequilibrium state of thedfl

2 Materialsand methods

2.1 Experimental approach
The experiments consisted of injecting £&€hiriched fluid through a cylindrical sample core
of 9 mm diameterd) and 18 mm lengthL{. The four percolation experiments were carried
out undeiin situsequestration condition$ € 100 °C and® = 12 MPa), using various partial
pressures of C£and different ion concentrations in rock-equaitad fluids (brine) to
simulate CQ-saturated brine transport during the injectiongeh@ig. 1). Table 1 presents
the composition of the different fluids used in thar flow-through experiments. The
geochemical code CHESS (van der Lee, 2002) wastas#etermine the pH of the injected
COs-enriched fluids for different fixeBco, conditions and values of saturation index. The
CO,-enriched fluid was injected at constant flow ratrresponding t@ = 1.9 x 16° m*.s*

for the three first experiments a@d= 1.0 x 10° m*.s™ for the fourth experiment. The first

three experiments were performed at the same #dsvlrecause we assumed these conditions
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represent processes in the vicinity of the injectell, whereas experiment 4 was performed

at lower flow rate to mimic flow rate far away fraime injection well.

2.2 The percolation apparatus
A new experimental device (Fig. 2) was specificalhgineered to reprodugesitu massive
CO; injection in reservoir samples at the laborat@gle for temperatures ranging from 50 to
200 °C, reservoir static pressures of 7 to 20 MiRhaapartial pressure of G@creasing up
to the static pressure. Resident fluids are gelyeradderate to high salinity brines, almost or
completely equilibrated with the rock-forming miaks prio to the C@injection. The
experimental apparatus described below allows stuity systematically the processes for
any combination of these parameters.
The five main specific components of the devicedmscribed below: 1) a motorized dual-
piston pump system that produces the flow of kesebrine, 2) a motorized piston pump
containing liquid-phase C{ooled at 5°C, 3) the C&brine mixing system, 4) the
percolation cell holding the sample, and 5) thekhqaessure controller / sampling system

(Fig. 2).

The two motorized piston pumps are equipped wispldcement encoders, which allow an
accurate control of the flow rate. This motorizedldaump system is operated to obtain a
continuous brine flow rate ranging from 23® 2.5.1¢ m*.s™. The piston pump motion and

the pneumatically-controlled valves are operated habView-based software.

It is difficult to control the volume ratio of a twphase fluid mixture (i.e. liquid brine and
supercritical CQ). To avoid this obstacle, the mixing of the brimi¢h CQO; is carried out at

high pressure (6 to 20 MPa) but low temperatuee §.°C). Under these conditions, £8in
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the liquid state, which allows us to set the bx@@/ volume ratio corresponding to the
desired CQsaturation of the fluid, while at the same timateolling the mixture flow rate
(Fig. 3). To summarize, CGand brine are first mixed in a cooled coil (e.@imained at 5

°C) and then heated up to the target temperatuaa mven-coated coil.

In the percolation cell, both axial and radial éoimfg pressures are applied to the sample. To
mimic natural confinement conditions, it is essart apply a controlled confining pressure
and balance the fluid injection to avoid deviat@iiesses that may damage the sample
irreversibly. The axial confining pressure is ap@lby the axial piston, whereas the radial
confining pressure is obtained by pressurizatiothefsilicon jacket covering the sample. In
our experiments, axial and radial pressures arataiaed equal, at 112 % of the inlet
pressure whatever its value. Therefore, we cardadamaging the rock throughout the
duration of the experiment. This system is essktttianinimize stresses on the sample during
pressure and temperature loading and unloadirtgedigginning and the end of the
experiment, respectively. To achieve this objective make use of a pressure multiplier with

a free-moving piston of dissymmetric diameter.

The minimal pressure required to avoid degassirigefCQ in the circuit is controlled by a
back-pressure system that imposes a constant peedisyr whatever the flow rate. This

control may become critical at low flow rates. Undach conditions, manual control is
required using a micrometric valve to reduce thettlations to less than about 3%. These
fluctuations have no impact on the permeability sseaments because flow rate is in a steady
state, storage is low and the pressure drop isuns@dsontinuously by a high-resolution

differential pressure transducer.
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The available flow rate (2.1 Q < 2.5.10° m*.s") enables the exploration of a wide range
of hydrodynamic conditions. Specifically, this gguient allows us to explore the entire range
of fluid-rock interactions (dissolution and/or pigtation) from fully kinetically-controlled to

fully transport-controlled mass transfer processes.

2.3 Sample characterization
The samples studied here are oolitic limestoneas fite Mondeville formation of Middle
Jurassic age (Paris Basin). The rock is essentialtyposed of recrystallized ooliths with a
mean diameter of less than a few hundrednof partially cemented with micritic calcite.
All the samples were analysed and compared by XXRD (X-Ray Diffraction), SEM
(Scanning Electron Microscope) and cathodoluminesegechniques, to check that samples
cored alongside each other are chemically and palgisimilar. Sample volumes contain
thousands of pores and can be regarded as a netataszelementary volume (REV) of rock
(de Marsily, 1981). While heterogeneities largentithe sample size are clearly not included
in this REV, the experimental results can be eagilscaled to the reservoir scale in terms of
matrix properties. Cathodoluminescence and SEMyaaalof the four samples show no
measurable differences of chemical or structuratimasition. Additional analyses on whole
rocks give the similar composition of the four saatisamples, which corresponds to a
magnesium-calcite of formula @dggCOswith a = 0.99 and3 = 0.01. The initial porosity of
samples calculated from post-processing the XMTgesgNoiriel et al., 2005) are similar in
the case of 3 sampleg (= 7.5 + 0.2) and slightly lowerg = 6.8) in the case of 1 sample.

2.4 Monitoring changesin porosity and permeability
Sample-scale changes in permeabk{ty are measured by measuring the pressureifop

between the inlet and the outlet of the sample oAdiag to Darcy’s law, the ratio of the
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volumetric flow rateQ [m3.s?] to the pressure differene¥® (Pa) scales linearly with the
sample permeabiliti [m?:

__HLQ
SAP’

(1)
whereL is the length of the sample in the flow directjor], Sis the cross-sectional area of
the sample [m?] and is the dynamic viscosity of the fluid [Pa.s].

The fluid is collected repeatedly from the outlettpand then analysed for €and Md*

concentrations using an inductively coupled plastmanic emission spectrophotometer (ICP-

AES). The volume of dissolved calcités,cos(t)) is as follows:
t
Veaco, 0= Q Ucaco, |_ aBCe,(7) + BAC,,(7)d7 )

where Ug,c, is the calcite molar volume (3710° m*.mol™), AC,and AC,,, are the

difference of calcium and magnesium concentratespectively between the outlet and the
inlet fluids ando andp are the fraction of Ca and Mg respectively ing¢hkeite ¢ = 99 and3

=1). The sample-scale porosigft) is given by:

Ag(t) _ 1 Veaco (1)
a4 v ot

3)

whereV is the total sample volume (i.¢.= 7:.D*/4). To integrate equation (3), we need to
know the porosity at a given tinbeising, for instance, the XMT images. The procedsire

presented below in section 3.2.

2.5 X-Ray Computed Micro-Tomography (XMT)

10
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Before and after each experiment, rock samples s@ened by X-ray Computed Micro-
Tomography (XMT)to characterize the pore-space geometry. The XMhnigue is an
unmatched tool for producing nondestructive threeetisional images of rocks without any
prior preparation (Flannery et al., 1987). In thesent study, data acquisition was performed
at the European Synchrotron Radiation Facility (EBIR Grenoble (France) using the ID19
beam-line. The principle of XMT is based on the @nputed reconstruction of an object
partially absorbent to X-rays, using a set of 2Bed#r readings acquired at different angular
positions. A total of 1 500 x-ray readings wereoreéed, using an exposure time of 2 s at each

angle and a rotational interval of 0.12 degree @lbre core axis (Fig. 4).

For each X-ray reading, the monochromatic X-ragrbg@asses through the sample and then
reaches the scintillator, which converts it intsibie light recorded by a high-speed digital
CCD camera (2048 x 2048 pixels). The pixel resotuts 5.06 um, which is a function of the
optical bench setup. Synchrotron radiation provem®seral advantages over conventional X-
ray sources, including the production of a homogesgparallel, monochromatic and highly
coherent photon flux. This results in high-qualiages having a resolution of about the size
of the voxel dimension. For a given energy of iecidX-ray beam (here 40 keV), the
attenuation depends on the chemical compositigheofock, specifically, the atomic number
of its components and their mass fraction per velne. the density). In mono-crystalline
rocks such as the samples studied here, XMT imgg&sthe distribution of densities in the

rock, or in other words, 3D porosity maps.

3. Experimental results and discussion

Changes of permeability and porosity in porous mede attributed to dissolution and
precipitation. These dynamic processes are constidrom concurrent measurements of

evolving permeability, mineral mass flux and sanpgiee structure. Because of the non-

11
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destructive nature of XMT imaging, we can also obsé¢he progression of the chemical

reaction over the porous sample as well as relataghological changes.

3.1. Masstransfersduring reaction

Fig. 5 reports the normalized time-resolved Caldgdconcentration
AC (t)=C (t)‘Out -C (t)‘in with i = Ca and Mg, for the four experiments denoted DA,

D3 and P1. By convention, we define 0 when the C®pump is activated. Experiments D1,
D2, D3 and P1 are set up to mimic mass transfeatsedbcations 1, 2, 3 and 4 shown in Fig.
1 respectively.

Dissolution experiments D1 - D3

The ratioAC_, (t) to AC,,, (t) is roughly 99, which corresponds to the Ca/Mg nfidetion
ratio of the whole rock, i.e. a magnesium-calciteoomula Ca.99Mgo0iCOz. AC, (t) and
AC,,, (t) display similar trends indicating congruent dissioin of the rock (Fig. 5). From

this point, we describe processes usix@, (t) data alone, but in the calculations, such as
for porosity (equations 2 and 3), we account fer@a/Mg stoichiometry of the rock-forming
calcite. For D1, D2 and D3, the initial increase/ XL ., (for t <7, with 7, < 20 minutes)
reflects the dispersion of the @@ont in the circuit and transient processes engample.

Indeed, fort <7, atc:Ca|Out >0 (with 0, (.)denoting the time derivative).
Fort>r7,, AC_, decreases and tends to an asymptotic valte=at,, for example when

7, = 90 minutes as in the case of D2. The period ofedesingAC..,, forr, <t<r_,

Ca’
corresponds to preferential dissolution of the agtna@d oolith roughness microstuctures
starting at the inlet and progressing to the oBeg. 6). Then, when the cement is dissolved,
the calcium flux at the outlet is linked to disgada of the oolitic fraction, which appears to

be almost stationary. The distinctly different dission regimes for D1, D2, and D3 are

12
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characterized by the value 0f (AC,,) for t <7, , the asymptotic value @Ca‘out for

t > 7 and the value of, (Fig.5). The attainment of an asymptotic valug&sponds to the

occurrence of sample-averaged steady-state masséara

Experiments D1, D2 and D3 display dissolution psses, i.eAC.,(t » 0. Assuming that

the Mg content of the rock is negligible, the dlssion reaction is predominantly

CaCQ+H" - Cca™*+HCO; (4)

with the equilibrium constark (T =100C) = a.,a,..,/ &, = 0-168, wherea = y,C. denotes

HCO3

the activity of species with activity coefficient), evaluated using the modified Debye-

Huckel formulation for ionic strengths up to atded mol.L* (Bethke, 1996). The outlet

concentrationSCCa(t)‘out andC,,, (t)‘outare always lower than the equilibrium concentration

ECa and (SMg, respectively, highlighting the kinetic controlttie dissolution reaction. Using

the transition state theory (Lasaga, 1998), theaimaneous sample-scale effective reaction

rate [mol.m>.s?] for calcite dissolution (equation 4) can be teritas:

o _rsb-0)

e 5).(

where the kinetics coefficient is an intrinsic property of the reaction for agyivpH profile
(Lasaga, 1998) [mol.ths™], S is the reaction surface area of the sample(ehblds the

sample-averaged saturation index. E@r7,, this index is approximated by

(1Y =]l +1,,]/2. The saturation index for calcite in the outleidlis given by

cho; ‘ out

K

out eq

out

_IAP _ 8

out
Keg a,.

: (6)

13
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where IAP stands for the lon Activity Product oétbutlet fluid at timet > 7. The value of

I out is 0.22 for D1, 0.28 for D2 and 0.60 for D3, whas¢he saturation index for the inlet

fluid, calculated by replacing the outlet fluid @mtration by the inlet fluid concentration in
equation (6), is 1.9 xItfor D1, 5.3 x10 for D2 and 22.9 xItfor D3.

The experiments presented here clearly show tleeofaCQ partial pressure in driving the
dissolution process. As described by Golfier e2002), the dissolution mechanism, at the
pore-scale, can be separated into three stepangport (by diffusion and advection) of the
reactants to the reaction surface, ii) heterogemesaction at the surface (i.e. surface
reaction), and iii) transport of reaction produmgy from the surface. The effective kinetics
is controlled by the slowest of these three stitps.generally accepted that transport of the
solute to and from the reactive surface is assediaith similar characteristic times. Thus,
we can consider two limit cases. If the charadiertsne of reaction is short compared to the
characteristic time of transport, the reactionalet! transport-limitedConversely, if the
hydrodynamic renewal of the reactive fluid is hitfien the reaction is reaction-rate-limited.

This behaviour is characterized macroscopicallyheysample-scale Damkodhler number,

<J7> | for Pe>>1, (7)

()

Da=

<l

where(y) is the sample-averaged reaction rat8, [sis the pore length [m}u) is the
sample-averaged seepage velocity magnitude’jrared Pe = <U> I /d, is the local Peclet

number that characterise reactant renewing atuigefock interface, withd, the molecular

diffusion (7.5x 10*° m?.sfor Ca). Values ofPe are larger than fdor experiments D1 to
D3, so that thePecondition for equation (7) is satisfied.
If Da<1, dissolution is reaction-rate-limited, whereasdlation is transport-limited if

Da >1. At the Darcy scale, witiPe>> | Iransport-limited dissolution will lead to non-

14
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uniform dissolution. The localization of dissolutieatures is a result of positive feedback
between the local increase of pore diameter andetinwal capacity of the fluid in these
enlarged pores (Hoefner and Fogler, 1988; Goltial.e2002). In this case, we would expect
the formation of highly conductive flow channelsokvn as wormholes. The distribution and
shape of the wormholes are controlled by the ébitieterogeneity of the pore structure and
the correlation length of the (initial) permealyiliteld. For the value oPe encountered here,
we expect the properties of the wormholes to bepeddent ofPe because the diffusive

transport is negligible.

Using equation (5), the sample-averaged reaca'tm<17> is

rs, @=(1)

@V (BcL) ©

(r)=
where (ACCa)D is the asymptotical,e.for t >>7_, calcium mass balance in the sample (i.e.

Ceal,, ~Ccal,,) for Da=1. Note that(l), (¢) and S, are time dependent. Conversely, the

out

instantaneous Ca asymptotical mass balance irathpls, forDa# 1, is

+I’Sr (1_<|>)_ (9)

Cca|out = Cca|in Q

Note that the Ca concentration at the outlet igresthdent on the initial porosity. Combining
equations (7) to (9), we obtain the expressiomeflamkodhler number as a function of the Ca

concentration balance alone:

_(ac.,)

By definition, Da < 1denotes a reaction-rate-limited behaviour thatssume reflects

homogeneous dissolution in the sample. While ssi¢the case for D3 (Fig. 7 and 8), we

observe significant wormhole structures for D2. €auently, the value c(ﬂCCa)Ij is

evidently close to the value &,| —-C.,| measured for D3. In the following, we assume

out in

15
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that (AC.,)” is equal toC,,|  —Cq,| measured for D3 at> 7, . Hence,Da = 7.5 for D1
and Da = 3.1 for D2, corresponding to transport-limitadswlution. The expected patterns
of dissolution localization are confirmed by the XMnages obtained for experiments D1
and D2 (Fig. 7 and 8). Clearly, the propertieshef wormholes are controlled by the
composition of the fluid. For experiment D1, we eb® the formation of several conical

penetrative wormholes as described by Golfier €2802). Experiment D2 displays a more

diffuse pattern of wormholes.

Precipitation

For experiment P1, fluid analysis shows #ha}., =0 andAC,,, <0 whatever the value of

Precipitation is likely associated with either magite precipitation or dolomitization of the

calcite. The value oCMg‘ t decreases by 47% faor<t,, with t, = 600 minutes, then
ou

stabilizes at around 0.98 x i@nol.L™* for t > t.. SEM imaging coupled with chemical

analysis yields a magnesium-calcite of formulaMgsCO; with a = 0.88-0.96 ang = 0.04-
0.12 localized at the oolith surfaces (Fig. 9). €aquently, the dominant process is

dolomitization.

3.2. Porosity and permeability changes

As stated in section 2.4, we require a referentgevaf the porosity to calculate the porosity
by integration of equation (3). Porosity measurggimcessing the XMT data (Noiriel et al.,
2005) is expected to be misevaluated because altioéf scale imposed by the voxel size
dimension. Indeed, the surface roughness and ntigobsres of the micritic cement are not
properly resolved because they are on a smallé Htan the XMT resolution (i.e. 5.06 um).

