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Abstract

The CO; geo-sequestration has been studied as a countermeasure against global warming.

When the injected CO, reacts with rock minerals, some portion may precipitate ultimately to

carbonate minerals such as calcite and be trapped within the injected reservoir. It is of significant

importance to examine how the mineral trapping exerts an influence on the mechanical, hydraulic,

and transport properties in the targeted reservoir rocks because the trapped minerals may

influence the integrity of the reservoir rocks, although such works are quite sparse in the

literature. In this study, the influence of the mineral trapping on the evolution of the physical

properties was evaluated by replicating the precipitation of calcite that may occur in the mineral

trapping process. The calcite precipitation was enhanced artificially to occur within the void

spaces of the Berea sandstone. Subsequently, the treated samples were examined by the

mechanical and the permeability experiments. The experimental results revealed that

approximately 10 % substitution of the void spaces by the precipitated calcite increased the

modulus twofold and UCS by 20 %, and decreased the permeability by one order of magnitude,

which should exert a favorable impact on the integrity of the reservoir against the leakage risks of

the injected CO,. A cementation theory revealed the serial process of the calcite precipitation

occurring on the free-surface of grains and at the grain contacts. The predictions of the

permeability using the Kozeny-Carman equation clarified the increase of the surface roughness of
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grains with the increase of the calcite precipitation.

Keywords: CO, geo-sequestration, Mineral trapping, Calcite, Physical properties

Key Points:

» Mineral trapping was simulated by in-situ calcite precipitation.

» Mechanical properties were improved by the simulated mineral trapping.

» Permeability decreased with the increase of precipitation.

» Permeability was predicted using the Kozeny-Carman equation.

1. Introduction

As is well known, the CO, geo-sequestration may be one of the solutions so as to mitigate

the global warming. It is of significant importance to address coupled

thermal-hydraulic-mechanical-chemical processes when considering the long-term underground

isolation of anthropogenic CO,. The CO,-water-rock interactions should play an important role in

assessing the CO; injectivity (Czernichowski-Lauriol et al., 1996; Fischer et al., 2013). As the

injected CO, reacts with rock minerals, carbonate minerals such as calcite may precipitate as the

secondary minerals, and occupy the pore spaces to some degree, which is called the mineral
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trapping of CO, (Gunter et al., 1993; Bachu et al., 1994). Consequently, the mechanical and the

hydraulic properties of the rocks should evolve. Thus, it is essential to examine quantitatively how

such the mineral trapping exerts an influence on those properties. Due to the carbonate

precipitation, the permeability of the host rocks may decrease and limit the extent of mineral

reactions (Hovelmann et al., 2012), and the elasticity may be improved. The influence of the

mineral trapping exerted on the evolution of the mechanical and the hydraulic properties may be

significant. However, the direct observation of the mineral trapping is difficult because it is

believed to be comparatively slow, maybe taking thousand years or even longer (IPCC, 2005).

Therefore, the laboratory experiments focusing on the effect of the mineral trapping on those

properties are quite sparse. Tarkowski et al. (2015) have conducted the 20-month experiments on

brine-rock-CO; interactions to investigate the change of the petrophysical parameters due to the

mineral trapping, concluding that the property of the reservoir rocks did not change significantly.

However, the experimental period should be too short to fully understand the process of the

mineral trapping and they have not examined the changes of the mechanical and the hydraulic

properties.

To overcome the difficulty in directly observing the mineral trapping, the enhanced mineral

trapping technique was proposed by Naganuma et al. (2011). In the system, bacteria were used to

accelerate the carbonate precipitation, and the efficacy of the microbially induced carbonate
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precipitation (MICP) was confirmed. Originally, the MICP has been applied in the geotechnical

engineering to improve the deformation and strength properties of soils (Whiffin et al., 2007;

Ivanov and Chu, 2008; Mitchell and Santamarina, 2005; DeJong et al., 2010; Harkes et al., 2010;

van Paassen, 2011), and in the concrete engineering to improve the strength and durability of

concrete and mortar (Qian et al., 2010; Achal et al., 2013). The research on the MICP has been

mainly conducted using ureolytic bacteria (e.g., Sporosarcina pasteurii). These bacteria produce

precipitated calcite by a urease enzyme. In this MICP technique, the transport and the fixation of

the bacteria of interest are significant issues for achieving a suitable level of improvement of the

saturated porous media, and thus, have been studied to this end (Murphy and Ginn 2000; Froppen

and Shijven 2006; Whiffin et al. 2007; Harkes et al. 2010). In this work, the urease enzyme was

adopted, instead of using bacteria, to accelerate the calcite precipitation, which was proposed by

Yasuhara et al., (2012). Utilizing the enzyme itself is more straightforward than using bacteria,

because the cultivation and fixation of bacteria (i.e., biological treatment) do not need to be

considered. Again, in the MICP the microbial metabolism is a key factor, and it may be

impossible to constrain the extinction and/or the generation of living bacteria in natural

environments. In contrast, the enzyme-mediated calcite precipitation (EMCP) (Yasuhara et al.,

2012; Neupane et al., 2013) can exclude the laborious biological treatments.

In this study, the evolution of the mechanical and the hydraulic properties in Berea sandstone
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with initial porosity of ~0.23 was examined quantitatively by replicating the mineral trapping

process. The artificially accelerated mineral trapping was achieved by injecting the grouting

materials (i.e., the EMCP technique), resulting in a rapid calcite precipitation within the pore

spaces. The amount of the precipitated calcite can be controlled by changing the concentrations of

the materials and the total injection volume. The measurements of the P-wave velocity, uniaxial

compressive experiments, and the permeability experiments were conducted to examine the

changes of the elasticity (i.e., the P-wave velocity and the elastic modulus), the uniaxial

compressive strength, and the permeability due to the calcite precipitation. Note that in the

mineral trapping process, several secondary carbonate minerals such as calcite (CaCOg3), dolomite

(CaMg(CO0s),), siderite (FeCO3), and dawsonite (NaAICO3(OH),) may be precipitated (Xu et al.,

2003), but the effect of calcite only was examined in this work.

2. Experimental methods
2.1. Rock samples and gout materials

In this study, totally 47 cylindrical samples, whose names are called BS-1 — BS-47, 30 mm in

diameter and 60 mm in height were made of a block of Berea sandstone (Fig. 1). Note that all the

samples were cored parallel to the bedding planes, meaning that the flow direction of the grout

injections and that in the permeability experiments were also parallel to them. It makes the grout
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injections easier than being perpendicular to the bedding planes because the cores parallel to them

have higher permeability. Before the grout injections, the initial porosity of all the samples were

measured and was found to be ~0.23. The representative chemical compositions were determined

by X-ray fluorescence (XRF) (Yasuhara et al., 2015a). The weight percentages of the major

elements are listed in Table 1. In addition, the mineral compositions, before the grout injections,

were also determined by X-ray diffraction (XRD) (Yasuhara et al., 2015b) and are shown in Fig.2.

Berea sandstone is composed almost completely of pure quartz, but also contains slight amounts

of feldspars, dolomite, and kaolinite.

The grouting materials adopted in the EMCP technique are composed of urea, urease, and

CaCl; (Yasuhara et al., 2012), and were injected in the samples to simulate the mineral trapping

by the artificially-enhanced calcite precipitation. The urease, purified from the jack bean meal,

having urease activity of 2950 U/g, has been used in the bio-catalytic dissociation of urea. The

reactions to obtain the calcite precipitation, enhanced by the effect of urease, are expressed as

follows,
CO(NH,), +2H,0 — 2NH +C03" 1)
CaCl, — Ca®" +2CI” )
Ca’" +C0O%™ — CaCO, ©)

where CO(NH>), represents the urea. The urease was used to accelerate the reaction shown in Eq.
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120
121
122 Fig. 1. Rock sample made of Berea sandstone ((a) before injection, (b) after injection).
123
124
125 Table 1. Composition of Berea sandstone (Yasuhara et al., 2015a).
Oxide Results [wt.%]
SiO; 82.6
AlyO3 9.88
Fe.0s 2.13
SO3 -
K20 1.97
CaO 1.66
MgO 0.973
Na,O -
TiO; 0.633
Cl -
Others 0.154
126
127
128
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Fig. 2. Mineral composition of rock samples determined by XRD

((a) before injection, (b) after injection (BS-24)) (Yasuhara et al., 2015b).

2.2. Procedure of calcite precipitation

When simulating the mineral trapping by the calcite precipitation, uniform distribution of the
precipitation within the rock samples should be achieved to quantitatively investigate the change
of the mechanical and the hydraulic properties induced by the precipitation. To this end, an
organized procedure for injecting the grout materials was developed. Using the experimental
setup (Fig. 3) (Yasuhara et al., 2015b), the injections of the grout materials composed of urea,
urease, and CaCl, were conducted by the following steps. Firstly, the rock samples were

immersed in a beaker filled with de-ionized water and then placed inside a desiccator.



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

Subsequently, the space in the desiccator was evacuated by a vacuum pump for 24 hours in order

to remove air from the rock samples. After the saturation process, the rock sample was confined

within a heat-shrink tube. Once the core was jacketed, it was placed inside a pressure cell.

Subsequently, axial pressure was prescribed by disc springs and controlled well by a load cell

mounted onto the springs. Confining pressure, equivalent to the axial pressure, was applied by a

hand pump and controlled by a regulator. In this work, 3 MPa was applied as the axial and the

confining pressure to simulate the subsurface condition. Throughout the grout injections and the

following permeability experiments were conducted under the pressure. After the rock sample

was placed in the pressure cell, the concentration-adjusted grout materials were injected into the

sample. The amount of each injection was 10 mL, which is roughly equivalent to the whole pore

volume of each rock sample. Because the calcite precipitation starts within 30 minutes after the

injection (Yasuhara et al., 2012), each injection was complete within 15 minutes. Then, the

sample was placed quietly in the cell for 24 hours to wait for cease of the precipitation. After the

24-hour curing time, de-ionized water was injected to flush the byproduct of NH,4CI that is

included in the grout materials (see Egs. (1) and (2)). Note that it was confirmed that the

byproducts was completely flushed out by the water injection. Subsequently, the above process

was repeated as long as the grout injection could be complete within 15 minutes. Therefore, if the

injection was not complete within the time, the injected grout was quickly flushed by de-ionized

10
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Fig. 3. Experimental setup for grout injections and permeability experiments (Yasuhara et al.,

2015h).

2.3. Petrographic and microstructural observations

The mineralogical alteration in the samples before and after the grout injections were

analyzed using XRD to identify the kinds of the precipitated minerals. The rock samples for the

XRD analyses were ground to obtain the powder samples. The ground particles were rinsed by

11
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methanol for several times to remove the dusts remaining on the surfaces. Then, the particle

samples were observed by XRD to identify the minerals and to examine the difference between

the samples before and after the grout injections.

The microstructures of the rock samples were analyzed by an optical microscope to

investigate the size and shape of the precipitated minerals. The rock samples were prepared by

making a single fracture induced by the Brazilian tests. Then, fresh fracture surfaces opened by

the tests were analyzed by the microscope. Two samples, one before the grout injections and the

other after the injections, were observed to compare the differences. The pore size distributions of

the samples before and after the grout injections were also observed by mercury porosimetry.

Because the distributions may change due to the precipitation, the analysis results may be

congruent with the microscope observations.

Another concern arising from the grout injections is whether a uniform distribution of the

precipitation within the rock samples could be achieved. It is important to obtain the uniformity to

examine the evolution of the mechanical and the hydraulic properties in the treated samples. If

secondary minerals induced by the grout injections precipitate quite locally within the samples

(e.g., concentrating close to the injection inlet), the relation between the amount of the

precipitation and those properties evaluated through the experiments would be unreliable. To

check the distribution of the precipitated minerals, a treated sample was cored by a core drill and
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then, the core was cut by a saw to three pieces (Fig. 4). By evaluating the amount of the
precipitation for the treated sample before cored, the three inner cores, and the cored outer sample,
the precipitation distribution within the sample can be clarified.

As an index of evaluating the amount of precipitation within the samples, the pore
occupation ratio, Rp, was defined by,

Rp =& (4)
v0

where V. is the volume of the precipitated material (m®), and Vi, is the initial pore volume of the
sample before the grout injections (m®). The pore volume, V.o, can be obtained by calculating the
porosity, given by,

Py~ Pd
Pqg

9= Q)

Vyg=9¢-V (6)
where ¢ is the porosity of the sample (-), py is the grain density of the Berea sandstone (= 2700 kg
m™), and py is the dry density of the samples (kg m™). The evolution of the mechanical and the

hydraulic properties were examined using this index in this work.
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Fig. 4. Procedure to obtain the samples for examining the precipitation distribution.

2.4. Mechanical experiments

The P-wave velocity of the rock samples before and after the grout injections was measured
by a device. Prior to each measurement, the samples were completely dried within an oven at
60 °C for 8 hours. The velocity was measured three times for each measurement to avoid the
observation errors.

The uniaxial compression experiments were also conducted to obtain the elastic modulus and
the uniaxial compression strength (UCS) of the rock samples before and after the grout injections.
Two pieces of the two-axle strain gauges were pasted on the surface of the samples to measure the
vertical and horizontal strains. Then, the samples were set onto the compression table and the
displacement—controlled compression was statically conducted with the velocity of 0.10 mm s*

until the failure. Subsequently, the UCS and the secant elastic modulus (Essp in this work) were

evaluated to examine the change of the mechanical properties induced by the mineral
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precipitation.

2.5. Permeability experiments

Permeability experiments using the setup as shown in Fig. 3, were conducted to obtain the
relation between the pore occupation ratio and the measured permeability. Those were performed
after each grout injection with the differential water pressure of 100 kPa. The permeability was

evaluated by assuming a Darcian flow, given by,

k= QL

AAP ()

where k is the intrinsic permeability (m?),  is the dynamic viscosity (Pa s), Q is the flow rate (m®
s1), L is the sample height (m), A is the cross-sectional area (m?), and AP is the differential water
pressure (Pa). The measured permeability was also normalized by the initial values to examine the
change of permeability with the pore occupation ratio. The procedure of the whole experiments
including the grout injections, P-wave velocity measurements, permeability experiments, and

uniaxial compression experiments can be depicted in Fig. 5.
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236

237  Fig. 5. Procedure of whole experiments including grout injections, P-wave velocity measurements,

238 permeability experiments, and uniaxial compression experiments.

239

240 3. Experimental results

241  3.1. Confirmation of calcite precipitation

242 Prior to showing the results of the mechanical and the permeability experiments, the calcite
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precipitation was confirmed by the XRD analysis and the optical microscope observations, which

was supplemented by the mercury porosimetry, and the distribution of the precipitated minerals

within the samples was evaluated by the method shown in section 2.3. The obtained XRD patterns

of the samples before and after the grout injections are shown in Fig. 2. As comparing the results

between the pre- and post-injection samples, a clear, unique peak of calcite is apparent in the

post-injection sample, and any other new peaks are not observed (Fig. 2b). Therefore, the

precipitated mineral induced by the grout injections was confirmed to be calcite only. The

photographs observed by the optical microscope are shown in Fig. 6 (Yasuhara et al., 2015b). As

is clearly seen in Fig. 6b, the white particles smaller than the sand particles with a diameter of

approximately or more than 100 um (Fig. 6a), lie onto the sand particles, and these should be

calcite. From this figure, the size of the calcite particles was found to range from several to a few

tens of microns.
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Fig. 6. Photographs of interior image of rock samples observed by optical microscope.

((a) before injection, (b) after injection (BS-7)) (Yasuhara et al., 2015b).

The pore size distribution of the samples before and after the calcite precipitation was

analyzed by the mercury porosimetry (Fig. 7). Subtracting the frequency of the post-injection

measurements from that of the pre-injection results in the difference of relative frequency (Fig.

7b), clarifying how the pore radius distribution was changed by the calcite precipitation. Note that

the positive and negative values in Fig. 7b represent the increase and the decrease of the relative

frequency in the post-injection sample relative to the pre-injection, respectively. When comparing

the pore radii of the pre- and post-injection samples, the pores with a radius of less than 6 um

increase and those with that of more than 6 um decrease in the post-injection sample. This is

clearly attributed to the calcite precipitation. The results of the mercury porosimetry imply that the

diameter of the precipitated calcite is a few tens of microns, which is congruent with the

microscope observations.
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Fig. 7. Pore radius frequency in rock samples obtained by mercury porosimetry. The sample of
BS-36 was used for the porosimetry after the experiments. ((a) relative frequency of pore radius,

(b) difference of relative permeability).

The distribution of the calcite precipitation within the sample was evaluated by following the
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procedure described in section 2.3 (see Fig. 4). The porosity, the pore occupation ratio, and

P-wave velocity were obtained for the three inner cores and the cored outer sample, supplemented

with the measurements for the whole core before cored (Table 2). The obtained porosity, pore

occupation ratio, and P-wave velocity are relatively compatible among all of the measured

samples, although the pore occupation ratio of the top core is slightly lower than the others.

Consequently, it can be judged that relatively uniform distribution of the calcite precipitation was

achieved and the grouting method adopted in this work was reliable.

Table 2. Measurements of pore occupation ratio and P-wave velocity (BS-44).

Pore occupation ratio  P-wave velocity

Sample Porosity (-
P 70 0 (n's”)
Top 0.233 0.055 2.91
Inner ]
Middle 0.227 0.071 3.08
cores
Bottom 0.238 0.072 2.94
Cored sample 0.179 0.079 -
Average values 0.227 0.075 2.97
Whole sample 0.224 0.082 2.96

before cored

3.2. Evolution in mechanical properties

The P-wave velocity was measured for the pre- and post-injection samples. The measured

velocity for the post-injection samples was normalized by that measured before the injections (Fig.

8a). A linear relation between the pore occupation ratio (see Eq. (4)) and the normalized P-wave
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velocity was clearly obtained. The obtained relation shows that the P-wave velocity increases by
~50 % when the pore occupation ratio reaches 0.10, which should exert a favorable influence on
the integrity of the CO,-injected reservoir against seismic motions. Using the measured P-wave

velocity, the dynamic elastic modulus can be evaluated by (Jaeger et al., 2007),

_Vo'a (Lvp ) (1-2vp)
1-vpy

(8)

D

where Ep is the dynamic elastic modulus (Pa), V, is the P-wave velocity (m s1), and 1w is the
dynamic Poisson’s ratio (-). As the S-wave velocity was not measured in this work, not only the
dynamic Poisson’s ratio but also the dynamic elastic modulus cannot be directly evaluated.
However, the change of the modulus, which is the evolved modulus normalized by the initial
modulus of the pre-injection samples, may be able to be estimated by assuming the dynamic
Poisson’s ratio and the dry density to be constant throughout the calcite precipitation, which can
be expressed as,

B, [V, )

—Db _| P 9)

EDO VpO
where Epo is the initial dynamic elastic modulus (Pa) and Vo is the initial P-wave velocity (m )
before the calcite precipitation. The normalized dynamic elastic modulus evaluated by Eq. (9) is

shown in Fig. 8b. Similar to the measurements of the P-wave velocity (Fig. 8a), it linearly

increases with the increase of the pore occupation ratio and augments twofold when the pore

21
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The uniaxial compression experiments were also conducted to examine the change of the
mechanical properties induced by the calcite precipitation. The results of the experiments
elucidate the evolution of the static elastic modulus and the UCS (Fig. 9). Both of the elastic
modulus, Esso, and the UCS increase linearly with the increase of the pore occupation ratio, and
augment twofold and by 20 % when it attains 0.10, respectively. Note that the increasing rates of
the dynamic and static elastic modulus (i.e., Ep and Essp) coincide (see Figs. 8b and 9a), and it
can be thought that our measurements are reliable. The mechanical experiments revealed that
clogging only the fraction of the pore spaces by the calcite precipitation significantly improves the

deformation/strength characteristics.
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3.3. Evolution in permeability

The permeability experiments were conducted to examine the change of the permeability
induced by the calcite precipitation. The obtained permeability shows a decrease tendency with
the increase of the pore occupation ratio (Fig. 10a), but the tendency is ambiguous because of the
scattered data. Therefore, the measured permeability was initialized by the initial permeability
obtained before the grout injections (Fig. 10b). The normalization process made the decrease
tendency much clearer. The normalized permeability monotonically decreases with the increase of
the pore occupation ratio. Specifically, an abrupt decrease is observed after roughly 7 % - the

permeability at the occupation ratio of 9 % decrease by one order of magnitude. The reduction is
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4. Discussion

We have observed interesting results in the evolution of the mechanical and the hydraulic
properties induced by the simulated mineral trapping (i.e., calcite precipitation) — the observed
elastic modulus and the UCS increased with the increase of the calcite precipitation, while the
permeability decreased with that. Firstly, to investigate the mechanisms of the change in elasticity,
the P-wave velocity was estimated by following Dvorkin and Nur (1996). They model the P-wave

velocity using a cementation theory where the grains mechanically interact through cement at the

V= _ e 10
P n(1_¢0)pcsn ( )

where Ke is the effective bulk modulus (Pa), n is the average number of contacts per grain (n =9

grain boundaries, given by,

(Dvorkin and Nur (1996))), pc is the density of the cement material, which is calcite in this work

(= 2710 kg m®), and S, is the fitting parameter (-). S, is expressed as (Dvorkin and Nur (1996)),

Sh=A(A)a®+B,(A,)a+C,(A,) (12)
A, (A,)=-0.024153- A, %% (12)

B, (A,)=0.20405- A, 9% (13)
C,(A,)=0.00024649- A+ (14)
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An — 2(';(: (1_V)(1_VC) (15)
zG 1-2v

where « is the ratio of the radius of the cement layer to the grain radius (-), G (Pa) and v (-) are

the shear modulus and the Poisson’s ratio of the grains, respectively, and G, (Pa) and 1. (-) are the

shear modulus and the Poisson’s ratio of the contact cement layer, respectively. By assuming that

porosity reduction is caused only by cementation (i.e., calcite precipitation) and by adopting

certain schemes of cement deposition (Dvorkin and Nur (1996)), the ratio, «, can be related to the

porosity amended by the calcite precipitation, as,

0.25
_o| ¢
a= 2[3n (- ¢0)} (Scheme1) (16)
2(¢-4)]
_| %
a= l: () } (Scheme 2) (17)

where Schemes 1 and 2 are defined as the cases where all cement is deposited at grain contacts
and where cement is deposited evenly on the grain surface (Fig. 11). All the parameter values
used to estimate the P-wave velocity are summarized in Table 3. The model predictions of the
relation between the porosity and the P-wave velocity obtained by assuming the Scheme 1 or 2
are shown together with the experimental measurements (Fig. 12a), and those of the relation
between the pore occupation ratio and the P-wave velocity are depicted in Fig. 12b. Note that the

pore occupation ratio can be evaluated directly by the porosity, as,

@
R =1-— 18
P ) (49
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As is apparent, the measurements are followed by the model of the Scheme 2 in the early stage at

smaller calcite precipitation, and subsequently, those are followed by the Scheme 1. Therefore, the

pore occupation process is thought to be that the calcite precipitation firstly occurs on the

free-surface of the grains and that on the grain contacts dominate over the free-surface

precipitation.

Contact
cement

Non-contact
cement Scheme 1 Scheme 2

Fig. 11. Cemented grains ((a) Contact and noncontact cement, (b) Scheme 1 of cement deposition,

and (c) Scheme 2 of cement deposition) (Dvorkin and Nur, 1996).

Table 3. Parameters in Egs. (10)-(17) used to predict P-wave velocity.

KaGP2) () O She GGP) GGPA)  v() %0
11.9 9 0.235 2710 44.0 14.0 0.22 0.32
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Fig. 12. Comparison between measurements and predictions of relation between P-wave velocity

and (a) porosity and (b) pore occupation ratio.

Secondly, to examine the mechanisms of the change in permeability, the experimental

measurements were predicted by the Kozeny-Carman equation (Bear, 1972), as,
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1 3
e iﬁ)z (19)

where S, is the specific surface are (m? m™). Eq. (19) can be rearranged with respect to the pore

occupation ratio using Eq. (18), as,

_ 1 4 (1- Rp)3
5 (1-d (1R, ))

Therefore, the permeability normalized by the initial permeability can be obtained as,

K _(Su) (R) (@)
ko [5 j (1—¢0(1—Rp))2 )

where ko is the initial permeability (m?), and Sy is the initial specific surface area (m* m). When

(20)

v

the calcite precipitation occurs on the free-surface and/or the contacts of grains, the specific
surface area should be changed. However, because it is clearly difficult to predict the change
through the precipitation, a simple relation, defined as S, =S, (1+a- Rp), is assumed to follow

the measured permeability, and Eq. (21) can be rearranged as,

L{( 1 J (1-R,) (-4’ o

o A R)) (1-m-r,)

where a is the constant (-). When the parameter a is zero, the specific surface area never changes

from its initial value even if the calcite precipitation occurs. In contrast, when it is the positive or

negative value, the specific surface area increases or decreases with the increase of the pore

occupation ratio, respectively. As the calcite precipitation proceeds, the grain surface should be
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rougher, which is supported by Fig. 6, and the specific surface area should increase accordingly.

Thus, the predictions with the positive values of a may result in better agreement with the

measurements. Actually, the experimental measurements are in disagreement with the prediction

as a = 0, while those are well-followed by the predictions with the positive values ranging from 5

to 20 (Fig. 13). This indicates that the specific surface area may increase by 1.5 — 3 times as the

pore occupation ratio reaches 0.10. Therefore, to achieve reliable predictions of the permeability

change induced by the mineral trapping (i.e., carbonate precipitation), the change of the specific

surface area should also be estimated with a certain level of precision in advance.

Normalized permeability [-]

Fig. 13. Comparison of relation between pore occupation ratio and normalized permeability

’
10 ; |
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between measurements and predictions.
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5. Conclusions

In this work, the evolution of the mechanical and the hydraulic properties were quantitatively

examined by simulating the mineral trapping, which was achieved by the artificially-enhanced

calcite precipitation using the EMCP technique. Before examining the change of those properties,

uniform distribution of the calcite precipitation within the rock samples was confirmed by the

XRD analyses, the optical microscope observations, the mercury porosimetry, and the direct

measurements of the calcite amount.

Both of the estimated, normalized dynamic elastic modulus and the measured, static elastic

modulus, and the UCS increased twofold and by ~20 % as the pore occupation ratio attained 0.10,

respectively. The normalized permeability decreased by one order of magnitude at it reached 0.10.

From the measurements of the mechanical and the permeability experiments, we understood that

occupying the fraction of the pore spaces dramatically exerts favorable influences on the integrity

of the CO,-injected reservoir.

A cementation theory proposed by Dvorkin and Nur (1996) enabled us to understand where

the calcite selectively precipitated within the domain — firstly, the precipitation may have occurred

evenly on the grain surface, and gradually it concentrated at grain contacts, resulting in the

significant augmentation of the mechanical properties. The predictions by the Kozeny-Carman
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equation verified that the grain surface became rougher due to the calcite precipitation, and

showed that the specific surface area likely increased by 1.5 to 3 times as the pore occupation

ratio reached 0.10. We have conducted a series of the experiments to understand quantitative

evolutions of the physical properties. Although interesting and valuable results were obtained

from the experiments, the obtained pore occupation ratio was at most 0.10, and higher ratios

should have been attained. As a future study, by improving the grout injection technique, the

mechanical and the hydraulic properties at the pore occupation ratios much greater than 0.10 will

be investigated quantitatively to unravel the influences of the mineral trapping on those

properties.
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