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Abstract Although there are a number of mathematical modeling studies for carbon diox-
ide (CO2) injection into aquifer formations, experimental studies are limited and most studies
focus on injection into sandstone reservoirs as opposed to carbonate ones. This study presents
the results of computerized tomography (CT) monitored laboratory experiments to analyze
permeability and porosity changes as well as to characterize relevant chemical reactions asso-
ciated with injection and storage of CO2 in carbonate formations. CT monitored experiments
are designed to model fast near well bore flow and slow reservoir flows. Highly heteroge-
neous cores drilled from a carbonate aquifer formation located in South East Turkey were
used during the experiments. Porosity changes along the core plugs and the correspond-
ing permeability changes are reported for different CO2 injection rates and different salt
concentrations of formation water. It was observed that either a permeability increase or a
permeability reduction can be obtained. The trend of change in rock properties is very case
dependent because it is related to distribution of pores, brine composition and thermodynamic
conditions. As the salt concentration decreases, porosity and the permeability decreases are
less pronounced. Calcite deposition is mainly influenced by orientation, with horizontal flow
resulting in larger calcite deposition compared to vertical flow.
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1 Introduction

Carbon dioxide sequestration can be defined as the capture and secure storage of CO2 that
would have otherwise been emitted into or remained in the atmosphere (Bachu and Adams
2003; Pruess and Xu 2001). This approach aims to keep CO2 emissions produced by human
activities from reaching the atmosphere by capturing and diverting them to secure stor-
age. CO2 is sequestered in geological formations by three mechanisms: solubility trapping
through dissolution in the formation water (Gunter et al. 1997; Reichle et al. 1999), mineral
trapping through geochemical reactions with the aquifer fluids and rocks (Gunter et al. 1997;
McPherson and Lichtner 2001; Goldberg et al. 2001), and hydrodynamic trapping of CO2

plume (Bachu and Adams 2003; Reichle et al. 1999). These mechanisms lead to storage of
CO2 as free-phase gas in pore spaces, dissolution in formation water and CO2 converted to
rock matrix. Deep saline aquifers in sedimentary basins are possible sites for sequestration
of CO2. Brine formations are the most common fluid reservoirs in the subsurface, and more
importantly large-volume formations are available in sedimentary basins that are widely
spread around the world.

Flow systems that involve water, CO2 and dissolved ions have been extensively studied
in geothermal reservoir engineering. The geothermal work mostly addresses higher temper-
atures and lower CO2 partial pressures than would be encountered in aquifer disposal of
CO2. Some of it involves not only multiphase flow but also chemical interactions between
reservoir fluids and rocks (Izgec et al. 2005a). Injection of CO2 into aquifers includes a
variety of strongly coupled physical and chemical processes such as multiphase flow, solu-
tion–dissolution kinetics, solute transport, hydrodynamic instabilities due to displacement of
brine with less viscous CO2 (viscous fingering), and upward movement of CO2 due to grav-
ity override (Reichle et al. 1999). Reactions among the formation rock, the aquifer fluid and
CO2 may lead to change in the formation porosity and permeability, thus the storage capacity
of the formation. Although there are plenty of numerical modeling studies (e.g., Doughty
and Pruess 2004; Kumar et al. 2005; Hovorka et al. 2006) and a number of semi-analytical
and analytical studies (Saripalli and McGrail 2002; Nordbotten et al. 2004) related to flow
and transport during injection of CO2 in geological formations, as well as numerical studies
including geochemical reactions (e.g., Gunter et al. 1993; Pruess et al. 2003; Johnson et al.
2004; Nghiem et al. 2004), experimental studies are limited and most studies focus on sand-
stone aquifers as opposed to carbonate ones. Through the injection of CO2 in carbonate deep
saline aquifers, some changes in rock properties are expected. Changes in the rock porosity
and permeability result from dissolution of rock minerals, transportation and precipitation.
Continuous dissolution of reactant minerals alters the concentration of aquifer fluid, thus at
later times leading to precipitation of product phases. While dissolution of rock minerals
increases the formation porosity and permeability, precipitation of those minerals decreases
the formation porosity and permeability (Izgec et al. 2005a, b, c).

At the CO2 front where CO2 is dissolved in water, minerals such as calcite may dissolve
readily, leading to an increase in porosity and permeability along the flow path. This leads to
a higher flow rate and increased dissolution, forming what is known as wormholes. It is also
known from various field applications of enhanced oil recovery that CO2 injection reduces
injectivity in some cases (Ross et al. 1982) and increases permeability near injection wells in
others, such as in carbonate reservoirs.

For a carbonate system kinetically controlled reactions can be defined as (Omole and
Osoba 1983; Snoeyink and Jenkins 1980):

H2O + CO2 + CaCO3 ↔ Ca(HCO3)2 (1)
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In general, atmospheric or subsurface CO2 dissolves in water and generates a weak carbonic
acid, H2CO3, which subsequently dissociates into HCO−

3 and CO2−
3 according to reaction

steps given as:

CO2(gas) ↔ CO2(aq) (2)

CO2(aq) + H2O ↔ H2CO3(aq) (3)

H2CO3(aq) ↔ HCO−
3 + H+ (4)

HCO−
3 ↔ CO2−

3 + H+ (5)

The dissolved bicarbonate species react with divalent cations to precipitate carbonate min-
erals. Formation of Ca, Mg and Fe (II) carbonates are expected to be the primary means by
which CO2 is immobilized (Gunter et al. 1997).

HCO−
3 + Ca2+ ↔ CaCO3 + H+ (6)

HCO−
3 + Mg2+ ↔ MgCO3 + H+ (7)

HCO−
3 + Fe2+ ↔ FeCO3 + H+ (8)

Mechanisms by which a precipitate reduces permeability include mineral precipitation
on the pore walls due to attractive forces between the particles and the surfaces of the pores,
individual particles blocking pore throats, and several particles bridging across a pore throat
(Pruess and Xu 2001). In a carbonate formation, a major cause of reduction in porosity and
permeability is precipitation of CaCO3 and NaCl. Pressure drop along the flow path affects
the precipitation rate, thus leading to variations in rock properties by changing the amount of
substances that is dissolved. Assuming there is Darcian and incompressible flow in the porous
media, there is a linear relationship between pressure drop and distance in the direction of flow
if the rock is homogeneous. Considering this relationship and solute transport concept, it is
expected that permeability increases in the near well bore region and then gradually decreases
in the flow direction (Omole and Osoba 1983). Permeability decline caused by mineral pre-
cipitation in the porous bed can reach upto 90% of the initial permeability, depending on
solution composition, initial permeability, temperature and flow rate and solution injection
period (Moghadasi et al. 2005). On the other hand some researchers reported increase in the
permeability of dolomite cores by 3.5–5% after similar CO2 treatments, (Omole and Osoba
1983) while a reduction in permeability was observed in other experiments.

The relevant dimensionless parameters for the dissolution and deposition process are the
Peclet, Pe, and Damkohler, Da, numbers (c.f., Bekri et al. 1995; Bhat and Kovscek 1999).
The Peclet number is the ratio of convection speed to characteristic diffusive velocity, while
the Damkohler number is the ratio of characteristic residence time or fluid motion time scale
to characteristic reaction time. Zhang and Kang (2004) found that a large Damkohler number
(Da�1) corresponds to very rapid chemical reaction in comparison to all other processes.
On the other hand, small Damkohler number (Da�1) corresponds to very slow chemical
reaction in comparison to all other processes. At high Pe and PeDa product, wormholes are
formed and permeability increases greatly due to the dissolution process. At low Pe and high
PeDa numbers, reactions mainly occur at the inlet boundary, resulting in near inlet disso-
lution and the slowest increase of the permeability in the dissolution process. At moderate
Pe and PeDa numbers, reactions are generally non-uniform, with more in the upstream and
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less in the downstream. At very small PeDa number, dissolution and precipitation are highly
uniform in space, and these two processes can be approximately reversed by each other.

Assuming first order reactions, Pe and Da numbers can be obtained using the following
expressions:

Pe = vd

D
(9)

Da = (1 − φ) αLκ

ν
(10)

where ν is a characteristic velocity taken here as the mean interstitial velocity, d and L are
characteristic dimensions, φ is porosity, D is the solute diffusivity, α is surface area ratio
of the mineral, and κ is a first-order rate constant. The characteristic dimension in Pe is
appropriately a pore size (e.g., diameter d) because pores are the conduits carrying flow
in porous media. On the other hand the appropriate characteristic dimension in Da is core
length L because reaction occurs along its entire length (Diabira et al. 2001). Notice that in
Da ratio L/ν represents the time for CO2 to sweep the core sample of length L . The Pe and
Da numbers can then be expressed as follows:

Pe = q
√

k

πr2φD
(11)

Da = (1 − φ) απr2 Lκ

q
(12)

where q is Darcy velocity, k is permeability and r is core radius. Since the rate data are
usually reported for 25◦C, the following equation can be used to obtain the rate constant at
a different temperature.

κ (T ) = κ25Exp

[−Ea

R

(
1

T
− 1

298.15

)]
(13)

where κ(T ) is rate constant at absolute temperature T , κ25 is rate constant at 25◦C, Ea is
activation energy and R is universal gas constant.

As can be seen from the above discussion, the porosity and permeability changes as a
result of CO2 injection strongly depend on the distribution of the rock minerals. Although
there are a number of mathematical modeling studies for carbon dioxide (CO2) injection into
aquifer formations, experimental studies are limited and most studies focus on injection into
sandstone reservoirs as opposed to carbonate ones. Thus, the aim of this paper is to study the
effects of injection of CO2 into carbonates through CT monitored experiments. One unique
nature of the present study is that as opposed to tracking porosity and permeability changes
through thin sections, X-ray analysis, etc. CT porosity measurements were used. The paper
is divided into two parts: experimental and numerical modeling. The experimental part of
this study focuses on the effect of chemical kinetics on change in porosity and permeability
of the highly heterogeneous carbonate rocks through injection of gaseous CO2 in presence
of salty water. Effects of flow direction (horizontal or vertical), flow rate (low, medium and
high), temperature (low, moderate and high), co-injection of CO2 with brine and the effect
of heterogeneity are discussed. Matches of permeability behavior with the modeling results
of a commercial simulator are given in the numerical modeling part.
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Core plug
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Porous column

Fig. 1 Experimental apparatus (bottom) and core holder (top) used in the experiments

2 Experimental set-up and procedure

The experimental apparatus consists of, X-ray CT scanner (3rd generation Philips Tomoscan
60/TX), injection system, core holder and data recording system (Fig. 1). The injection sys-
tem is made up of a constant displacement pump, CO2 bottle, gas flow meter controller and
a pressure transducer. For horizontally aligned experiments a Hassler type X-ray transparent
aluminum core holder wrapped with Fiberfrax insulation and carbon fiber materials to mini-
mize X-ray scanning artifacts is used. For vertically oriented experiments a core holder placed
in a water jacket that enabled fast adjustment of the system temperature at a constant level
was used. Carbonate core plugs drilled from the Midyat formation located in South East
Turkey (9 experiments), and homogeneous carbonate core coming from a French quarry,
St. Maximin, (1 experiment) were used in experiments. Midyat rock is mainly a heteroge-
neous carbonate with vugs and fractures. For vertically aligned experiments epoxy coated
core plugs of 10.7 cm long and 4.72 cm in diameter were used as opposed to 7 cm long and
3.81 cm ones used in horizontal experiments. Table 1 gives the experimental conditions and
physical properties of the core plugs used in the experiments.

The system confining pressure was kept at 3,447.379 kPa (500 psi) using a manually oper-
ated hydraulic pump. The temperature of the system was kept at the desired temperature
using an electronic temperature controller with an accuracy of 0.1◦C and a heating rod. In all
experiments prior to start CO2 was injected into the core plug through a spider web shaped
injection port in order to remove possible remaining air trapped in pores. Spider web injec-
tion configuration also enabled even distribution of CO2 at the inlet face of the core plug.
Reference dry CT scans (Fig. 2) of eight equally separated volume elements (slices) were
acquired and after each CO2 injection period. Reference dry CT images captured at this stage
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CO2 injection into saline carbonate aquifer formations 7

Fig. 2 Raw CT images and their locations along the core plug for experiment 3

were compared to previous ones to ensure no brine is left in the core plug. If the average
CT number change for each slice between these scans was more than 5%, CO2 injection
continued. Approximately 10 pore volumes of CO2 injection ensured the reference dry scans
were within the set error limit. At the end of each CO2 injection period the core plugs were
re-saturated with NaBr brine and reference wet CT scans were shot at the same locations
when the system reached steady conditions. NaBr brine as opposed to NaCl brine allowed an
accurate determination of the porosity (Akin and Kovscek 2003). Porosity of each slice was
then obtained by averaging porosities obtained in a circular region of interest that is slightly
smaller than the diameter of the core plug. The porosity, φ for a slice was obtained using the
Eq. 14 (Akin and Kovscek 2003).

φ = CTwr − CTar

CTw − CTa
(14)

where CTwr and CTar are 100% wet and 100% dry images and CTw and CTa are pure fluid
CT numbers in Hounsfield units. The distribution of porosities and raw CT images (Fig. 2)
showed the heterogeneous nature of the core plugs. Using a data logger pressure readings
obtained from a pressure transducer (accuracy 0.1%) were recorded when the brine flow
reached steady conditions. Absolute brine permeability at the end of each CO2 injection
period was calculated using the Darcy’s law. Breakthrough time and pore volume of the core
plug were also determined at this stage. Experiments were conducted at differing injection
rates (3, 6 and 60 cc/min), temperatures (18, 35 and 50◦C) and brine salinities (0, 2.5, 5 and
10 wt%).

3 Experimental results and discussion

3.1 Effect of flow direction

The results of experiments suggest that orientation of core, which determines the direction
of flow, has a crucial role on rock property alteration trends. Generally for vertically oriented
core plug experiments the permeability increased and then decreased after a certain pore vol-
ume regardless of the salinity and injection rate. On the other hand, for horizontally oriented
core plugs the permeability initially decreased and then after a certain injection period then
stabilized (Fig. 3).
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Fig. 3 Effect of orientation (a)
vertical (experiment #2) and (b)
horizontal (experiment #3)
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Porosity, however, did not exactly match the permeability behavior but showed simi-
lar trends. The difference may be due to manner in which particles blocking pore throats.
Bridging and plugging can be estimated to occur by two empirical relationships (Hibbeler
et al. 2003). If the particle diameter is more than one-half of the pore diameter, then a bridge
will form. If the particle diameter is between 1/3rd and 1/7th the size of the pore diameter
then it will plug. This process results in a decrease in permeability. Using the relationship
that the square root of permeability is approximately equal to pore diameter in microns, plug-
ging range of calcite particles is calculated (Table 1). For heterogeneous Midyat carbonate
core plugs the pores and throats have small-to-large values (Fig. 4). Thus, the small calcite
particles with a particle diameter between 1 and 2µ could plug the smaller pores along the
flow path for all cores except for the homogeneous core plug. As can be seen in Table 1,
Pe and PeDa numbers can be considered as moderate. At moderate Pe and PeDa numbers,
reactions are generally non-uniform, with more in the upstream and less in the downstream.
Thus, a perturbation in the reaction rate at the advancing dissolution front changes the local
permeability which in turn affects solute transport and the dissolution rate. As a result, the
front becomes unstable and pronounced channels are formed in which most of the flow is
focused while most of the pore space is eventually bypassed. Because of the presence of
those preferential flow paths, drastic changes in permeability should be expected while only
a little change in porosity is observed.

Yet another important issue is mobilization of particles in the porous medium. When the
fluid is injected into porous medium and the fluid velocity reaches the particles’ mobilization
velocity, these particles may move and cause some plugging, hence reduce the permeability
of the porous medium. For sand particles with a mean diameter of 2.0–2.5µm (98% less
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CO2 injection into saline carbonate aquifer formations 9

Fig. 4 Thin section image of
core plug used in experiment 3. In
this image, white areas represent
pores. Black arrow is 1µm long

than 10µm) Gabriel and Inamdar (1983) found that superficial critical mobilization velocity
was 0.007 cm/s for Berea sandstone core plugs. When superficial velocities attained in this
study (Table 1) are compared to this critical velocity it can be seen that this value is exceeded
for all experiments except for experiments 1–3. As a conclusion calcite dissolution and/or
precipitation occur only as a result of CO2 forming a weak carbonic acid with brine.

In vertically oriented core plugs due to gravitational forces CO2 easily moves to the top of
the core that is identified by early breakthrough times. This in turn increases the contact area
of the CO2 in pores near the inlet and increases chemical reaction frequency. Carbonic acid
dissolves pore linings (Zones of accumulation that may be either coatings on a pore surface
or impregnations of the matrix adjacent to the pore) of carbonate rocks, and increases the per-
meability near the inlet (Bjorlykke 1989). As the injection continues some of the precipitated
calcite blocks the smaller pores along the flow path. Calcite crystals precipitate in the flow
path because of the pressure drop and continuous increase in the amount of dissolved particle,
resulting in a decrease in permeability later during the experiment.

On the other hand, for horizontally aligned core plug experiments injected carbon dioxide
does not move easily to the end of the core plug and forms carbonic acid near the inlet.
Longer breakthrough times compared to vertical cases are observed porosity increases near
the inlet only. Calcite then precipitates along the flow path especially near the exit, which
decreases porosity. Sample CT derived porosity values support this theory as shown in Fig. 5.
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Fig. 5 Porosity change along the
core plug observed during
experiment 3 (Horizontal, 10%
NaBr, 18◦C, 3 ml/min)
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Similar CT derived porosities were obtained in other experiments. Moreover, a milky fluid
is produced from the outlet because of presence of precipitates in the effluent. Continuous
measurement of the pH of the produced effluent, which is discussed in following sections,
also supports this idea.

3.2 Effect of salinity

It was observed that the salinity (Fig. 6) of the brine has small effect on changes in rock prop-
erties as the salinity was increased from 0 to 10% by weight. When distilled water was used,
the permeability initially increased by 40%, which was higher when compared to saline cases
(20%). As the salt content increased the late time permeability drop was more pronounced.
For the experiments in which heterogeneous core plugs were used, because of the possibility
of a particle to block a pore throat, permeability decreases as the weight percent of brine
increases. These results are sensible. As salinity increases, CO2 solubility decreases and
the strength of the acid decreases as well. Fewer ions in solution mean less dissolution or
precipitation.

3.3 Effect of injection rate

Injection rate (Fig. 7) of CO2 has small effect on changes in rock properties as the injec-
tion rate of CO2 was increased from 3 to 60 ml/min. There are two factors that play a role
in the deposition process during particle movement and scaling: the characteristics of the
porous medium and the physical and chemical properties of the injection fluid (Moghadasi
et al. 2005). For lower flow rates, the rate of precipitation and chance of the particles to
block the pore throats increase. As the injected effluent velocity decreases, the plugging rate
also increases as a result of clogging constrictions located at the beginning of the flow path.
Slow rates also favor the completion of the chemical reactions leading to more precipita-
tion. For the CO2 injection rate of 3 ml/min (Fig. 7a) 60% decrease in permeability was
observed whereas 40% decrease in permeability was detected for the experiment conducted
with 60 ml/min injection rate (Fig. 7c). This is expected since for the 60 ml/min experiment
critical superficial mobilization velocity is exceeded. For the experiment conducted with flow
rate of 6 ml/min (Fig. 7b) a sudden increase in permeability was observed. It may be because
of a salt particle blocking the pore throat and then again being released. Also note that for this
experiment both the Pe and PeDa numbers are relatively high compared to other experiments.
At high Pe and PeDa numbers, wormholes are formed and permeability increases greatly due
to the dissolution process. As a result, salt concentration of the brine has a stronger effect on
permeability reduction than flow rate.
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Vertical Oriented, Distilled Water, 18 C, 60 ml/min
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Fig. 6 Effect of salinity: (a) distilled water (experiment #4), (b) 2.5% NaBr (experiment #5), (c) 5% NaBr
(experiment #6)
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Fig. 7 Effect of injection rate: (a) 3, (b) 6, (c) 60 ml/min (experiment #3)
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3.4 Effect of temperature

The solubility of carbon dioxide in water decreases with increase in temperature (Pruess
and Xu 2001). Then, a decrease in the temperature of the aquifer would lead to increase
in acidity of the aquifer fluid by dissolving more CO2. An increase in pH should result
in more dissolution of rock minerals. The effect of temperature on calcite deposition and
porosity and permeability was analyzed using three experiments conducted at 18, 35 and
50◦C all using horizontally oriented core plugs (Fig. 8). The last one is a typical tempera-
ture observed in shallow geothermal reservoirs. Note that the solubility of calcite decreases
with increasing temperature over a portion of the temperature range covered in these exper-
iments. The CO2 injection rates covered a wide range (3–60 ml/min) corresponding to slow
reservoir flows and fast near well bore flows. At 18◦C (Fig. 8a), the permeability decreased
to 40% of the initial permeability after CO2 injection and then stabilized around this value
for a while. Then it started to decrease again. Due to the fact that the PeDa products are
small for the high temperature experiments, dissolution or precipitation is relatively uniform
compared to low temperature experiments, and these two processes can be approximately
reversed by each other. This dissolution and precipitation behavior was also observed for
the experiments conducted at lower (18◦C) and higher (50◦C) temperatures. For the 35◦C
experiment, permeability initially decreased and then increased. The permeability trend for
this experiment followed the porosity trend. The permeability calculated from porosity using
a Kozeny–Carman type equation (CMG 2003) (Eq. 15) did not exactly match the observed
permeability.

kf = k0

(
φ

φ0

)c (
1 − φ0

1 − φ

)2

(15)

where k0 and kf represents the initial and final permeabilities, φ0 is the initial porosity and c
is the Kozeny–Carman coefficient. Kozeny–Carman type equations were previously used by
McCume et al. (1979), Itoi et al. (1987) and Lichtner (1996). Pange and Ziauddin (2005) used
a modified Kozeny–Carman approach to model experimental dissolution patterns observed
in carbonates during acidizing process. The application of Eq. 15 with exponents 3.0, 5.0 and
12.0 delineates the possible range of k–φ relations (Kühn 2004). The exponent 3.0 represents
clean formations with relatively smooth shaped grains. An exponent of approximately 5.0 has
been determined for anhydrite precipitation found in rock samples of deep geothermal aqui-
fers from northern Germany. The mineral deposit developed in this case on geological time
scales. On the contrary, an exponent of 12.0 has been determined in core flooding laboratory
experiments, representing the technical time scale, where anhydrite re-located (dissolved
and subsequently precipitated) within a temperature front (Bartels et al. 2002). Note that
permeability calculated from porosity using Kozeny–Carman type of equation assumes that
tortuosity is constant. In practice, however, as carbonic acid dissolves calcite and then pre-
cipitates again, the tortuosity should change continuously. In Kozeny–Carman’s and other
classic models (e.g., Walsh and Brace (1984)), permeability is described as proportional to
simple integer powers of the relevant pore geometry parameters. For a given process, these
parameters are usually assumed to be related to each other through power-law relationships,
therefore leading to a power-law dependence of permeability on porosity, possibly with a
non-integer exponent (e.g., David et al. 1994). Experimental evidence, however, indicates
that a single power-law exponent does not always hold as porosity changes. One popular
approach is to keep the power-law representation but with a variable exponent (Bernabe et al.
2003). Accordingly, we depict the evolution of permeability and porosity in carbonates as a
result of CO2 injection as oriented lines in log (porosity)–log (permeability) space through
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time. The slope of the tangent at any point on such a curve can be understood as the exponent
of a local power-law k ∝ φc, where k is the permeability and φ the porosity. Our assumption
here is that c is related to changes in the ratio of effective over non-effective porosity in
carbonates. Moreover, for the experiments where the Kozeny–Carman type model represents
the permeability change it could be speculated that the tortuosity does not change or stays
nearly constant.

The pH analysis of the produced effluent for the 35◦C experiment showed that right after
CO2 injection pH of the effluent became basic (pH: 7.90). With more injection of CO2, some
decrease in pH (pH: 7.80) was observed (Fig. 8b). Since chemical interaction between CO2

and brine results in formation of carbonic acid a decrease in pH is expected. In essence
the pH of the effluent closely followed the permeability and porosity change. It is known
that an increase in the total amount of calcite leads to increase in pH (Omole and Osaba
1983). Soong et al. (2004) studied the reaction of CO2 with brine samples collected from
the Oriskany Formation in Indiana County, PA, in an autoclave reactor under various con-
ditions. The combined experimental and modeling data suggested that pH (pH>9) plays a
key role in the formation of carbonate minerals. Moreover, they have stated that the effects of
temperature and CO2 pressure have a lesser impact on the formation of carbonate minerals.

3.5 Effect of heterogeneity

We used a homogeneous carbonate core plug coming from a French quarry (St. Maximin).
This carbonate is known to be quite homogeneous with high porosity and permeability (0.417
and 1.02 Darcy, respectively). The core has parallelepiped shape (5 × 5 × 20 cm3) and was
placed vertically in a core holder. The experiment was conducted using distilled water pre-
saturated with CO2 introduced from the bottom of the core plug. Permeability continuously
increased following the CO2 injection (Fig. 9). Dissolution of the carbonate rock by CO2 is
shown through permeability change (45%) but porosity increase (from 0.417 to 0.432) was
not so high. From these results it can be seen that the rock is not dissolved in a continuous way
but that preferential channels (wormholes) are generated in the rock. Assuming the pore size
distribution is uni-modal and that the pores and pore throats are evenly distributed and large,
it could be speculated that the calcite particles never find a chance to deposit along the core.
On the other hand for heterogeneous carbonate core plugs, because the pore size distribution
is bimodal and the pores and throats have small to large values, the calcite particles could
deposit along the flow path. Thus, the process strongly depends on pore size distribution
and the injectivity will greatly change as a result. Similar results have been reported in the
literature (Ross et al. 1982).

3.6 Effect of injecting CO2-saturated brine

During the CO2 injection process, at some point in the reservoir, CO2 saturated brine may
flow. In order to simulate this behavior 10% NaBr brine was saturated with CO2 and the
resulting fluid was injected into a core plug placed horizontally in the core holder in a similar
fashion (See experiment 9 in Table 1). The experiment mimicked other horizontal experi-
ments. There was an initial decrease in permeability followed by an oscillatory behavior (Fig.
10). The porosity decreased and then increased as the injection continued. When compared
to other horizontal experiments it could be seen that the results are in agreement. Thus, the
same chemical and physical forces are in action.
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Homogenous Core Plug, Distilled Water, 18 C
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Fig. 9 Permeability change observed during experiment #10 (homogeneous carbonate core plug)

Fig. 10 Permeability change
observed during co-injection of
CO2 and brine (experiment #9)
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3.7 Supercritical CO2 injection

Geologic disposal of CO2 into aquifers would be made at supercritical pressures, in order
to avoid adverse effects from CO2 separating into liquid and gas phases in the injection sys-
tem. Only a few studies do examine reactions in host rock in response to addition of CO2

under supercritical conditions. In geochemical modeling studies that incorporate kinetic rate
laws (Perkins and Gunter 1995; Gunter et al. 2000) and one study combining experiment and
modeling (Gunter et al. 1997), dissolution of silicate minerals in a brine and precipitation
of carbonate are reported. In the latter study, however, experiments consisted of month-long
batch reactions at 105◦C and 90 bars in which no silicate dissolution textures or new major
reaction products were observed. With few exceptions (i.e., Gunter et al. 1997; Kaszuba and
Janecky 2000; Kaszuba et al. 2001, 2003), there is no published experimental evaluation of
geochemical reactions that occur within a supercritical CO2–brine–aquifer system at reservoir
temperature and pressure. For supercritical CO2 injection at 200◦C and 200 bars, Kaszuba
et al. (2003) reported that the reaction among supercritical CO2, brine and rock exhibits rel-
atively rapid kinetics that are similar to rates measured in systems where gaseous CO2 is
injected. Based on the observations from the previous section on injecting CO2-saturated
brine, one would expect that supercritical CO2 injection will produce similar results to those
presented in this study, but further research is required to verify this conclusion.
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3.8 Core-scale numerical model

Early studies relating porosity-permeability changes under consideration of reactive transport
processes are rare, but this field of research is developing during the last decade. Zarrouk and
O’Sullivan (2001) gave a review of the effect of chemical reactions on the porosity of a porous
medium and resulting permeability changes. They concluded that every simulation code for
reactive transport should be adaptable concerning the applied porosity–permeability relation-
ships, thus, it is possible to use any relation. The simulator Processing SHEMAT/SHEMAT
(Clauser 2003) is an example, where varying relationships can be applied. The simulator
codes CHEM-TOUGH and TOUGH/EWASG (Pruess and Xu 2001) are further examples
of reactive transport models applicable to systems in which permeability changes resulting
from chemical reactions are considered. In CHEM-TOUGH permeability is assumed to vary
with porosity according to the Kozeny–Carman power of three, whereas in TOUGH/EWASG
the permeability change is far more complex. TOUGH/EWASG provides the opportunity to
calculate permeability changes based on either a straight capillary tube model, or a model
consisting of alternating segments of capillary tubes with larger and smaller radii, or for
parallel-plate fracture segments of different aperture in series (Pruess and Xu 2001). The
first model simplifies to a relationship in which permeability varies with porosity to the
power of two. The models of “tubes in series” and “fractures in series” depend on additional
parameters beside porosity and permeability and are therefore not discussed here. Yet another
code that can simulate porosity and permeability modification as a result of CO2 injection is
PHREEQC (Parkhurst and Appelo 1999).

In this study, STARS (CMG 2003) a new generation advanced processes and thermal
reservoir simulator was used. STARS is capable of simulating many types of chemical addi-
tive processes, using a wide range of grid and porosity models at both laboratory and field
scales. In all simulations, a radial grid block system with 14 × 25 × 24 (r, θ, z) blocks was
used to model the laboratory experiments. Initial porosities obtained from CT scans were
designated to each grid block corresponding to a slice (Fig. 11). The missing porosities in
between the slices were distributed using an inverse-distance squared distribution function.
Initial permeabilities of each grid were assumed constant. Brooks–Corey CO2–water relative
permeabilities and Brooks–Corey capillary pressures (pore size distribution index, λ = 0.4,
entry capillary pressure, Pd = 0.11 MPa, irreducible water saturation, Swirr = 0.13) were
used. Note that low pore size distribution index indicates greater heterogeneity. CO2 is defined
as real gas and CO2 solubility in water is taken to be proportional to CO2 partial pressures at
pressures of a few bars, but increases only very weakly with pressure beyond 100 bars (Spy-
cher et al. 2003). Langmuir type adsorption of CO2 was also considered. The dissolution
and precipitation reactions given by Eq. 1–5 were treated separately. The reaction model’s
heterogeneous mass transfer (source and sink) terms were applied to the non-equilibrium
capture and release of calcite by the porous rock. This requires that the reaction rate con-
stants depend on permeability to account for the changes in capture efficiency as the calcite
particle size to pore throat size ratio changes. To specify the dependence of chemical reactions
and non-equilibrium mass transfer on permeability (10, 20, 750 and 1000 md) an effective
permeability reaction rate scaling factor (2.5, 1.0, 0.75 and 0.5 min−1) table was used. Thus,
permeability change was controlled by reaction frequencies (1/min kPa) of the dissolution
and deposition reactions and a variable Kozeny–Carman coefficient given by Eq. 15. The
details of the numerical model can be found elsewhere (Izgec et al. 2007).
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Fig. 11 Distribution of slice
porosities in core-scale model

3.9 Results and discussion of numerical simulation

In order to show that the model could be used to simulate the experiments a synthetic case
similar to experiments 1 was used. In this simulation, CO2 was injected in a continuous
manner (3.0 cm3/min) from the bottom face of the numerical model to mimic the vertical-
flow experiments. Initial horizontal and vertical permeabilities were constant: 90 and 20 md,
respectively. Initial effective porosity was 23.8%. The core outlet pressure was 101 kPa at
21◦C. It was observed that chemical reactions occurred preferentially in the center of the
core where CO2 injection is performed (Fig. 12). At this location, the sizes of the grid blocks
are relatively smaller than the ones located near the borders. Dissolution and increase in
permeability were observed especially at the inlet of the core plug while at some grid blocks
permeability impairment was observed. At the bottom and the top of the core, some perme-
ability decreases were also noted. As the injection continued, CO2–rock–brine interaction
resulted in various non-uniform dissolution patterns and in some cases to re-precipitation and
permeability reduction. Thus, it is an unstable dissolution process leading to different dissolu-
tion regimes. This unstable dissolution process results in preferential flow patterns so-called
wormholes that can be visualized in Fig. 12 along the center of the core as discussed before.

A cutting plane at the middle of the core was used to examine the profiles on a vertical
plane (Fig. 12). Injected CO2 moved toward to top of the core while some amount was dis-
solved in brine. Figure 12 shows the vertical movement of gaseous CO2, caused by buoyancy
forces, and time-dependent gas saturation distribution. It could be seen that after the vertical
movement, free phase gas accumulated at the upper part of the core for a while. Then, CO2

started to dissolve into water. Thus, gas saturation at the top portion of the core decreased.
It is known that dissolution of CO2 into water increases the density of the brine. Change in
water density observed in the simulation agrees with the theory. Water density increases with
time as free phase gas amount decreases. As the free phase gas at the upper portion of the
core dissolved into brine, density of the fluid increased and started to migrate downwards and
was replaced by unsaturated brine. Results of core-scale simulation reveal that adsorption
of CO2 onto carbonate rock surface is less pronounced compared to other trapping mecha-
nisms. Adsorption of CO2 takes place where CO2 is in free gas phase. The concentration of
bicarbonate ions in brine with time in the core plug continuously increased (Fig. 12). This
means dissolution takes place at the flow path of the CO2, especially near the inlet. These
results are in accord with aforementioned experimental observations.
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Experiment vs Simulation: Vertical Oriented, %10 NaBr, 18 C
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Fig. 13 Comparison of experimental and model permeability changes: top: #1, middle: #3, bottom: #10

Calibration of the simulation model was conducted by changing the following param-
eters: the reaction frequencies of the dissolution and deposition reactions (Eqs. 1–5), and
the Kozeny–Carman coefficient (c in Eq. 15). Reaction rate scaling factor, blockage effect
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of particles, adsorption rate of CO2 and initial concentrations of solid phase carbonate and
aqueous phase bicarbonate and aqueous phase NaBr were set to experimentally observed
values. It was observed that matches could be obtained by setting forward and backward
reaction frequencies to 3,500 and 550 and Kozeny–Carman coefficient to 6.5. For vertical
experiments the initial concentration of the dissolved bicarbonate (1 gmol/cm3) was 10 times
higher compared to horizontal cases. Figure 13 gives the comparison of experimental and
numerical permeability values for vertical and horizontal oriented heterogeneous and verti-
cal oriented homogenous core plug experiments with varying conditions. Results show that
composition of the fluids initially present in the core plug and reaction frequencies of the
reactions play important roles in fluid–rock–gas interaction leading to changes in rock prop-
erties. Blockage effect of calcite and salt particles also play a major role in porosity and
permeability alteration trend.

The results shown here, derived from an empirical comparison between experimental
measurements on very simple plug-scale samples and simulations obtained with a reaction-
transport code, indicate that the problem is far from being straightforward. A non-empirical
approach would be to consider the mass-balance equations of the reaction-transport problem
at the pore scale, and to integrate them at the scale of a representative elementary volume (a
scale where the Darcy’s law would be used), using a methodology developed for instance by
Quintard and Whitaker (1999). This approach is beyond the scope of the present paper.

It should be also noted that injection of CO2 into a saline aquifer for sequestration is a
two-phase flow condition. Relative permeability and residual CO2 saturation are the salient
properties that influence sequestration under this condition. Drainage relative permeability
controls the ability of CO2 to flow into the aquifer (i.e., The saturation range for which the
CO2 plume is mobile is given by relative permeability curves.) as it is being injected, and
residual saturation dictates the volume of CO2 held immobile in the aquifer by capillary
forces after injection. In the context of CO2 sequestration the most favorable geologic situa-
tion is to optimize the relative permeability effects to enhance injection while maximizing the
residual CO2 saturation. A dependency was reported by Holtz (2003) between rock quality
and end-point relative permeability saturations and the crossover point between phases. He
also reported that decreasing rock quality was shown to increase residual saturation.

As discussed earlier in this section, the results shown here are derived from an empiri-
cal comparison between experimental measurements on very simple plug-scale samples and
simulations obtained with a reaction-transport code. This indicates that the problem is far
from being straightforward. It is possible to improve the matches reported here by modifying
certain rock properties like water–CO2 drainage relative permeabilities and capillary pres-
sures. No attempt was made to enhance the matches by varying properties such as relative
permeability. That is why the numerical solutions discussed in this section should be used
as guidelines rather than to the point results. Nevertheless, the current configuration enables
the numerical model match the experimental results.

4 Conclusions

Results of this study show that:

1. The trend of change in rock properties as a result of injection of CO2 into carbonate
formations, is very case dependent because it is related to distribution of pores, brine
composition and as well the thermodynamic conditions. From the results presented it
can be inferred that the rock is not dissolved in a continuous way but that preferential
channels (wormholes) are generated in the rock (see Table 1 and Figs. 3 and 5).
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2. Calcite deposition is mainly influenced by flow direction and horizontal flow resulted in
larger calcite deposition compared to vertical flow (Fig. 3).

3. For the temperature range studied (18–50◦C) permeability and porosity alteration trends
did not change (Fig. 8).

4. Mineral trapping of CO2 is less pronounced compared to other trapping mechanisms.
5. A continuous change of injectivity was observed during the injection of CO2 into car-

bonate formations because of the chemical kinetics and accompanying rock properties’
alterations (Fig. 10).

6. Composition of the fluids initially present in the core plug and reaction frequencies of
the reactions play important roles in fluid–rock–CO2 interaction leading to change in
rock properties (Fig. 6).

7. A numerical model that considers adsorption of CO2, solution and dissolution reactions
observed in carbonates can simulate injection of CO2 in carbonate formations.
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