Nevertheless, both the cements and oolith roughmesestructures display large reactive
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surface-areas and are dissolved in the early sthihpe experiments (i.€.< 7). For each of

the dissolution experiments, the porosity measbsedMT at the end of the experiment is
the best evaluation of the true porosity. Consetiyenmsing equation (3), we can write the
sample-averaged porosity for a given experimeifblésnys:

(\/CaCQ )* _VCaCQ (t)

pt)=¢ - v ) (11)

whereg and (\/Cacg)‘ are the porosities obtained by XMT and the volurheissolved

calcite at the end of the experiment, respectivalyhe case of experiment P1, the reference
porosity is taken dt= 0. Equation (11) can then be rewritten as

P(t) =9 +Veaeo, 1) - (VCaC03 )(0) )/V in this case. Consequently, we expect a higher
uncertainty on the value of the initial porosi§”’ . Fig. 10 presents the sample-averaged
change in porosity for the four experiments (D1, D3 and P1). For, <t <r_, the porosity
trends,¢(t ) display a pre-asymptotic decrease correspondinigssolution of the smaller
structures (e.g. cements) in experiments D1 toTD& pre-asymptotic decrease reflects the
migration of the dissolution front from the inletthe outlet of the sample. Then, foe 7,

the dissolution rated, @) tends to a constant value, while dissolutiorhef dolith surface

becomes homogeneous. Similar results were obtéin&buze et al. (2003) for the
dissolution of initially rough-walled fractures aarbonate, as well as by Noiriel et(@004)
for the dissolution of a porous limestone samplewattemperature. This behaviour is more
marked in experiments D1 and D2, where dissoluganitially concentrated in the vicinity
of the inlet as shown in Fig. 7. The valuesdpp, [t , are higher for experiment D1 and
lower for experiments D2 and D3, highlighting thgher reactivity of the fluids at higher

Peo, -
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In the precipitation experiment (P1), we obsergteady decrease in porosity during the 700
minutes run time. Precipitation features cannotibealized by the XMT technique, because
they are smaller than the XMT resolution (5.06 um).

Fig. 11 shows the corresponding changes in perrigahith time k(t). We derive a

measure ok(t Yrom the differential pressure records using eiguatl) with a constant flow
rate. As expected, permeability increases in theetidissolution experiments (D1 - D3),
whereas it decreases in the precipitation expetifiel). We should point out that the
samples used for the three dissolution experimametsimilar, with an initial permeability of
around 35 x 18> m?, while the sample used in experiment P1 has aehiigiitial permeability
(i.e. 180 x 10° m?), even all samples were taken side-by-side fraersme core.

Permeability changes are clearly linked to thg value as well as the Ca concentration in the
inlet fluid. Experiments D1 and D2 display well-rkad dual slope permeability trends
corresponding to the dissolution regime change=at, . The rate of increase in permeability,
0.k, is almost stationary for experiment D3, whichneersely, displays uniform dissolution
behaviour. For experiment PR(t i9 characterized by two distinctly different rategich

are nevertheless associated with a single rate@tdse in porosity (Fig. 10). The origin of

this behaviour is discussed in the next section.

3.3. Determination of Da-controlled dk/d¢ laws

The distinctly different porosity and permeabilitgnds obtained in experiments D1 — D3
characterize dissolution patterns controlled biahCO, partial pressure and calcite
saturation index. We should bear in mind that ttarsition index depends on Ca
concentration alone, because all the other parasmate constant and the rock samples are

identical. Up to this point in the discussion, oesults show that dissolution can display
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distinctly different patterns along the path folkavby CQ-enriched fluids in the reservoir.
However, we cannot use this observation to magkgnvoir-scale processes until both the
porosity changes and the related permeability obsuage parameterized according to the
fluid composition. Hence, our objective is to eidba relation between the measured
sample-scale porosity-permeability relationship #revalue oDa.

Permeability is an intrinsic macroscopic propettyhe rock that results from a combination
of several parameters including the geometry optbhres and throats, as well as, more
importantly, the sample-scale connectivity of tleédg (Mavko and Nur, 1997; Pape et al.
1999). In spite of this complexity, the essentighéviour can often be evaluated successfully

from the porosityg using power-law relationships such as the Kozeagatan model

(Kozeny, 1927; Carman, 193K)= A¢" /S™, whereSis the specific surface-area, aidis a
geometric factor expressing all the other rock-gjmestatic parameters, whileandm reflect
the dynamic behaviour of the relation. For examible,values oh andm for homogeneous
sandstones (e.g. Fontainebleau sandstones) aeetal8sand 2, respectively (Bernabé et al.,
2003). Evidently, in the case of rocks displayiognplex pore structures, such as low-
porosity carbonate rocks, the specific surface-mr@at measurable and is certainly not the
main parameter controlling permeability. Seversdralative relations have been proposed to
account for deviations from the Kozeny-Carman moleinstance, Bourbié et al. (1987)
proposed the scaling relatidn= A' ¢"d , Whered is the grain diameter. However, it is not
easy to measure the grain diameter in most limestocks because of the large granulometric
variability and marked anisotropy of the “grain’agie. For low-porosity media, it is often
observed that changes in permeability scale withgity only if k ~ ¢" for a given rock type

(Bernabé et al., 1982). The simplest relations#ip i

k=6(p-q)", (12)
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where the unit scaling and constant parameteractaizing the rock and the mass transfer

processes are lumped togethedirann , respectively. In equation (12, is the value of

porosity at the percolation thresholk € 0 if ¢ =¢,). A similar power-law relationship was

used by Noiriel et al. (2004) to account for therse of limestone dissolution. These authors
(op.cit) show that this relation gives rise to an asymptoend under conditions of
dominantly homogeneous dissolution. However, waig® being considered as independent
of porosity, the value of is valid for a specific range of porosity that mbe defined
experimentally.

Figurel2 shows the evolution of permeability vergamosity during experiment P1. We note

that P1 is characterized by dolomitization of tleéith surfaces, with botlg andk
decreasing. The plot of log vs. logk) reveals two trends with a transitional behaviour

betweent =t,= 400 min and =t, = 600 min. In the first part of the experimera, f
t<t,. the log(g) vs. log(k) plot is linear and equation (8) can be appliethwivery low

value of the power law exponemt= 0.18. Conversely, for >t_, log(¢) vs. logk) is not
linear, i.ed(log(k))/d(log(g)) > 0. This indicates that porosity approaches the pation

thresholdg. . We use a polynomial approximation to evalugte= 0.059.

Fig. 13 shows the variation of permeability as rction of porosity during the dissolution
experiments D1 — D3. For experiment D1, the variabdf log(¢) vs. log(k) displays a dual
slope behaviour reflecting the dual dissolutionmey illustrated by the porosity profile in
Fig. 7. Itis difficult to interpret the value of = 0.79 obtained wherr, <t <7 because

this result reflects both the low increase in peabilgy in the outlet side of the sample and

the high increase in porosity near the inlet. g €xperiment, the useful part of the lgg(
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vs. log(k) plot is the segment characterizing the statiow#ygolution process, i.¢.>71_, i.e.

when the value Oh(m) =4.79.

For experiment D2 and D3, we obtain a single-slogég ) vs. log(k) plot for t > 7, with

Nio2) = 1.24 andn(D3) = 0.29, respectively. This result is somewhat ssipy because it
implies that the change in permeability with potpsan be described as a single

phenomenological process, while the rate of calqjmwnﬂuctionatCCa‘Out IS not stationary

for 7, <t <r,. Physically, this means that, when a high ratdiggolution is associated with
high S, for cements and oolith rough surfaces, the slopedk/d¢ ) obtained for
I, <t<r, isidentical to the slope fdr>r_, when the dissolution rate is slower because of

the lower value ofS . In other words, for a given volume of dissolvedtie, dissolving

cements and oolith surface roughness is less@ftian terms of increasing the permeability
than dissolving massive ooliths. This behaviowrizbably linked to the hydro-chemical
history of the specific rock studied here, whickplitys high permeability (35 x 10m?) and

low porosity. Indeed, this sequence from the Midlilleassic of the Paris Basin corresponds to
an aquifer with considerable flow of fluids haviagomposition very close to equilibrium
(Coudrain and Gouze, 1993). Thus, we can assurhéhalow redistribution of mass over
several million years has acted to minimize theraytic energy loss. Consequently, these
slow processes lead to a redistribution of micpti@ses into zones where fluid flow is slow
(i.e. in pore voids), while strategic flowpaths Bw&s pore throats remain free of micritic

growths. These features can be seen from microsulogervations of the rock thin-sections.

The k — ¢ relationships are clearly linked to fluid chemysior Pe>> 1; under this
condition, n increases witlDa. Consequently, the parameterization of khe¢ power law

is required for predictive reservoir (Darcy scate)delling. In large-scale meshed-reservoir
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simulators, the local averagdah (equation 10) can be easily calculated from tieallo

(nodal) values of reactant concentration in thalfl&ig. 14 shows the relationship between
andDa, which appears to be scaled according to a paavern = A+ B Da®, whereA + B

gives the value aofiforDa =1, i.e.n=0.29, andC is the scaling exponent. The best fit is
n= 010+ 018Da™® (13)

Note that the value @ is independent of the uncertainties associatel tvé definition of
(AC.,)” (see equation 10), while the valueBois controlled by the value offor Da= 1. A
better evaluation dB would require performing experiments wil,, ranging between the
conditions used for experiments D2 and D3. Convgriee value ofA is independent of the
uncertainties associated with the definition(A€_,)”, provided the value af measured for

experiment D3 is indeed the lower value associaiétDa = 1. This can be checked by

performing an experiment witR., lower than the value used for experiment D3.

4. Conclusion
We present a set of four flow-through experimefitsrang us to describe mass transfer
processes (1) in the vicinity of the injection wehere ., is maximal and dissolution is
non-uniform, and (2) at distant locations wheresdlistion becomes more and more uniform,
up to a point where precipitation (calcite dolomation) is observed. This set of experiments

is performed forP - T - P, conditions representative of the most probablsitu conditions.

As a general rule, we expect non-uniform dissotutmoccur near the injection well in
calcite-rich reservoirs because of the high redgtof calcite at low pH conditions. The

experiment performed witlR., close to the total pressuesupports the formation of highly

conductive long-distance correlated flow channeldicating transport-controlled dissolution.
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These features strongly modify the permeabilityijlevthe macroscopic porosity is only

moderately affected. For intermediate value$9f , the mass transfer changes from

transport-controlled to kinetically-controlled didstion. Uniform dissolution is obtained for

Peo, = 2.5 MPa. These three dissolution experimentdalysgiistinctly different scaling laws

relating the variations of porosity against perni@gbClearly, classical laws relating
permeability k) to porosity (g using rock-dependent parameterization alone caswemunt
for changes in permeability triggered by localdhuock disequilibrium. Hence, macroscale
porosity-permeability relationships must be parameed not only to reflect the rock-type-
dependent properties, as generally performed whadehing low-reactivity systems, but also

to take account of the local dissolution regime.

Finally, for the experiment withe., = 0.7, i.e. reproducing conditions far from theeitjon

well, we observe a uniform decrease of the por@sgociated with dolomitization of the
reservoir. However, the rate of decrease in permgatises sharply as the porosity
approacheg, , indicating a probable clogging of the mediumafaimitization conditions

persist.

Using this set of experiments, we extract steptby the macroscopic parameters required to
formulate the dependence of the porosity-permeglsitialing on local fluid-rock
disequilibrium:

1) The value of porosity at the percolation threshsldvaluated using the precipitation

experiment €, = 0.7),

2) The sample-scale threshold value of the Damkolbherlrer Pa = 1) is defined from

the uniform dissolution experimenPy, = 2.5),
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3) The value oDa for each of the non-uniform dissolution experinsefie. with P, =
6.0 and 10 MPa) is calculated from the amount tiiwan produced in the sample,
4) The exponenn of the porosity-permeability power law in the taa K ~(¢—@.)" is

measured from the asymptotic dissolution regimesmh of the experiments,

5) The relationshim versusDa is fitted to produce a macroscopic phenomenolddpea
that can be upscaled easily to be implementedassaial reservoir numerical
simulators.

Interestingly, we find that the relation betwaeandDa is a power law similar to the
porosity-permeability scaling relationship. Evidgnthe coefficients of this law are (highly)
dependent on the properties of the reservoir argt imeasured case by case. The new
experimental apparatus and procedure describedoh@bably represent the best approach to
measure these parameters.

It is beyond the scope of our study to calculattesyatically the errors generated by
adopting a porosity-permeability scaling law thaindependent of the local chemical

disequilibrium, even though such an approach ismmonmly used in modelling. However, in
view of the large valueQ = 1.6) of the exponent in the power law scalirigtienn ~ Da“,

any errors produced by assuming a constant valnevoluld clearly jeopardize the
assessment of risks associated with the injectiani@ng-term underground storage of LO

in limestones.
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Figure captions

Fig. 1. Schematic illustration of a GQtorage facility in a sedimentary reservoir. Bote®
4 represent the decrease of gfartial pressure along fluid transfer pathways iattost
reservoir. For our experiments, in boxRBg, = 100 bar (D1), box 2P, = 60 bar (D2), box

3! Peo, =25 bar (D3) and box 4%, =7 bar (P1).

Fig. 2: Diagram of the experimental setup.

Fig. 3: P - T phase diagram for GQwith P-T path corresponding to G0rine mixing.

Fig. 4: Sketch diagram of the X-ray microtomography asijain line.

Fig. 5: Normalized time-resolved concentrationsGaf (on right) andVig (on left). Results are
presented for each experiment, D1 (circles), D2igses), D3 (diamonds) and P1 (crosses).
Note that the time scale for the dissolution expernit is not the same as for the precipitation
experiment.

Fig. 6: XMT cross-section of the sample used for experiniht Left column shows the X-
ray images before and after the dissolution expamimGrey levels indicate the X-ray
absorption intensity. Middle column shows the cepanding binary images, with calcite
indicated in white and voids in black. Dissolvedcita (in white) is visualized on the right
hand figure.

Fig. 7: x-y averaged porosity profiles along the samples enfktbw direction ) before the
experiment (dotted) and after the experiment (plain

Fig. 8: 3D XMT images of the cores before (top line) angrafbottom line) for experiments
D1, D2 and D3. Black and white areas representsvaidd solids, respectively. Image
dimensions are: diameter 9 mm and height 4.5 mm.

Fig. 9: Secondary electron micrographs (SEM) showing ddienprecipitated during
experiment P1.

Fig. 10: Variation of porosity with elapsed time; D1 (cas), D2 (squares), D3 (diamonds)
and P1 (crosses).

Fig. 11: Variation of sample permeability with elapsed difior the dissolution experiments
(D1 — D3) and the precipitation experiment P1.

Fig. 12: Log permeability versus log porosity for the ppg&ation experiments.

Fig. 13: Log permeability versus log porosity for the disgion experiments D1 (circles), D2
(squares) and D3 (diamonds).

Fig. 14: Scaling exponenm versus value of the Damkolher numtga for the dissolution

experiments D1 — D3. The regression coefficRig optimal & = 1).
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Species (mg.L) D1 D2 D3 P1
Na 23 000 23 000 23 000 23 000
Ca 330 375 400 3500
Mg 4 4.5 5 45
Cl 35 000 35 000 35 000 35 000
CO, (mol.L'h) 0.8 0.5 0.2 0.06
pH 3.21 3.51 4.02 8.7

Table 1: Composition of fluids for experiments D1, D2, B8d P1 (in mg.L).
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Fig. 1. Schematic illustration of a CGGtorage facility in a sedimentary reservoir. Boge®
4 represent the decrease of gdartial pressure along fluid transfer pathways iattost
reservoir. For our experiments, in boxR;, = 100 bar (D1), box 2P, = 60 bar (D2), box

3: Peo, =25 bar (D3) and box 4, =7 bar (P1).
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presented for each experiment, D1 (circles), D2igses), D3 (diamonds) and P1 (crosses).

Note that the time scale for the dissolution expernit is not the same as for the precipitation
experiment.
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Fig 6: XMT cross-section of the sample used for experiniEhtLeft column shows the X-
ray images before and after the dissolution expamnimGrey levels indicate the X-ray
absorption intensity. Middle column shows the cgprnding binary images, with calcite
indicated in white and voids in black. Dissolvedtita (in white) is visualized on the right
hand figure.
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Before

After

Fig. 8: 3D XMT images of the cores before (top line) anerafbottom line) for experiments
D1, D2 and D3. Black and white areas representsvaidd solids, respectively. Image
dimensions are: diameter 9 mm and height 4.5 mm.
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Fig. 10: Variation of porosity with elapsed time; D1 (cirs)e D2 (squares), D3 (diamonds)
and P1 (crosses).
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Fig. 11 : Variation of sample permeability with elapseahdi for the dissolution experiments
(D1 — D3) and the precipitation experiment P1.
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Fig. 14: Scaling exponenm versus value of the Damkolher numtga for the dissolution
experiments D1 — D3. The regression coefficRig optimal & = 1).
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