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Abst

Geologic Srbon storage projects aim to permanently trap large volumes of CO; in reservoir

rock seal low permeability layers. As high-pressure supercritical or liquid CO; is
injected, hy echanical and chemical processes caused by the reaction between the rock
and acidicWui of brine and CO; are initiated. The compressibility of reservoir rock needs

to be pﬁaracterized in order to assess the deformation and stability of the host
formations, and tiere are a number of factors to be considered, including the matrix structure,
solid, pores fluid. This study triggers from a fundamental question of whether CO,

treatmen the compressibility of the rock matrix and its dominant composing solid
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minerals. Three different reservoir representatives are selected: Berea sandstone for silica-
rich rock, and Apulian limestone and Indiana limestone for calcite-rich rock. Quartz and
calcite are main composing minerals of the reservoir rock, and their crystals are
separately, Experimental methods are introduced for high-pressure CO, treatment
of water-sgurated materials, and measurements of the unjacketed and solid compressibilities
are conduQ change in the solid compressibility of the sandstone and quartz after CO,
treatment 1

rved, whereas it increases by 18-21% for the limestones and by 15% for

calcite. lagfer observation 1is inconsistent with the ultrasonic wave velocities

S

measurements afjg is believed to be due to the local dissolution of the calcite crystal surface.

U

The results that only the solid matrix of the limestones becomes more compressible

[

after CO, t. Consequent microimaging and mercury intrusion porosimetry analyses

allowed opse ns of dissolution and precipitation of calcite, and new connected and non-

d

connec espectively. Finally, the changes in limestone solid compressibilities and

pore structur d significantly affect the rock properties and behavior during and after CO,

M

injection and should be accounted for in the reservoir models.
1. Introh

The increa: obal demand for energy has been elevating the inevitable consumption of

fossil fue! that generates an enormous amount of greenhouse gases such as CO,." The
emissi()“byproducts into the atmosphere has been reported for their negative effects

on the environm@nt, particularly focused on the climate change.” As an effort to reduce the
atmospheric cgagsbion of the anthropogenic CO,, geologic carbon storage (GCS) has been
introdu romising method by permanently isolating CO, in the subsurface reservoirs.’

The reservoirs should be relatively highly porous and permeable and be confined by the low-
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permeable sealing layers on the top (caprock) and bottom (basement rock) to permanently

trap the CO, underground.

As high-p O, is injected into the reservoir, usually in the liquid or supercritical state,

it induces the changes of the stress state, pore pressure, and temperature.” These coupled
]

Fl

processes the deformation of the host formation and may affect its compressibility.*’

The deforfhation®f porous media is dependent on the compressibilities of its elements, such

C

as the bulmwork, pores, solid matrix, and pore fluid.®’ Therefore, evaluation of these
c

parameters es essential for successful implementation of geo-engineering projects.

For porou;he compressibility of the rock matrix is peculiarly important, since it solely
provides g understanding of the volume response of the rock frame.'® This pressure-

independe ial property can be measured under the unjacketed boundary condition,
cha

where the in the total mean stress P is equal to the change in the pore pressure p/ (AP

= Ap’f).11 glg measurements of the volume response, the unjacketed bulk modulus K’
can be :

where V' ii the Viume of the representative element volume. Also, for the solid components

of the por occupying the volume Vs, the bulk modulus K, can be written as:
An’-
K =V
S —AP
)
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Ideal porous medium is introduced as a microscopically isotropic and homogeneous material

with all the pore spaces interconnected.'? Considering that a porous medium consists of solid

grains tha! the rock matrix, these two components deform in an identical proportion,
thus resul 1 bulk responses (K; = K,')."> However, the bulk moduli of the solid and

the matrnsan differ under conditions where the material is microscopically inhomogeneous
(e.g., con@of several minerals with different compressibilities) or contains non-
connected cluded pores.'"” Additionally, while it was sometimes reported that the

unjacketeWodulus could be a function of applied stress'*'®, it is generally accepted

that if the Eesfe5rock is fully saturated and the appropriate diffusion times for pore fluid

pressure ar: idered, K’ should not depend on the level of the applied total and effective
mean stresShmmms
Besides t lastic response, a chemical interaction between the rock, brine, and CO,

may o ich has long been generating a considerable interest for researchers related to
its effi e hydromechanical behavior of geomaterials. The geological formations
targeted for GCS are usually deep saline aquifers with capacities of thousands of megatons

that are n‘hmposed of silica-rich (sandstone) or calcite-rich (dolomite and limestone)

rock .20 TS laboratory studies on the effect of CO, treatment on reservoir rock were

usuallyg time (days to weeks) and mainly focused on observing and describing
i

carbon. on.**"** A number of measurements of geomechanical properties and the
ultrasonic locities showed that for carbonate-rich rock, the acidic mixture of CO, and
brine wo t the internal structure in terms of strength and compressibility, also
increasj materials’ porosity and permeability.”** Some other tests reported minor
influences on properties due to the carbonate buffering effect on the pH — dissolved

29,30

calcite in positively charged pore fluid that stabilized its acidity. Many studies on silica-

rich rock also rindicated minor to no effect on compressibility and porosity when scCO; or
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CO,-rich water were injected.’'?* However, there were examples of (mainly carbonate-
cemented) sandstones where the material properties altered®>~® or enhanced®” after the CO,
treatment. ineralogical composition and testing conditions influenced the results of
CO; treat owed that these could significantly differ from those observed in the

N : 22
field cons!ermg the time and length scales of large-scale projects.

Understar@ effect of chemical reactions on the solid mineral properties could also be
essential fou t ssessment of the impact of CO, treatment. Putnis*®*° came to a conclusion
that the mmeplacement reaction mechanisms are ruled by the equilibrium energy, and
the re-equilibri induces dissolution or precipitation. Moreover, it was shown that the
reaction nﬂpends on the existence of the fluid phase with free energy. Nakamura and
Watson® Introduced the recrystallization and coarsening of minerals with silica-saturated
fluid by the dissolution-precipitation mechanism. The study showed that a new

porosit ¢ generated by dissolution of silica in the fluid phase, and that it highly depends

on its ¢ and temperature. The dissolution and precipitation on calcite surfaces from

calcareous solutions involve the CO,-water system and can be characterized by rate-

dependenhes for the conversion of CO, into HCOj", that are a function of CO,

41 42 - :
pressure, ure, and pH." Plummer et al.”” conducted various experiments on the

dissoluﬁite and presented that under constant CO; pressure and temperature, the

dissolu ecreased gradually until it reached equilibrium and the pH of the fluid

became ¢

Several studies were conducted on assessing the compressibility of the minerals constituting
the res ck. Bridgman™ proposed a method to measure the deformation of solid
minerals by applying hydrostatic pressure to the specimens in the piston-cylinder apparatus.

The bulk moduli for quartz and calcite were calculated as 35.7 GPa and 75.2 GPa,
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respectively.” Advanced technologies provided innovative methods to measure the
compressibilities of these minerals, using dynamic ultrasonic waves or X-ray diffraction.*®
McSkimin *7 reported the ultrasonic wave velocities of single-crystal quartz adopting the
pulse sup ethod and calculated the bulk modulus as 37.1 GPa. Kaga®® utilized the
improvgd @perposition method for sound velocities and evaluated the bulk modulus of
calcite as Zd .0MgPa at room temperature. The mechanical response of calcite at elevated
pressures Qo studied by Redfern and Angel®” with the X-ray diffraction technique,
modulus as 73.5 GPa from the linear and volume compressibilities. In

reporting

summary, the moduli for quartz and calcite are reported to be 37 GPa and 64-77 GPa,

Us

respectivel hey are generally recognized as material properties that are assumed to be

N

5
constant

d

An essen ion then arises on how the compressibilities of the rock matrix and the
compo mcrals are affected by CO; injection into water-saturated media. In this study,
we me ¢ compressibilities of water-saturated reservoir rocks and their constituent solid

minerals with different approaches to observe the influence of CO, treatment. Berea

sandstonehn limestone, and Indiana limestone are selected as the representative

reservoir , while quartz and calcite crystals are tested as the dominant minerals
forming s s and limestones, respectively (Fig 1). Hydrostatic compression tests are
conduc;acterize the bulk response of the rocks and minerals, P- and S-wave
velocities ﬁasured to observe the dynamic material properties, and by using the

environm nning electron microscope (ESEM), high-resolution images of the reservoir
rock a composing solid minerals are obtained for both pristine and CO, treated

samples. Also, clanges in the pore structure of the rocks are accurately examined using the

mercury intrusion porosimetry (MIP) technique.
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Caprock

ses 2l Sandstone .
: ReSewqir;f Calcite
Baserock Carbonate
Figure 1. ic illustration of the geologic carbon storage system (GCS) and the types of

reservoir 1th their dominantly composing minerals.

2. Expermﬂ methods

2.1 Materi;E

Sandstone (silica-rich rock) and limestone (carbonate-rich rock) are the two common types of

sedimentahations that can possibly serve as the reservoir material for CO; storage. In

this stud different rock formations are considered: Berea sandstone, Apulian
limestofiana limestone.

Berea W a light gray colored, fine-grained sandstone, formed in the late Devonian
period. Lo@tween the Bedford/Ohio shale and Sunbury shale, Berea sandstone served
as a host rock il and natural gas™ with the permeability reported to be on the order of 10°
13 23

aterial tested is mainly composed of quartz (~85%), with small inclusions of

kaolinite, K-feldspar, and muscovite.
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Apulian limestone is a pale orange-colored, glauconitic fossiliferous limestone that consists
of mostly calcite (95-98%), with minor portions of plagioclase, glauconite, and iron oxide.
Allochems ich are fragmental calcitic foraminifera in the size of 0.05-1 mm, support the
matrix of one with cementation of calcitic mud (micrite). The permeability is

N 15 204
measured go be on the order of 107° m”.

Indiana lifhestong is a gray and buff-colored, Mississippian age rock. Like most of the

C

210

limestonemminantly formed with calcite (97%), with small traces of quartz, aluminum
1ffr. Its permeability is ~10"* m.'® Indiana limestone is also known as a

oxide, an

9

freestone, which¥ indicates that no preferential splitting direction exists, providing an

advantagﬂing the material for buildings and public structures.”

Quartz an, are selected for this study as the major minerals forming the considered
two types Of teservoir rock. Quartz is the most abundant mineral found on the Earth’s
surfaceEnajor component of sandstone, where the chemical compound consists of
one pa and two parts of oxygen (SiO,) with a hexagonal crystal system.” It is
well knovg for its high resistance to both mechanical and chemical weathering and makes it
a durable ial that can be used for countless applications.”®>’ Calcite is the most stable
polymorpmium carbonate (CaCOs), which is the principal constituent of limestones.
The strﬂbe described as a rhombohedral system with cleavages in three directions.

Calcite Wtegrated by acid generated from the dissolution of CO, in water (H,0).”®
2.2 CO; treatme

2.2.1 ding experiments

For reservoir rock, a core flooding device is used to simulate high-pressure conditions and

inject liquid CO; into the water-saturated cylindrical specimens with a diameter of 50.8 mm
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(2 inch) and length of 101.6 mm (4 inch). With the viton rubber sleeve covering the specimen

and two pore pressure platens at each end, the sample is installed in the steel core holder and

fixed in t! ial direction with steel spacers. Stigma 500/700 controller from Sanchez

Technoloa}‘a capacity) is utilized for application of the confining pressure with

silicon 01! on the rubber sleeve in the circumferential direction of the specimen. For

applicatiompore pressure, Teledyne Isco syringe pumps with a capacity of 37.5 MPa
e

are install e upstream and downstream channels, while another Teledyne Isco pump is

connected@pstream for CO; injection. De-ionized water is selected as the pore fluid to
solely observe chemical effect of the mixture of CO; and water on the rock response. Two
external Ho 11 pressure transducers with a capacity of 34.5 MPa are installed between

ﬁthe valves that are connected to the pumps, which allow measurements of

the speci

the pore muring the flow tests and under the undrained condition when the valves are
closed. sco syringe pumps and Stigma controller have an accuracy of 0.5% of their
capacity, whi pressure transducers perform with a 0.1% accuracy.

Biot poroelasticity® assumes full saturation of a porous media, which also needs to be assured

before an&j ection. It is achieved using the back-pressure saturation technique, where

the applie @ ressure is gradually increased and the changes in pore pressure due to the

applied ss are measured at each step under the undrained condition.””® If the
effecti ssP'"(P'=P— pf ) is maintained to be constant during the process, the full
saturation ed when the value of the undrained pore pressure increment becomes
constant a; onstitutive back pressure steps.

After @ll saturation with only water, CO, is injected into the reservoir rock

specimens in a liquid state at ambient temperature (22 °C). Under 12 MPa total mean stress

and 6.7 MPa pore pressure, 40-50mL of liquid CO, at 7 MPa are injected from the upstream,

This article is protected by copyright. All rights reserved.

85U8017 SUOWILIOD 9A 118D 9|qedt[dde auy Aq peusanob afe sejore VO ‘8sn JO SajnJ o} Akeid178UIIUO /8|1 UO (SUONIPUOD-PUR-SLLIS)/WI00"AB | IM AeIq U1 |UO//SdNL) SUORIPUOD PUe SWIB | 8y} 8eS *[£202/60/82] U A%iqiTauljuo AS|IA ‘UoIeWLIOU| [IIUYIS | PUY OLIIUBIOS JO 82110 A 90TZ BUB/Z00T 0T/10p/W0o A8 |IM Aleiq Ul |UO//SdNY WO} papeojumod ‘G ‘TZ0Z ‘8/8525T2



whereas the downstream valve is kept closed. After that, the upstream valve is closed and the

pore pressure readings from the transducers show that the pore pressure gradually drops to

that of the

dary state of liquid and gaseous CO, (6.2 MPa). Therefore, to maintain the

CO; in th e, supplementary CO; is injected daily from the upstream at a pressure

, . . .
of 7 MPagThe continuous flow experiments are not possible with the setup; however, it

allows ob@ifferent effects at upstream and downstream sides of the tested specimens.

Few studi ed that as the treatment time for CO, increases, its effect on different

60,61

properties Of ro€k also enhances. For consistency, we select 21 days as a sufficient time

for CO, treatme; However, for Apulian limestone the treatment time is reduced to 3 days in

order to excessive chemical degradation and introduce a controlled process,

24,25

considering the materials’ high reactivity with the acidic water-CO, mixture. The main

advantageming the core flooding device for CO; treatment is the possibility of testing

rock u cvated effective mean stress in contrast to experiments where specimens are just

subme 0 a mixture of CO, and water.

2.2.2 Hige CO; treatment
Preparatio fectly shaped cylinders from the mineral samples is a complicated and
expensive_procedure, so they were not tested in the core flooding device. Instead, a high-

pressure ﬁutilized for the CO; treatment of quartz and calcite crystals. It consists of a

steel cha h a pressure gauge and a plastic beaker that fits in the vessel where the
speci y shape is located. The specimen is then submerged in de-ionized water and
consequently, is injected into the perfectly sealed steel vessel at a pressure of 7 MPa and

temperature of 22 °C. The injection is conducted until equilibration of the pressure is reached,

considering the dissolution of CO, in water. The specimens are submerged in 150 mL of de-
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ionized water located in the inner liner beaker (D = 57 mm and L = 140 mm) of the vessel.
Considering the solubility of CO, in water (the ratio of the solute mass to the solvent mass)
being mdopted pressure and temperature®®, the dissolved mass of CO, is
approxim 11.7 mL of liquid CO, at 7 MPa. It is to be noted that only the dissolved

N ) ) L i
amount og ;Oz can be estimated, while the total injected volume was not recorded but is

expected t@er.

After the m, the valve to the vessel is closed and CO, treatment is conducted for 21
days, an identi€al time for treatment of the reservoir rocks in the core flooding device.
Previous studiesl¥showed that the dissolution of CO, into water occurs rapidly at the

beginninggnjection process under the tested pressure conditions, while the process
n an

slows dow stops after reaching the maximum solubility within 2-3 hours.®> Thus, it

assumed msts perfomed in both devices that the solubility of 0.06 has been reached
and re ¢d a similar testing condition, while the only difference is the non-zero effective
mean pplied in the core flooding device. Besides the mineral crystals, another
prismatic Berea sandstone specimen is treated in the high-pressure vessel. By comparing the

two CO, ht methods, the effect of the testing condition (confined vs unconfined) on

the rock p @ 1s investigated.

-

2.3 Hymmpression test

The hydr i€Ompression cell is adopted in this study to measure the unjacketed and solid
bulk re@he reservoir rock and minerals, respectively. Teledyne Isco syringe pump
with a 51.7 MPa*€apacity is connected to the hydrostatic cell and utilizes hydraulic oil as the

pressurizing fluid for rock specimens located inside the cell. As pressure increases, the

deformation of the specimen is measured by the resistive strain gauges installed on the
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surface of the sample. For the unjacketed condition, no membrane is sealing the specimens,
and the increase in the confining pressure eventually becomes equal to the increase in the

pore pressmuid intrudes into the pores (AP = Ap/). On the other hand, the mineral

crystals d ny internal pores and the solid bulk response can be measured with the

N o
same procgure as the hydrostatic unjacketed modulus.

For each 1@ rock representative, two prismatic specimens (approximately 50 x 40 x 40
mm) are from the cylindrical samples: one pristine and another one after CO,
treatment in the"core flooding device. Considering the high reactivity of calcite-rich rock, the
upstream mstream parts of the CO, treated limestones are separately tested to observe
if the diff@ent boundary conditions during the treatment process affected its compressibility.
A few sets of mutually perpendicular strain gauges (CEA-06-250 UN-120, Micro
Measuren‘mA) are installed on the surface of the reservoir rock specimens with epoxy
adhesi ond AE-10 (Micro measurements, USA), and the bulk volume strain can be
calcul he sum of the three normal strains (&, = & + &, + &:). The axes directions are
chosen in no preferential direction for the limestones that appeared to be isotropic, and the
direction h—axis is perpendicular to the apparent bedding planes for Berea sandstone.
For mineimens containing smooth surfaces are selected for strain gauge installation
for both nd CO; treated samples, with their shape not being perfectly prismatic.
Thus, the installed strain gauges are positioned in three different directions that are not
exactly p geular to each other. For quartz, the strain gauges are installed at (0°, 0°, 0°),
(30°, 0°, ::(60", 30°, 0°) degrees, with the relative angles (A6, A6, AB,) measured
from e n gauges that are aligned with a, b, ¢ axes, respectively. For calcite, due to the
clear cleavage of the specimen where the angle is 78°/102°, the strain gauges are installed
parallel to the cleavage direction (x', y', z"). The strain gauge responses for minerals under

hydrostatic compression show that all strain measurements are almost identical for each
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material, indicating that the tested minerals are isotropic. Therefore, the solid volume strain is

calculated by adding three strain gauge values measured in different directions (&, = &, + & +

o (d)

For all materials, the loading-unloading cycle is conducted up to 50 MPa, and the data is
recorded M MPa step. At every step, the equilibration between the confining pressure
and the p<e pre'sure (P = pf) is required to guarantee the unjacketed boundary condition.
The equilj time depends on the diffusivity of the material, which is a function of
permeability, fluid viscosity, and the compressibility of the rock and the pore fluid. The
diffusion 5

ient ¢ of the oil-saturated reservoir rock is estimated to be on the order of 10°

2 m?/s fo! Eerea sandstone, 10 m%/s for Apulian limestone, and 10° m%s for Indiana

limestone. '’ idering the drainage distance in the specimens being H,; = 20 mm, the
characteriSti tenar for the pore fluid diffusion is on the order of Hy, /e meaning that it
does no d 10 seconds for any of the tested rock. To guarantee the efficient drainage of
the po 0 minutes were taken between each stage of unjacketed loading and

unloading. Based on the pore size distribution, full saturation with oil in the hydrostatic
compressih is guaranteed to be achieved at 15 MPa for Berea sandstone, 20 MPa for
Apulian | @ e, and 50 MPa for Indiana limestone.'"’ As the volume strain and the

hydrostati e are recorded during the experiment, the unjacketed bulk modulus K" and

solid bu Fo u DS K, can be calculated.
2.4 Ultrg, ave velocities

Measurements of compressional (P-wave) and shear (S-wave) velocities (¥, and V) are
conducted for reservoir rock specimens and mineral crystals before and after CO, treatment.

The data acquisition system is comprised of the ultrasound pulse receiver (Olympus
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5077PR), the digital oscilloscope (Tektronix TBS1064), and ultrasonic transducers

generating P- and S-waves (General Electric Alpha 2.25 MHz and Panametrics V154 2.25

between

MHz). The ﬁducers are located on the smooth sample surfaces, and a couplant is applied

and the transducer. An ultrasonic pulse is generated from the
transmlttlg transducer by a negative step function excitation (200V) and is received at the
other tranQThe signal is then digitized with 8-bit dynamic range resolution with a

MHz and signal duration of 0.25 ms. Consequently, depending on the

frequency

arriving 1. At is amplified with a gain level of 20-30 dB. Ultrasonic velocity

S

measurements repeated for 2-3 samples several times to assure their accuracy and

U

consistenc e results are reported based on the first arrival time of the signal and the

1

shortest w; length.

Measurenigpt the P- and S-wave velocities (¥, and V) allow determination of the

a

dynam crtes assuming that the material is linearly elastic and homogeneous. The bulk

modul n then be calculated with the knowledge of the bulk density of the material

.5
Phbulk-

r M

AS)

g

=
A
(3]
<
(98]
N —

G)

th

2.5 Merc J ion porosimetry

u

Measurement: porosity and evaluation of the pore size distribution are conducted with

Quanta Poremaster 60 using the mercury intrusion porosimetry (MIP) technique. With

A

the low- and high-pressure chambers, the device allows for pressure generation up to 413.7

MPa and forces mercury to penetrate the rock pores while accurately measuring the injected
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volume. As the pressure increases, the interconnected pores from larger to smaller sizes get
intruded and then the extrusion is performed during the unloading procedure. Due to the high
cohesive 10 within liquid mercury, it does not spontaneously enter the pores until it is
forced upa

in pressure, which can be expressed as a function of the pore throat

. - _ . . . . . .
diameter S contact angle 6, and the surface tension y of liquid mercury in contact with its

own Vap0®ng the Young-Laplace equation:
4) i

As the iniease in the volume of the intruded mercury is measured with each applied step in

pressure, t size distribution can be assessed. For this study, the intrusion data is
selected. m\g the weight of the dry sample and the sample in the cell filled with
mercury ient pressure allows accurate determination of its bulk volume V. Then,
with t volume of intruded mercury into the pores, the interconnected porosity ¢

can be acc!!rately calculated using the measured values of the rock’s bulk density op,.

The speci@ this study are prepared to be approximately 1.0 gram in mass that would

fit into the ple cell. Considering the potential inhomogeneity of the samples and

measur@rs, several pieces of each material are tested together, and each test is

duplicaMercury has a contact angle of 140°, a surface tension of 480.0 erg/cm?, and

a density of 13. g/cm3 at room temperature (22 °C). All experimental methods utilized in

this study arcgdi@Strated in Figure 2, including the scanning electron microscopy (ESEM) that
is introdu e discussion session.
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Figure 2. Ef the experimental methods and the samples instrumented for this study.

(O

3. Re

3.1Re — unjacketed bulk response

Unjacketes hydrostatic compression tests are conducted on the reservoir rock to accurately
measure t rties of its matrix before and after CO; injection. Additionally, for Berea
sandstone, ect of CO, treatment method is compared for the confined specimens tested
in the corgiooding device and the unconfined specimens tested in the high-pressure vessel.
Consid#igh reactivity of limestones with acidic fluid and how the CO, injection
process isEned, limestone specimens are prepared from each side (upstream and
downstream e treated cores. The loading-unloading procedure to 50 MPa hydrostatic
pressurid twice to assure reproducibility of the results. For all materials, the test
results from the unjacketed hydrostatic compression tests in terms of the directional (normal)

strains exhibit a linear response, and the unloading data is selected to be presented (Figs 3-5).
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The data for Berea sandstone indicates an anisotropy in the solid matrix, where the normal
strain in the z-direction (perpendicular to the bedding planes) is 15-20% larger than these in
the otheHctions for pristine and two CO,; treated specimens. These three specimens
appear to e unjacketed compressibility, implying the effect of CO, treatment and
the met-hoSTwit is performed do not affect the matrix response. For Apulian limestone,
small diffggenogg, exist in the initial slopes of the normal strains, but eventually become
identical i g isotropy. The CO, treatment causes 20% increase in the normal strains for
both the eamh and downstream specimens. Indiana limestone also shows an isotropic

response for botlypristine and CO,; treated specimens, where for the latter the normal strains

US

are 18% meaning the increased compressibilities for both the upstream and

N

downstre
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‘c) CO, treated Berea sandstone - batch|
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‘b) CO, treated Berea sandstone - core flooding

50 me A
[ ] ;

N
o
1
]

e
.\
|3

Pressure [MPa]
s
1
)|

NN
=
1
:H.
|3
L3
»

10+ .& & —8— x-axis

& - - y-axis
0 # —k - z-axis
T T T T T T T
0.0 01 02 0.3 04 05 06 0.7
. 3
Normal strain [x10 ]

Manuscript

Figure 3.gResults of the unjacketed hydrostatic compression tests for Berea sandstone

specimens; istine, b) CO; core flooding treated, and c) CO, batch treated.
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|b) CO, treated Apulian limestone - upstream
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|c) CO, treated Apulian limestone - downstream‘
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Figure 4. gResults of the unjacketed hydrostatic compression tests for Apulian limestone

specimens; istine, b) CO; treated - upstream, and ¢) CO, treated — downstream.
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|b) CO, treated Indiana limestone - upstream|
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|c) CO, treated Indiana limestone - downstream
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Figure 5.§esults of the unjacketed hydrostatic compression tests for Indiana limestone

specimens: istine, b) CO; treated - upstream, and c) CO; treated — downstream.

3.2 Miner id bulk response

The saWental procedure utilized to determine the unjacketed bulk response of the
reservoir rock al§9 provides measurements of the solid bulk moduli of quartz and calcite. The
hydrostatic loadiag-unloading procedures up to 50 MPa are performed twice to ensure the
repeata the test data.The results from the hydrostatic compression tests on the pristine
and CO; treated minerals are introduced in Figs 6 and 7. The directions of the installed strain

gauges are considered, where the angles to the coordinate system (X, y, z) are 0°, 40°, 20° for
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quartz and 0°, 15°, 15° for calcite, though it does not affect the results since for both quartz

and calcite, the three different strain measurements show an identical (isotropic) response

calcite, th

 E—
15% compared to the pristine case.

- ©h
60 — 60
a) Pristine quartz ‘b) CO, treated quartz
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Figure 6° ostatic compression data for quartz crystals: a) pristine and b) CO, treated.
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Figure 7. H tic compression data for calcite crystals: a) pristine and b) CO; treated.

3.3 Ultrasonic wave velocities
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| strains measured on the surface of the crystal appear to increase by
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Measurements of the P- and S-wave velocities are conducted before and after CO, treatment

on dry mineral samples. For quartz, the P- and S-wave velocities are measured to be similar

(within i:l /s) before and after the treatment (¥, = 5.72 km/s and V; = 3.68 km/s)

meaning t id bulk modulus (dynamic) remains unchaned: K = 39 GPa. For calcite,
N . .

both P- axg S- wave velocities are measured to slightly decrease after CO, treatment: V), =

6.64 km/s and Mg= 3.56 km/s for pristine specimen and V), = 6.62 km/s and V= 3.54 km/s for

CO, treate men. This results in a small decrease in calcite bulk modulus from 73.7 GPa

S

to 73.5 indicating that no significant effect of CO, treatment is observed for both

mineral crystals:

U

4. Discu

dll

The m lid deformations of reservoir rocks and its main composing minerals are

measure ydrostatic compression tests. Observed linear responses indicated constant

M

unjacketed moduli for the rock and constant solid moduli for the minerals (Figs 8 and 9).

Three dif

[

cimens of Berea sandstone are examined: pristine, CO, treated in the core

flooding d onfined), and CO, treated in the high-pressure vessel (unconfined) samples.

-rich rock samples, the unjacketed bulk moduli are measured to be 30 GPa,

rvable effect from the CO, treatment (Figure 8a), as well as from the

applied c*ﬁnement.

For Apuli estone, the pristine and CO; treated specimens are compared, where two

-:ﬂ prepared from the treated core: one from the upstream side and another one
from the downstream side. The unjacketed bulk modulus K’ for pristine Apulian limestone is
calculated as 42.7 GPa. For the treated specimens, the K’ values are evaluated as 33.7 GPa
and 34.7 GPa for the upstream and downstream parts, respectively, meaning that CO,
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injection decreases the unjacketed bulk modulus of the upstream part by 21% and the

downstream part by 19% (Figure 8b).

The valu " for Indiana limestone are measured to be the highest among the tested

rocks. The , treatment causes a decrease in the unjacketed bulk modulus of the limestone
]

1

from 65.

parts (Fig@ire 8c)WHence, despite the difference in the boundary conditions for CO, injection,

G

both the upstr, and downstream parts of the limestones become more compressible. Even
though thmssibility of the upstream part becomes a few percent higher, it can be stated

that significant afhounts of the dissolved CO, reach the downstream part, and by the end of

J

the treat , olved CO, becomes almost evenly distributed within the specimen.

N

54.0/55.8 GPa or by 18/15% respectively for the upstream/downstream
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Figure 8. Un ac;eted compression test results for pristine and CO, treated a) Berea sandstone,

b) Apuliangi ne, and c) Indiana limestone.

The solid ;duli are calculated for quartz and calcite, also examining the effect of CO,
treatment @ompressibility of these minerals. K; of quartz is measured to be 37.0 GPa
(Figur ieh is in a good agreement with other studies.'"**®* The solid bulk modulus of
the CO; t uartz demonstrates an identical response to the pristine material, meaning
that the treatment does not affect its compressibility. Alternatively, the surface strain based

calculatiombulk moduli of the pristine and CO, treated calcite specimens showed that

K decreas @ 74.0 GPa to 63.2 GPa (Figure 9b), approximately by 15%.
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Figure 9. matic compression test results for pristine and CO, treated a) quartz and b)

calcite. s

A possiblgation for the discrepancy between the elastic parameters of the calcite

calculated®tr e ultrasonic tests and retrieved from the local strain measurements is the

a

effect O,-water mixture on the mineral surface, since there are no pores in the

mineral crys e believe that the compressibility of the CO, treated calcite calculated
from the hydrostatic compression test is affected by the local chemical effect on the surface

of the mi@leral, but the global elastic parameters do not change, which is confirmed by

ultrasonic Aes measurements.

Petrographa microimaging methods have been previously adopted to characterize the
effect gction on the microstructure of subsurface formations.®“® The mineral and
rock surf: ted with CO, indicated the formation of microcracking that increased the
creep rateggi ular aggregates of quartz and feldspar,”’ salt precipitation and increased
compressi in sandstones and carbonates,”® and detachment of clay cementation from
quartz and fe r grain surfaces in Mt. Simon sandstone and weakening of its rock matrix.®

In order to further explore the effect of CO, treatment on the reservoir rock and minerals,
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high-resolution images of the sample surfaces are taken using the environmental scanning

electron microscoi)e (ESEM) (Figs 9 and 10).

-

(b) CO, treate Berea sandstone [

——

(d) CO, treated Apulian limestone 35 4
: = $ '.1? \_:*f‘ / .

(f) CO, treated Indiana Iimestone

i

Figure 10. ESEMAimages of (a) pristine and (b) CO, treated Berea sandstone, (c) pristine and

(d) CO, treat ulian limestone, and (e) pristine and (f) CO, treated Indiana limestone.
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(a) Pristine quartz

i Y
(d) CO, treated calcite

Figure images of (a) pristine and (b) CO; treated quartz and (c) pristine and (d)

CO, treated ¢

The micro-imaging analysis indicates that for Berea sandstone, no significant effect of CO,
treatment Lﬂicrostructure is observed. However, for Apulian limestone and Indiana
limestonee visible dissolution effects on the surface which result in the generation of

micropﬁation of the EDAX light-element energy-dispersive spectroscopy (EDS)

allowe alysis of more than 10 elements in each image including pores and solid

matrix. It ! ears that CO, treatment decreases the net intensity of Ca by approximately 35%

but increa orosity. This implies that the changes in the matrix compressibility of the
limesto d be due to calcite dissolution and modifications in the matrix structure.
While the ov increase in Apulian limestone permeability is reported®* and the ESEM

images highlight the increase in porosity, this effect appears to be uniformly distributed

within the samples and no locally focused wormholes are observed.
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In addition, no visible pores were created on the mineral surfaces due to CO, treatment. The
EDS tests verify that quartz mostly (>99%) consists of SiO,, with minor inclusions of CaCO3
in a form @ 1l particles that are present on both pristine and treated specimens. Calcite
specimen (>99%) CaCO;3 with a minor inclusion of SiO,. The treated calcite

specimen sppeared to have the same net intensity of Ca as the pristine one, but indicated

some sigwrface dissolution without generation of new porosity that supports the

statement t ¢ compressibility measurements from the strain gauges are affected by the

local checht, but do not reflect the global bulk behavior of the material.

For isotropic and§homogeneous ideal porous media, it is assumed that the unjacketed bulk

modulus gual to the solid bulk modulus K;, considering that all pores are fully

connected. However, despite the dominant proportion of quartz and calcite in sandstones and

limestonemtively, measurements of the unjacketed bulk moduli for reservoir rocks

show a crable difference between the two moduli (K’ # Kj): for Berea sandstone, K’ =

30.0 G squartz — 37.0 GPa, while K cqcire = 74.0 GPa and K;' = 42.7 GPa and K|' =

65.9 GPa, for Apulian limestone and Indiana limestone, respectively. These differences can
be explai her by the presence of other minerals with considerably different

compress (which is not the case for the tested rock) or the presence of

inhomogepgiti ch as non-connected or occluded pores.

1

The to ume consists of the interconnected pore space V), and the non-connected

{

pores V), al bulk volume V also includes the solid: V' = Vs + V, + V. Thus, the

U

interconnecte osity (equation 5) and total porosity (equation 6) can be defined as:

V

-

A

©)
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The interconnec;e)a porosity ¢ and the bulk density of the sample can be determined from

H

MIP. TheWtion of the total porosity involves the knowledge of the dry and solid

densities. ‘mce t’e dissolution of calcite-rich rock would occur only on the surface that is in

contact wi cidic fluid, we assume that CO, treatment does not affect the remaining
a

solid density, refer to the values measured by Tarokh and Makhnenko'® (o gerea = 2.74
g/cm3, ps,: 2.76 g/cmS, and o imdiana = 2.72 g/cm3). Therefore, the non-connected
porosity cg be calculated as @, = ¢ - ¢, where the average values are taken for the measured

propertiesm\ea sandstone, the porosity and density are measured to be almost identical

for the pri d CO, treated samples with ¢ =21.9% and pp. = 2.05 g/cm’. For Apulian
limestone, erties of the pristine samples are measured as ¢ = 37.1% and pp; = 1.66
g/em’, changed to ¢ = 39.2% and ppu = 1.58 g/em’ for the treated upstream

specimen sd ¢=38.3% and oy, = 1.61 g/cm3 for the downstream specimen. The properties

for IndianQone are reported as ¢ = 12.7% and py =2.36 g/em’ for pristine samples,

while it alt ter CO, treatment to ¢=14.0% and py,u =2.31 g/em’ for upstream specimen

and ¢=13%% and py.x =2.34 g/cm’ for the downstream specimen (Table 1).

{

With thes ed values, the total and non-connected porosities are calculated as ¢ =

25.1% an

U

.2% for Berea sandstone, ¢ = 40.0% and ¢, = 2.9% for pristine Apulian

limest 42.8 / 41.7% and ¢, = 3.6 / 3.4% for CO, treated Apulian limestone

A

(upstream/downstream), and ¢ = 13.2% and ¢, = 0.5% for pristine Indiana limestone, which

changes to ¢ ~ 15.1 / 14.0% and ¢, ~ 1.1 / 0.9% after CO, treatment. These results indicate
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that CO, treatment does not affect the measured interconnected porosity and the calculated

total porosity for the sandstone, but causes the increase of those for the limestones (Fig 11).

Injectio#n water-saturated specimens promotes calcite dissolution and increases the

fraction o nnected pore space, but at the same time generates new non-connected
o . . .

pores in Se samples due to precipitation. Moreover, the increase in the non-connected

porosity cam alsgexplain the enhanced differences between the solid and unjacketed moduli

of treated 11 nes.

a) Apulian limestone

43:+¢, g -a-ghy

Pristine CO, downstream CO, upstream

b) Indiana limestone

A A

Porosity [-]

Pristine CO, downstream CO, upstream

uthor Manus

Figure total (¢), interconnected (@), and non-connected (¢,) porosity changes due to

A

CO; treatment for a) Apulian limestone and b) Indiana limestone.
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The effective medium models can be utilized to estimate the solid and bulk moduli of the
tested materials if the properties of composing minerals and pores are known.””’' The
noncon#es can be included in the solid compressibility with the assumption that
their bulkd equal to the pressure of the air trapped in them (not exceeding 50 MPa)

N . 1070 e .
and the sgar modulus is zero. " Without knowing the exact shape of the pores and

neglectinmht anisotropy in Berea sandstone’s response, we adopt the isotropic-

72

generalize in-Shtrikman upper and lower boundaries:

HS ,upper =
K, =

n

K HS ,lower

where

Ma

< (r) 4/3z 3Z
(€))

The pare (r) > in equation (9) indicate the volume average of a quantity Q(r). For
Berea sandstone,_the following mineral composition and mineral moduli are utilized for
calculatlo gtz - 87% (K, = 37.0 GPa, G, = 31.0 GPa), muscovite - 6% (K, = 58.2
GPa, G, Pa) kaolinite — 3% (Ki = 1.5 GPa, G = 1.4 GPa), feldspar - 2% (K;= 56.9

GPa), and albite — 2% (K, = 37.5 GPa, G, = 15.0 GPa). The upper Hashin-
Shtrikman bound*or the solid modulus of the sandstone decreases linearly from 36 GPa with
the increase in the nonconnected porosity, while the lower boundary decreases drastically

from 22 GPa and converges to zero (Fig 12a). The measured unjacketed bulk modulus (K, =
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30 GPa) falls within the calculated boundaries, while the “dynamic” bulk modulus calculated
from the values of P- and S-wave velocities of quartz (Ks,quartzdy” = 39.0 GPa) lies slightly

above the u boundary since quartz does not contain the compressible clayey inclusions.

The followin mneral composition and mineral bulk moduli are used for calculating the
o-ow%m al composition a neral bu oduli are u or calculating

[

Hashin-Shfsi boundaries for Apulian limestone:' calcite - 98% (K. = 74.0 GPa, G. =

30.0 GPa)fplagidtlase -1% (K, = 56.9 GPa, G, = 28.6 GPa), and glauconite — 1% (K, = 59.7

¢

GPa, G, = a) and Indiana limestone:'° calcite — 97% and quartz — 3%. The unjacketed

S

bulk modult®of Pristine and CO, treated specimens appear to be approximately in the middle

9

between the uppér and lower boundaries for both limestones (Figs 12b and 12c). The

dynamic ulus of calcite Ks,ca;citedy " =73.6 GPa is very close to the upper boundary

N

for the solid modulus of the limestones since they are dominantly composed (~97-98%) of

d

this mine

50
a) Berea sandstone
404, Ko quanz” = 39.0 GPa
Hashin-Shtrikman upper bound
Ks quart™ = 37.0 GPa
w 30 ]
& K,'=30.0 GPa
E 11
X 201
I“
10
e Hashin-Shtrikman lower bound
o I e LT TR,
T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10

Non-connected porosity @, [-]

Author M
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|b) Apulian limestone Pristine
CO, treated
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[c) Indiana limestone m Pristine
4 CO, treated
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Hashin-Shtrikman upper bound
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=
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-?-
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-
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o
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5, ' o K =65.9GPa
X 40}
' ' K.'=54.9 GPa
20 ¢
‘\_ - Hashin-Shtrikman lower bound
1 e e b
T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Non-connected porosity @, [-]
Figure 13. The dependence of isotropic-generalized Hashin-Shtrikman bounds for the solid

bulk moddli from the value of the non-connected porosity and the unjacketed bulk moduli for

a) Berea s , b) Apulian limestone, and c) Indiana limestone.

The pore s istribution for the three reservoir rocks is presented in Fig 13. For Berea
sandstgown that CO, treatment has no significant effect on the distribution where
the domi size is measured as ~ 20 um. For Apulian limestone, the pore size density
for larger om 2 um to 10 pum) increases. The results for Indiana limestone (dominant
pore si m) also show that the dominant pore size slightly increases due to CO,

treatment, but it 1S less significant compared to Apulian limestone. The tendency of the CO,
treatment to increase the pore size density in the micron range can be explained by

dissolution of the calcite-rich rock matrix. These results are in some agreement with the
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previous studies on carbonates tested under elevated pressures. For different types of

limestones, the increase in porosity from 2% to 10% due to dissolution caused by high-

pressure atment has been reported along with the decrease in elastic moduli from 10
26
to 25%.7>
H
L 0257
a) Berea sandstone||—— Peristine
---- CO, treated ;
‘ ’ 0.20
=
@
o
@
N
w
: E -
[s]
a
0.05+
‘ 0.00 . ,
0.01 100
m Pore diameter [um]
0.20 5
‘b) Apulian Iimestone\ Pristine
---- CQO, treated - upstream
— - - CO, treated - downstream
0151
>
0
=
S
o 010
N
L : X0
o PR PR
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0.05 FAE '\
I -
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A “
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Pore size density [-]

014 4 |c) Indiana limestone| —— