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Introduction

Many rock-forming minerals may in principle react with CO2 at the pressure-temperature
(P-T) conditions of a potential geological CO2 storage site. In this report we present a lit-
erature study, intended to delineate the current knowledge about relevant chemical and
physical interactions between CO2 and carbonate rocks. Because many carbonate rocks
have significant contents of silicate minerals, we have included information about the
chemical reactions most likely to take place in silicate rocks. Chemical reaction rates and
stability regions are difficult to predict with certainty. Therefore, the most significant indica-
tion to what extent and at what rate such reactions will take place in CO2 storage opera-
tions comes from CO2 Enhanced Oil Recovery (EOR) operations, laboratory experiments
and natural CO2 reservoirs. Instances of mineral dissolution or precipitation, changes in
mechanical stability, and changes in porosity or permeability are given special attention.

This work is part of the EU GESTCO project.
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Chemical and physical interactions involving CO2

Reactions between CO2 and carbonate minerals
At the P-T conditions considered in this review CO2 may exist as either gas, liquid or su-
percritical fluid, cf. Fig. 1. In the region above the critical point, the CO2 is neither a gas nor
a liquid, being more gas-like at lower pressure to more liquid-like at higher pressure. In
many potential CO2 storage reservoirs a free CO2 phase will occur as a supercritical fluid.
CO2 has a significant solubility in water, the size of which depends on the P-T conditions
(Fig. 2) and the amounts of other dissolved components in the water (Fig. 3). For conditions
relevant to CO2 storage the solubility of CO2 in water will usually be between 1 and 5
weight percent.

The solubility of the CaCO3 polymorphs depends on the lattice structure of the crystals. At
the same partial pressure of CO2 (PCO2), the rhombohedral calcite is the most stable modi-
fication showing lower solubility than the orthorhombic aragonite. Both the vaterite and the
gel-like amorphous CaCO3 are unstable with water. Dolomite, CaMg(CO3)2, is less soluble
than calcite. Calcite may contain significant amounts of Mg, but contrary to what might be
expected from the behaviour of dolomite, the solubility of calcite increases with increasing
contents of Mg (Bathurst, 1976).

In an open system (e.g. in the vadose zone, or in the area close around an injection well)
the dissolution of limestone and dolostone takes place in the CO2 - H2O - MeCO3 system
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Fig. 2.  Solubility of CO2 in distilled water. Data from Chang et al. (1998).
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Me: Ca and/or Mg) and comprises a series of physical and chemical processes in which
hree states – gaseous or supercritical CO2, liquid water and solid mineral - participate, and
hey imply a mass transport through the interface gas/supercritical-water and water-rock.
elow is given a review of interactions relating to pure calcite, but the behaviour of Mg2+

nd Fe2+ containing calcite is similar. In the CO2 - H2O - CaCO3 system the following es-
ential steps take place (Bögli, 1978; Buhmann & Dreybrodt, 1985):

(1) gas-CO2 diffuses into water

CO2 gas  ⇌  CO2 physically dissolved (1)

(2) the physically dissolved CO2 is hydrated (at 4o C and 1 bar up to 0.75 weight %)

CO2 physically dissolved  + H2O  ⇌  H2CO3 CO2 chemically bound (2)

(3) H2CO3 is dissociated:

H2CO3  ⇌  HCO3
� + H� (3)

(4) at the rock/water contact, ions of the crystal lattice are released (a physical process):

CaCO3 calcite  ⇌  Ca2+ + CO3
2� (4)

(5) the created CO3
2�  associate with the H+ from step (3)

CO3 
2�  + H+  ⇌  HCO3

� (5)



G E U S 6

(6) their association impoverishes the water in CO3
2� along the rock/water interface,

which disturbs the dissolution equilibrium with the solid CaCO3 ,and the ion product
no more corresponds with the solubility product K (K = [Ca2+][CO3

2�]). Therefore
more CaCO3 is dissolved (step 4) to bring the ion product to the size of K. K depends
of temperature: according to Picknett (1973) K is 4.1 � 10�9 and 3.7 � 10�9 at 5�C and
25�C respectively. By the consumption of H+ (step 5) more CO2 get hydrated (step 2)
and more CO2 will diffuse into water. That is: by the association of H+ with CO3

2�

(step 5) all the reaction steps are reactivated until a new equilibrium is brought about.
It is thus obvious that high concentrations of artificially added CO2 (high PCO2 in step
1) will strongly force the reactions (step 1 - 5) to the right. A summing up of the five
steps results in the commonly used dissolution equation for calcite dissolution:

CaCO3 calcite + CO2 + H2O  ⇌  Ca2+ + 2HCO3
� (6)

At equilibrium it is assumed that the rates of the opposing reactions are equal so that no
changes in the mass of solid (the calcite rock) and in the solution composition are observ-
able with time, the equilibrium constant K being equal to the ratio of the forward (k1) and the
reverse (k2) rate constants, that is: K = k1/k2 = �reactant�/�product� (even though minor dis-
solutions and precipitations may occur all the time). If the conditions in the CaCO3 - CO2 -
H2O system are not in equilibrium a dominant directional rate R will prevail - the forward or
the reverse one. A commonly used equation to estimate the rate of carbonate mineral dis-
solution (Morse & Arvidson, 2002) is as follows: 
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R =  �dmcalcite/dt = (A/Vk)(1��)n (7)

where R is the rate in �mole m�2h�1, m is moles of calcite, t is time, A is total surface area
of solid (the calcite), V is the volume of solution, k is the rate constant, n is a positive con-
stant (the “order” of the reaction), and � is the saturation state, � = IAP/Ksp, where IAP is
the ion activity product and Ksp the solubility product for the solid. 

Several rate-controlling processes occur during the dissolution of calcite in an open system
(the reactions of step 1 - 5 above), at least seven can be included (Bögli, 1978; Morse &
Arvidson, 2002):

1. Diffusion of reactants through the solution to the solid surface.
2. Adsorption of the reactants on the solid surface.
3. Migration of the reactants on the solid surface to high-energy sites (dislocations,

steps etc.).
4. Chemical reactions at the solid surface between adsorbed reactant and solid.
5. Migration of products away from the reaction sites.
6. Desorption of the products to the solution.
7. Diffusion of products away from the solid surface to the bulk solution.

The slowest one of these processes will determine the dissolution rate. When the diffusions
of step 1 and 7 are rate-limiting, the reaction can be described as diffusion controlled, and
when one of the processes of step 2 - 6 controls the rate, the reaction is surface controlled.
Highly soluble minerals usually participate in diffusion controlled reaction. Carbonate min-
erals, that are relatively insoluble, show surface controlled reaction rates at conditions close
to equilibrium and at lower degrees of disequilibrium, but when very high degrees of dis-
equilibrium prevail (e.g. the conditions around the injection well during CO2 flooding) the
reaction rates get diffusion controlled (Berner, 1978). The thickness (being in �m scale) of
the stagnant boundary layer, which is formed in between the surface itself of the solid and
the surrounding moving water (laminar or turbulent flow), can also control the rate of reac-
tion, as the water movement is slow in this layer relative to the transport velocity by diffu-
sion.

It is also well-known that the presence of foreign ions in the solution may severely lower the
dissolution rates of calcite. Since the fifties the effects from a series of these reaction in-
hibitors, that first and foremost affect the reactions by their interactions with the surfaces of
the calcite, have been studied (Morse & Arvidson, 2002). Both the presence of silica, ni-
trate, phosphate, sulphate, and metal ions like Sr2+, Ba2+, and Mg2+ shoved inhibitory influ-
ences on the dissolution reactions. However, the utility of these informations from the labo-
ratory experiments may be rather limited for natural waters (brines) in deeper reservoir
rocks, as the interstitial solutions can there be chemically very complex, and as the reac-
tions, at least in some distance from the injection well, proceed in conditions very close to
equilibrium. 

The calcite dissolution kinetics mentioned above assumed CaCO3 - CO2 - H2O systems
with a free surface open to the CO2 of the atmosphere or to the gaseous or supercritical
CO2 from an artificial source. However, when the waters percolate through the narrow rock
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passages (very narrow fracture joints and stylolitic joints, that may have previously been
solution-enlarged) either downwards towards the phreatic zone, or out from an injection
well in a reservoir, the CO2-enriched water flows in completely filled conduits and exchange
of CO2 is therefore no more possible after some time, since the free surface to the atmos-
phere or the CO2 source no more exist. In a closed system like this, with a theoretic PCO2 in
equilibrium with the dissolved CO2, the calcite dissolution rate will be extremely slow, where
pore spaces and joint widths are so small (�m scale) that the ion transport takes place by
diffusion. Under the surface-controlled conditions near equilibrium it is probably unimpor-
tant that the calcite dissolution, with constant PCO2, is lowered with rising temperature. If a
laminar flow prevail, or even a turbulent one (when the dimensions of joints are larger than
ca. 0.5 cm), some further calcite dissolution may take place by mixing corrosion, by which a
water regains its aggressiveness by mixing with water of different CO2 content (e.g. Bögli,
1978). This may take place at the crossing of two joints or conduits. The difference in salin-
ity and/or H2S content has also proved to be important for the renewed dissolution.

Calcite and dolomite dissolution/precipitation processes may also play some part in sand-
stone reservoir rocks in which non-carbonate crystals or grains (quartz, feldspars, pyrox-
enes etc.) are cemented together by calcite and/or dolomite crystals precipitated during the
diagenetic history of the original terrigenous sediment. In the process of CO2 flooding, non-
carbonate grains of the rock may be loosened, at least near the injection well, because the
cementing minerals get more or less dissolved. This may result in a general lowering of the
permeability of the rock as loosened fines can clog up pore throats and narrow joints. The
same can, of course, happen if the non-carbonate grains/minerals are cemented together
by the relatively more soluble anhydrite crystals, or other soluble salts (e.g. halite). 

Reactions between CO2 and silicate minerals
During CO2 flooding experiments on sandstone samples feldspars are observed to be more
or less dissolved. In a study on water–rock interactions on Tensleep Sandstone plugs (at a
temperature of 80oC, a PCO2 of 166 bars, and using synthetic brines) it was thus observed
that K-feldspar was corroded and kaolinite crystals precipitated during the experiments
(Shiraki & Dunn, 2000). It was assumed that the following reaction took place:

2KAlSi3O8 K-feldspar + 2H+ + 9H2O  �  Al2Si2O5(OH)4 kaolinite + 2K+ + 4H4SiO4 (8)

the H+ ion coming from the dissociated H2CO3: 

CO2 + H2O  ⇌  H2CO3  ⇌  H+ + HCO3
- (9)

An artificially caused weathering like that of the K-feldspar may probably also result in a
formation of other types of clay minerals. Both in “normal” weathering and in low-
temperature hydrothermal processes are different clay minerals – depending on the cli-
matic/chemical conditions -  thus observed to be formed by the alteration of aluminium sili-
cates (c.f. e.g. Krauskopf, 1979): besides kaolinite especially montmorillonite and illites.
The formation of the latter may follow the reaction:
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11KAlSi3O8 K-feldspar + 8H+ + 40H2O  �  2K1.5Al4[Si6.5Al1.5O20 ](OH)4 illite + 8K+ + 20H4 SiO4 (10)

Eq. 10 is only an approximate reaction, because the contents of K, Si and Al  vary signifi-
cantly in illite. Relative to kaolinite (Eq. 8) illite may form at higher activities of SiO2 and K+

and lower activities of H+ (Deer et al., 1992). Such reactions of K-feldspar to form kaolinite
or illite will probably occur in some sandstone types in the area close around the injection
well for CO2 flooding or CO2 sequestration in a reservoir.

In CO2 experiments on sandstone rocks some silica minerals are observed to be converted
to carbonate minerals and silica by carbonation. A carbonation is a chemical process dur-
ing which minerals containing calcium, magnesium, sodium, potassium and/or iron are
transformed into carbonates or bicarbonates of these metals by CO2 dissolved in water.
The created carbonate minerals may be stable over very long periods of time. In the labo-
ratory the carbonations are provoked by the injection of supercritical CO2, but similar proc-
esses occur naturally, although very slowly when rocks get weathered. The idea that car-
bonation could be used as a method for CO2 storage (sequestration) in a solid form was
proposed in 1990 (Seifritz, 1990), but several studies have since been initiated, dealing
with both technical and economic problems of “mineral sequestration”. In some of the
studies a “direct mineral carbonation method” is used, in which supercritical CO2 is dis-
solved in a slurry consisting of water with additives (e.g. NaCl) and a high concentration of
a fine-grained mineral reactant (e.g. olivine). O’Connor et al. (2000) used crushed olivine
and serpentine as solids in their experiments. For olivine the following reaction equations
seem to be valid:

Mg2SiO4 forsterite + 4H+  �  2Mg2+ + H4SiO4 or SiO2 + 2H2O (11)

Mg2+ + HCO3
�  ⇌  MgCO3 magnesite + H+ (12)

The H+ ion in Eq. 11 and the HCO3
� in Eq. 12 derive from the CO2 dissolved in water, cf.

Eq. 9.
The following equations state the carbonation reactions when olivines, serpentine, pyrox-
ene, and anorthite respectively, are transformed:

(Mg,Fe)2SiO4 olivine + 2CO2  �  2(Mg,Fe)CO3 carbonate + SiO2 (13)

Mg3Si2O5(OH)4 serpentine + 3CO2  �  3MgCO3 magnesite + 2SiO2 + 2H2O (14)

(Ca,Fe,Mg)SiO3 pyroxene + CO2  �  (Ca,Fe,Mg)CO3 carbonate + SiO2 (15)

CaAl2Si2O8 anorthite + H2O + H2CO3  � CaCO3 calcite + Al2Si2O5(OH)4 kaolinite (16)

The amount of CO2 that can be dissolved in water depends on pressure and temperature
(Figs. 2, 3). The pH of water saturated with CO2 likewise depends on pressure and tem-
perature. In the Rangely Field of Colorado, where the reservoir pressure lies in the range
17.9 – 20.7 MPa, the pH of the formation water lies in the range 3.5 – 4.5 (Bowker &
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Shuler, 1991). The lowest pH values occur close to the injection wells where the CO2 satu-
ration is inferred to be highest, and pH decreased towards the production wells.

Transport of CO2 in a reservoir is governed by the processes of flow and diffusion. In the
flow process CO2 is carried through the pore system of the rock by bulk movement of the
fluids. The flow process is governed by pressure gradients, viscosity, rock permeability,
wettability, and interactions between the fluid phases present in the pore system. The diffu-
sion of CO2 is governed by the diffusion coefficient of CO2 in the relevant fluid phase, the
concentration gradient of CO2, rock permeability, and the spatial distribution of any addi-
tional fluid phases. In general, flow processes will dominate the mass transfer of CO2 when
pressure gradients and permeabilities are large, typically close to injection wells and pro-
duction wells, while diffusion processes will dominate the mass transfer of CO2 when pres-
sure gradients and rock permeabilities are small, typically in fine grained rocks far from
these wells. The diffusion coefficient of CO2 in water may be estimated from the equation of
Grogan & Pinczewski (1987):

w
wCO

TD
�

���
�12

, 1072.5
2

(17)

where wCOD ,2
is in m2/s, T is the temperature in �K, and �w is the viscosity in cP. The diffu-

sion coefficient for CO2 in oil may be estimated from the equation of McManamey & Wool-
len (1973):

47.010
, 1041.1

2

��

��� ooCOD � (18)

where the notation is similar to Eq. 17.

Mass transfer by pure diffusion is a very slow process. In an idealised case of instantane-
ous filling of a reservoir with CO2 it is calculated that it takes about 1000 years before diffu-
sion causes the concentration of CO2 at a point 20 meters inside the seal to reach a level of
10 % of the concentration in the reservoir. This case assumes that no CO2 has been used
by mineral reactions inside the seal. If CO2 is used by mineral reactions, the propagation of
CO2 will be even slower.

--
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CO2 effects on rocks – field and laboratory experi-
ence

CO2 effects on chalk – evidence from laboratory experiments
Very few researchers have addressed the chalk lithology with respect to CO2 effects. Jen-
sen et al. (2000) mentions laboratory experiments on chalk from the Ekofisk field, which
indicates that "immediate and vigorous dissolution reactions with large axial strains and
high strain rates" takes place upon introduction of CO2-charged injection water. Unfortu-
nately, no further details are presented. The reference has some weight because the op-
erator, Phillips Petroleum Company Norway, approved the publication of the results.

Schroeder et al. (2001) conducted CO2 flooding experiments at 8-10 MPa and a tempera-
ture above 30 �C on chalk samples, and did not find any effect on permeability. Mechani-
cally, the CO2 flooding did not cause any weakening of the rock – in fact it is stated "that
the CO2 injection seems to reinforce the chalk" (op.cit.). However, the provenance of the
chalk samples, and experimental details like temperature, timing and amount of injected
CO2 are not given.

Olsen (1995) found that 5 chalk samples of Campanian � Conacian age from the Linde-1
well, Denmark experienced restricted alterations during laboratory experiments with expo-
sure to supercritical CO2 and saline brine at 50 �C and 14 MPa fluid pressure for periods up
to 17 days. The mineralogy of the samples was strongly dominated by calcite. Permeability
to brine was reduced with 0 to 36 %, while permeability to gas, after cleaning, was in-
creased with 0 to 10 %. Porosity change ranged from –0.27 to +0.16 p.u. (porosity unit),
which was close to the detection limit of 0.12 p.u. for the porosity determination. Fines were
produced from all 5 samples, and the reduction in brine permeability was attributed to
blocking of pores by fines. The small increase in gas permeability was attributed to prefer-
ential dissolution along high permeability conduits in the samples. Investigation with SEM
found clear evidence of calcite dissolution close to the inlet of one sample. In the other 4
samples evidence for dissolution was either equivocal or absent. SEM images from sample
centres were all classified as unaltered chalk. Chemical analyses of produced brine
showed significantly increased contents of Ca2+ and Sr2+. Mg2+ increased in most experi-
ments, but did decrease in one experiment. Ipsen (1995) found that the brine in this in-
stance initially was supersaturated with dolomite. Investigation with SEM EDS, however,
was unsuccessful in finding precipitated dolomite. Ipsen (1995) also found that the experi-
ments did not reach chemical equilibrium.

The reason for the different extent of reactions in the experiments of Jensen et al. (2000),
Schroeder et al. (2001), and Olsen (1995) is not clear, but may possibly be related to
lithological differences, e.g. different diagenesis and/or different contents of clay minerals
and quartz. If true, this indicates that samples for experiments intended for prediction of
reservoir behaviour should be selected to match the lithology as closely as possible. P-T
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conditions for the Ekofisk experiments were not stated (Jensen et al., 2000), but if Ekofisk
reservoir conditions were used, i.e. P 	 45 MPa, and T 	 130 �C, the different P,T condi-
tions may also have influenced the different course of the experiments.

CO2 effects on carbonates – evidence from Permian Basin field
operations and laboratory experiments
For carbonates in general, the evidence from field operations and laboratory experiments is
much more comprehensive than for the rather restricted lithology of chalk. In particular, the
CO2 EOR operations in the Permian Basin of Texas and New Mexico, U.S.A. have resulted
in a large number of references.

Generally, the CO2 operations in the Permian Basin take place in dolomitized reef com-
plexes of late Pennsylvanian to Permian age. Anhydrite stringers are important in many
reservoirs. Reservoir seals consist of dense mudstones and anhydrite of Permian age.
Conditions in the reservoirs are mainly supercritical to CO2, with reservoir pressure in the
range 10 – 24 MPa, and reservoir temperature in the range 32 – 58 �C. However, close to
wellbores the CO2 conditions may be sub-critical (Brownlee & Sugg, 1987). The carbonates
of the Permian Basin have experienced tertiary recovery by CO2 injection at least since
1972 (Newton & McClay, 1977). In 1994 the number of active CO2 injection operations
reached 33 (Lang & Biglarbigi, 1994).

Several of the CO2 injection operations have experienced significantly increased scales
precipitation after commencement of CO2 injection, e.g. the Kelly-Snyder field ( Newton &
McClay, 1977), the Slaughter field (Stein et al., 1992), Sharon Ridge Canyon Unit (Yuan et
al., 2001), and Vacuum field (Brownlee & Sugg, 1987). The increased occurrence of scales
is generally taken as evidence of dissolution of carbonate minerals within the reservoir in
the case of calcite scales (Newton & McClay, 1977, Yuan et al., 2001), or dissolution of
anhydrite in the case of sulphate scales (Brownlee & Sugg, 1987).

From analysis of well tests Graue & Blevins (1978) showed that dissolution of carbonate
minerals occurred in the Kelly-Snyder field. In the Levelland field a monitoring project with
two observation wells documented large increases in contents of total dissolved solids
(TDS), bicarbonate, Ca2+, Cl- and Na+ ions (Henry et al., 1981), which was interpreted to
result both from exposure of connate water to CO2 in an oil-wet reservoir, and from dissolu-
tion of carbonate minerals. Mathis & Sears (1984) compared pre-CO2 flood cores with post-
CO2 flood cores of San Andres dolostone from the Wasson field Denver Unit. They found
that vuggy and sometimes moldic porosity had increased approximately 1 p.u., which was
statistically significant, while changes in intercrystalline and fracture porosity were statisti-
cally insignificant. Thin section examination and chemical analysis of fluids gave evidence
of anhydrite dissolution, but thin section examination found no evidence of dolomite disso-
lution. The lack of dolomite dissolution was explained by lack of transport mechanisms for
residual, dolomite saturated pore water in the situation where the pore system was filled
with a CO2-rich fluid. After the CO2 flood, a brine flood flushed the residual, dolomite satu-
rated pore water, but the amount of dissolved solids was too low to cause any measurable
porosity increase. Svec & Grigg (2001) made experiments with CO2 floodings on a sample
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of San Andres dolostone, and found that WAG flooding with a total of 2086 pore volumes of
brine and 1367 pore volumes of CO2 caused strong dissolution of both anhydrite and dolo-
mite, creating new, vuggy porosity. Dolomite cement appeared to dissolve more readily
than dolomite grains. The porosity change was not quantified, but permeability increased
from approximately 30 mD to approximately 190 mD during the flooding, indicating a very
significant dissolution. A control experiment on the same lithology, but involving a brine
flood without CO2 caused similar dissolution effects on the anhydrite, but did not dissolve
the dolomite to any significant degree. The flooding involved large amounts of fresh brine
and CO2 , which was not recirculated through the sample. This setup is not representative
of conditions inside a reservoir, but may provide an analogue to conditions close to a CO2

injection well.

Declines in well injectivity are common in CO2 flooding operations in the Permian Basin.
Patel et al. (1987) ascribed reduced injectivity in the Wasson field Denver Unit to relative
permeability effects caused by a change from oil-wet towards more water-wet conditions
during CO2 flooding. Noticeably, they conclude that precipitation of inorganic material
probably did not contribute to the injectivity reduction. Potter (1987) made experiments with
samples of San Andres dolostone and Grayburg dolostone and found that flooding with a
miscible mixture of crude oil and CO2 did change wettability towards more water-wet states,
but only to a small degree. Stein et al. (1992) ascribed reduced injectivity in the Slaughter
field to relative permeability effects. Henry et al. (1981) found that reduced injectivity in the
Levelland field was caused by unspecified factors deep within the formation, as opposed to
wellbore conditions like skin and high gas saturations around the injector.

Precipitation of wax or asphaltenes is a common occurrence in flooding operations
(Brownlee & Sugg, 1987, Patel et al., 1987, Pittaway et al., 1986). It mainly occurs in the
production equipment after CO2 breakthrough (Parra-Ramirez et al., 2001). The phenome-
non is linked to phase relations between CO2 and hydrocarbon components, and appears
to have no relation to mineral dissolution or precipitation reactions.

It should be noted that many of the CO2 operations in the Permian Basin do not report any
mineral dissolution or scales production, e.g. South Wasson Clearfork Unit (Burbank,
1992), Means field (Magruder et al., 1990), Maljamar field (Pittaway et al., 1985, 1986,
Moore & Clark, 1988), and Welch San Andres field (Keeling, 1984). This may indicate that
mineral reactions are not considered significant in relation to the operations. Problems re-
lated to geomechanical instability of the reservoir rock are not reported in any of the re-
viewed papers on Permian Basin operations.

CO2 effects on carbonates – evidence from field operations and
laboratory experiments outside the Permian Basin
Svec & Grigg (2001) performed a CO2 WAG experiment at P=13.8 MPa and T=38 �C on a
50 cm long sample of Indiana limestone. The rock is a bioclastic grainstone of Mississip-
pian age composed mainly of calcite with minor quartz replacements. A total of 250 PV's of
brine and 243 PV's of CO2 were flooded through the sample. The flooding resulted in dra-
matic dissolution of the rock, creating an open channel reaching 28 cm into the sample
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from the inlet end. In the outlet end of the sample carbonate minerals were precipitated,
resulting in a permeability reduction of approximately 50 % in this part of the sample. In the
inlet end the dissolution obviously created an immense permeability increase.

Beliveau & Payne (1991) reports from CO2 operations in the Weyburn field of Saskatche-
wan, Canada, which produces oil from limestone and dolostone of Mississippian age. Pre-
cipitation of wax or asphaltenes in the wellbores increased sharply after the onset of CO2

flooding, but without any indication that precipitation took place in the reservoir itself. No
mention of mineral reactions or injectivity variations is made.

Good & Downer (1988) describes CO2 injection into crystalline dolostone in the Cedar
Creek field of Montana, Watts et al. (1980) describes CO2 injection into mainly dolomitic
rocks in the Hilly Upland field of West Virginia, Thakur et al. (1984) describes CO2 injection
into dolomitic limestone and dolostone of the Little Knife field of North Dakota, and Zoltán et
al. (1999) describes CO2 injection into limestone and dolostone of hydrocarbon fields of
Hungary. None of these paper reports mineral reactions or abnormal injectivities.

CO2 effects on sandstone – evidence from field operations and
laboratory experiments
The number of mineral reactions that potentially can take place upon exposure to CO2 are
much larger in sandstone than carbonate rocks, because of the more complex mineralogy
of most  sandstones. Many of the potential mineral reactions in sandstone involve silicate
minerals, which have much lower reaction rates than carbonate minerals (Czernichowski-
Lauriol et al., 1996). Therefore, equilibrium may take many years to be established in a
sandstone reservoir.

Pearce et al. (1996) investigated the Bravo Dome of New Mexico, which consists of a Per-
mian arkosic sandstone with varying amounts of feldspar and clay minerals. A thin sheet (6
meter) of anhydrite provides a seal. The reservoir is naturally filled with CO2, which proba-
bly originated from volcanic activity. It is one of the main sources of CO2 for EOR opera-
tions in the Permian Basin. The filling of the reservoir is interpreted to have taken place less
than 50000 years before present. Thus, the Bravo Dome is a natural analogue for CO2 dis-
posal in a sandstone reservoir. Petrographic evidence indicates that significant amounts of
anhydrite, dolomite, and plagioclase were dissolved by CO2-rich groundwater. It is noticed
that the 6 meter thick anhydrite seal has not been breached by the dissolving water. In the
vicinity of faults kaolinite, zeolite, and gibbsite appear to have formed by reaction with CO2-
rich water. Experiments on samples of Triassic sandstone and mudstone of similar lithology
from U.K. outcrops corroborate the dissolution of anhydrite, dolomite, and feldspar, and
suggest the precipitation of calcite, halite, and possibly smectite. The mudstones often ex-
perienced strong disintegration from the exposure to CO2, caused by swelling of smectite
clay and dissolution of cement.

The Rangely field, Colorado, utilizes miscible CO2 EOR in production from the Pennsylva-
nian-Permian carbonate cemented Weber sandstone (Bowker & Shuler, 1991). The con-
centration of Ca2+, Mg2+, Fe2+, and Br- in produced water has increased significantly since
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onset of CO2 injection, which is considered evidence for dissolution of dolomite, ferroan
dolomite, and ferroan calcite. Coreflood experiments reveal distinct dissolution of dolomite
cement. Net permeability did not change because the permeability enhancement by min-
eral dissolution was offset by pore blocking by migrating clays. Formation water pH
dropped from 7-7.5 to 3.5-4.5 after onset of CO2 injection. Going from injection wells to
production wells pH increased from 3.5 to 4.5, partly because CO2 was spent in mineral
reactions, partly because of changing pressure and temperature. Large amounts of scales
were precipitated in the Rangely field, comprising carbonates, sulphates (barite and celes-
tine), and iron sulphide, reflecting the significant amount of mineral reactions that took
place in the field. Precipitation of asphaltenes also took place (Wackowski & Masoner,
1994).

Hsie & Moore (1986) report that in the Quarantine field of Louisiana, a miscible CO2 WAG
operation caused significant production of sand from a poorly consolidated Miocene sand-
stone. Sand production, did not occur previously, and is believed to be caused by dissolu-
tion of calcite, dolomite and siderite cement. After loosing the cementing minerals, sand
grains were free to move towards the production wells.

Sayegh et al. (1990) performed supercritical CO2 flooding experiments on Upper Creta-
ceous Cardium sandstone from the Pembina Cardium field, Alberta, which contained be-
tween 12 and 40 volume percent carbonate minerals. All four experiments showed the
same behaviour of permeability reduction followed by partial permeability recovery. A sig-
nificant amount of fines were produced, which explains the permeability behaviour. A con-
trol experiment with brine flooding without CO2 did not show any significant permeability
change. Examination by XRD and SEM showed that the CO2 floods had dissolved calcite,
siderite and dolomite, which resulted in enlargement of pore bodies.

Shiraki & Dunn (2000) conducted supercritical CO2 flooding experiments on Tensleep
sandstone from the Bighorn Basin, Wyoming. This rock is cemented by dolomite and anhy-
drite. The major reactions observed were dissolution of dolomite, precipitation or dissolution
of anhydrite depending on conditions, and alteration of potassium feldspar to kaolinite. In
general, permeability decreased during the experiments, which is explained by the growth
of kaolinite. Thermodynamic calculations showed kaolinite to be stable during the experi-
ments, and SEM examination actually found precipitated kaolinite.

Ross et al. (1982) performed CO2 flooding experiments on Jurassic Yorkshire sandstone,
which contained approximately 20 % ferroan calcite cement. The cement was strongly dis-
solved during the experiment, preferentially along high-permeability zones. In accordance
permeability showed a strong increase. The authors also tested a Rotliegendes dolomitic
sandstone from the Indefatigable gas field in the North Sea. The results were much similar
to the Yorkshire sandstone, except that the dissolved mineral in this instance was dolomite.
The resemblance includes the preferential dissolution along high-permeability zones. 

Krumhansl et al. (2002) performed flooding and static experiments with subcritical CO2 and
brine on Permian Queen formation sandstone from New Mexico. The rock was an arkosic
sandstone with carbonate cement and diagenetic potassium feldspar, but without any clay
minerals. During the experiments calcite cement was dissolved from the rock, and a fine-
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grained mineral suggested to be clay or zeolite was precipitated in the pores. In the outlet
system of the rig, where the pressure was lower, CaSO4 was precipitated. The experiments
were partly corroborated by thermodynamic calculations, that predicted dissolution of cal-
cite, and, under certain circumstances, precipitation of gypsum.

Czernichowski-Lauriol et al. (1996) performed flooding and static experiments with CO2-
saturated brine on Permo-Triassic samples of Sherwood Sandstone, Mercia Mudstone and
anhydrite. It was found that dissolution of anhydrite coupled with precipitation of calcite
might take place under certain circumstances, which, however, are not further specified.
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Summary and conclusions

Many rock-forming minerals may react with CO2 at the P-T conditions to be expected in a
geological CO2 storage at a depth of 500 to 5000 meters. Carbonate minerals as well as
silicate minerals may be dissolved or precipitated. Reactions rates involving carbonate
minerals are generally much larger than reaction rates involving silicate minerals. The most
significant indication to what extent and at what rate such reactions will take place in CO2

sequestration operations comes from CO2 EOR operations. Laboratory experiments and
natural CO2 reservoirs provides additional evidence.

The evidence about CO2 interactions with dolomitic carbonates comes mainly from the
Permian Basin of Texas and New Mexico, but also from several CO2 EOR operations at
other places. The evidence is that some dissolution of carbonate minerals and anhydrite
takes place, but not to an extent that seriously affects the operations. Neither have the CO2

injection operations compromised the geomechanical stability of the reservoirs. The experi-
ence from these operations reach at least 30 years back in time.

The evidence from calcitic carbonates is much more restricted and much more inconclu-
sive. Experiments on chalk from Linde, Denmark, indicates calcite dissolution in a restricted
manner that do not affect the mechanical stability of the rock. Experiments by Schroeder et
al. (2001) on chalk of unspecified origin gave similar results. In contrast to this, experiments
on chalk from Ekofisk, Norway, indicates dissolution processes that seriously affects the
mechanical stability of the rock, and experiments on outcrop Indiana limestone resulted in
large scale dissolution of the rock. The apparent contradiction of these experiments could
possibly be caused by the different sample lithology, and, in the case of the Linde chalk
and Indiana limestone, certainly the very different CO2 throughputs of the experiments. An
implication is that lithology and P-T conditions in any laboratory or pilot projects should
match the potential sequestration reservoir as closely as possible.

Two groups of mineral reactions take place in sandstone exposed to CO2. Group 1 com-
prises reactions with carbonate cement and anhydrite, and may result in dissolution of cal-
cite, dolomite, siderite, and anhydrite, with possible precipitation of gypsum. Group 2 com-
prises reactions with silicate minerals, and may result in dissolution of feldspar and possibly
ferromagnesian silicates, and precipitation of clay minerals and possibly zeolites and car-
bonates. The reactions of Group 1 are similar to the reactions that are recognised in car-
bonate rocks, but there is a tendency that the extent of the reactions, i.e. the amount of
dissolved material, is larger than in carbonate rocks. The extent of Group 2 reactions gen-
erally appear to be limited, but it should be noticed that equilibrium probably was not
reached in either laboratory experiments or fields operations, because of the slow reaction
rate for silicate minerals. Several sandstone experiments and field operations report me-
chanical failure of the rock upon exposure to CO2. This corroborates the notion of generally
greater extent of mineral reactions in sandstone compared to carbonates.

Examples of breakdown of the seal above a CO2 filled reservoir have not been encoun-
tered. The thin anhydrite seal above the Bravo Dome natural CO2 reservoir appears to
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have stayed tight for several thousands of years, even though anhydrite is known to be a
very reactive mineral.



G E U S 19

References

Bathurst, R.G.C. 1976: Carbonate Sediments and Their Diagenesis, 2nd edition, Elsevier
Scientific Publishing, 658 pp.

Beliveau, D. & Payne, D.A. 1991: Analysis of a Tertiary CO2 Flood Pilot in a Naturally
Fractures Reservoir. Society of Petroleum Engineers paper 22947, 12 pp.

Berner, R.A. 1978: Rate Control of Mineral Dissolution under Earth Surface conditions. Am.
J. Sci. 278, 1235-1252.

Bögli, A. 1978: Karst hydrographie und physische Speläologie, 292 pp. Berlin Heidelberg
New York: Springer-Verlag, 292 pp.

Bowker, K.A. & Shuler, P.J. 1991: Carbon Dioxide Injection and Resultant Alteration of the
Weber Sandstone, Rangely Field, Colorado. American Association of Petroleum Ge-
ologists Bulletin 75(9), 1489-1499.

Brownlee, M.H. & Sugg, L.A. 1987: East Vacuum Grayburg � San Andres Unit CO2 Injec-
tion Project: Development and Results to Date. Society of Petroleum Engineers paper
16721, 14 pp.

Buhmann, D. & Dreybrodt, W. 1985: The Kinetics of Calcite Dissolution and Precipitation in
Geologically Relevant Situations of Karst Areas, 2. Closed System. Chemical Geology
53, 109-124. 

Burbank, D.E. 1992: Early CO2 Flood Experience at the South Wasson Clearfork Unit. So-
ciety of Petroleum Engineers paper 24160, 10 pp.

Chang, Y., Coats, B.K. & Nolen, J.S. 1998: A Compositional Model for CO2 Floods Includ-
ing CO2 Solubility in Water. SPE Reservoir Evaluation and Engineering 1(2), 155-160.

Czernichowski-Lauriol, I, Sanjuan, B., Rochelle, C., Bateman, K., Pearce, J. & Blackwell, P.
1996: Analysis of the Geochemical Aspects of the Underground Disposal of CO2, In:
Tsang, C. & Apps J. A. (eds.): Deep Injection Disposal of Hazardous and Industrial
Waste. Academic Press, 565-583.

Deer, W.A., Howie, R.A. & Zussman, J. 1992: An Introduction to the Rock-forming Miner-
als, 2. ed., 696 pp. UK: Longman Scientific & Technical.

Good, P.A. & Downer, D.G. 1988: Cedar Creek Anticline Carbon Dioxide Injectivity Test:
Design, Implementation, and Analysis. Society of Petroleum Engineers paper 17326,
13 pp.

Grogan, A.T. & Pinczewski, W.V. 1987: The Role of Molecular Diffusion Processes in Terti-
ary CO2 Flooding. Journal of Petroleum Technology 39(5), 591-602.

Graue, D.J. & Blevins, T.R. 1978: SACROC Tertiary CO2 Pilot Project. Society of Petro-
leum Engineers paper 7090, 12 pp.

Henry, R.L., Feather, G.L., Smith, L.R. & Fussell, D.D. 1981: Utilization of Composition
Observation Wells in a West Texas CO2 Pilot Flood. Society of Petroleum Engineers
paper 9786, 14 pp.

Hsie, J.C. & Moore, J.S. 1986: The Quarantine Bay 4RC CO2-WAG Pilot Project: A Post-
Flood Evaluation. Society of Petroleum Engineers paper 15498, 8 pp.

Ipsen, K.H. 1995: Subsurface Disposal of Carbon Dioxide: Thermodynamics and Kinetics
of the Calcite-Water-Carbon Dioxide System. In: Jacobsen, F.L. (ed.): Subsurface
Disposal of Carbon Dioxide. Report Geological Survey of Denmark and Greenland
1996/1, 20 pp + 2 annexes



G E U S 20

Jensen, T.B., Harpole, K.J. & Østhus, A. 2000: EOR Screening for Ekofisk. Society of Pe-
troleum Engineers paper 65124, 11 pp.

Keeling, R.J. 1984: CO2 Miscible Flooding Evaluation of the South Welch Unit, Welch San
Andres Field. Society of Petroleum Engineers paper 12664, 12 pp.

Krauskopf, K.B. 1979: Introduction to Geochemistry, McGraw-Hill Kogakusha, LTD, 617 pp.

Krumhansl, J, Pawar, R, Grigg, R., Westrich, H., Warpinski, N., Zhang, D., Jove-Colon, C.,
Lichtner, P., Lorenz, J., Svec, R., Stubbs, B., Cooper, S., Bradley, C., Rutledge, J. &
Byrer, C. 2002: Geological Sequestration of Carbon Dioxide in a Depleted Oil Reser-
voir. Society of Petroleum Engineers paper 75256, 8 pp.

Lang, K.R. & Biglarbigi, K. 1994: The Potential for additional Carbon Dioxide Flooding Proj-
ects in the Permian Basin. Society of Petroleum Engineers paper 27754, 9 pp.

Magruder, J.B., Stiles, L.H. & Yelverton, T.D. 1990: Review of the Means San Andres Unit
CO2 Tertiary Project. Journal of Petroleum Technology, 42(5), 638-644.

Mathis, R.L. & Sears, S.O. 1984: Effect of CO2 Flooding on Dolomite Reservoir Rock, Den-
ver Unit, Wasson (San Andres) Field, TX. Society of Petroleum Engineers paper
13132, 10 pp.

McManamey, W.J. & Woollen, J.M. 1973: The Diffusivity of Carbon Dioxide in Some Or-
ganic Liquids at 25� and 50�C. AIChE J. 19(3), 667-669.

Moore, J.S. & Clark, G.C. 1988: History Match of the Maljamar CO2 Pilot Performance.
Society of Petroleum Engineers paper 17323, 13 pp.

Morse, J.W. & Arvidson, R.S. 2002: The Dissolution Kinetics of Major Sedimentary Car-
bonate Minerals. Earth-Science Reviews, 58(1-2), 51-84.

Newton, L.E.,Jr. & McClay, R.A. 1977: Corrosion and Operational Problems, CO2 Project,
Sacroc Unit. Society of Petroleum Engineers paper 6391, 12 pp.

O’Connor, W.K., Dahlin, D.C., Nielsen, D.N., Rush, G.E., Walters, R.P. & Turner, P.C.
2000: CO2 Storage in Solid Form: A Study of Direct Mineral Carbonation. Proceedings
of the 5th International Conference on Greenhouse Gas Technologies, Cairns, Austra-
lia August 14-18, 322-328.

Olsen, D. 1995: Carbon Dioxide Floodings on Linde-1 Chalk samples. DGU Service report
1995/79, 37 pp.

Parra-Ramirez, M., Peterson, B. & Deo, M.D. 2001: Comparison of First and Multiple Con-
tact Carbon Dioxide Induced Asphaltene Precipitation. Society of Petroleum Engineers
paper 65019, 9 pp.

Patel, P.D., Christman, P.G. & Gardner, J.W. 1987: Investigation of Unexpectedly Low
Field-Observed Fluid Mobilities During Some CO2 Tertiary Floods. SPE Reservoir En-
gineering, 2(4), 507-513.

Pearce, J.M., Holloway, S., Wacker, H., Nelis, M.K., Rochelle, C. & Bateman, K. 1996:
Natural Occurrences as Analogues for the Geological Disposal of Carbon Dioxide.
Energy Convers. Mgmt. 37(6-8), 1123-1128.

Picknett, R.G. 1973: Saturated Calcite Solutions from 10� to 40�C. Trans. Cave Res. Group
15(2), 67-79.

Pittaway, K.R., Albright, J.C. & Hoover, J.W. 1986: The Maljamar Carbon Dioxide Pilot:
Review and Results. Society of Petroleum Engineers paper 14940, 7 pp.

Pittaway, K.R., Hoover, J.W. & Deckert, L.B. 1985: Development and Status of the Malja-
mar CO2 Pilot. Journal of Petroleum Technology, 37(3), 537-544.

Potter, G.F. 1987: The Effects of CO2 Flooding on Wettability of West Texas Dolomitic
Formations. Society of Petroleum Engineers paper 16716, 11 pp.



G E U S 21

Ross, G.D., Todd, A.C, Tweedie, J.A. & Will, A.G.S. 1982: The dissolution Effects of CO2-
Brine Systems on the Permeability of U.K. and North Sea Calcareous Sandstones.
Society of Petroleum Engineers paper 10685, 14 pp.

Sayegh, S.G., Krause, F.F., Girard, M. & DeBreem C. 1990: Rock/Fluid Interactions of
Carbonated Brines in a Sandstone Reservoir: Pembina Cardium, Alberta, Canada.
SPE Formation Evaluation 5(4), 399-405.

Seifritz, W. 1990: CO2 Disposal by Means of Silicates. Nature, 345, 486. 

Shiraki, R. & Dunn, T.L. 2000: Experimental Study on Water-Rock Interactions During CO2
Flooding in the Tensleep Formation, Wyoming, U.S.A. Applied Geochemistry 15, 265-
279.

Schroeder, C., Houyou, S., Illing, P., Mathieu, P. & Monjoie, A. 2001: Combination of En-
hanced Oil Recovery and Near Zero CO2 Emission Power Plants. 11th European Sym-
posium on Inproved Oil Recovery, Amsterdam, The Netherlands, 11-12 June 2001.
Conference proceedings, 8 pp.

Stein, M.H., Frey, D.D., Walker, R.D. & Pariani, G.J. 1992: Slaughter Estate Unit CO2
Flood: Comparison Between Pilot and Field-Scale performance. Journal of Petroleum
Technology, 44(9), 1026-1032.

Svec, R.K. & Grigg, R.B. 2001: Physical Effects of WAG Fluids on Carbonate Core Plugs.
Society of Petroleum Engineers paper 71496, 10 pp.

Thakur, G.C, Lin, C.J. & Patel, Y.R. 1984: CO2 Minitest, Little Knife Field, ND: A Case His-
tory. Society of Petroleum Engineers paper 12704, 16 pp.

Wackowski, R.K. & Masoner, L.O. 1994: Rangely Weber Sand Unit CO2 project Update:
Operating History. Society of Petroleum Engineers paper 27755, 14 pp.

Watts, J., Gehr, J.A., Wasson, J.A., Evans, D.M. & Locke, C.D. 1980: A Single CO2 Injec-
tion Well Minitest in a Low-Permeability Eastern Carbonate Reservoir – A Preliminary
Report. Society of Petroleum Engineers paper 9430, 10 pp.

Yuan, M., Mosley, J. & Hyer, N. 2001: Mineral Scale Control in a CO2 Flooded Oilfield. So-
ciety of Petroleum Engineers paper 65029, 7 pp.

Zoltán, B., József, P. & Zoltán, G. 1999: Practical results of CO2 flooding in Hungary.
Bányászati és kohászati lapok. Kõolaj és Földgáz, 32(4), 65-71.


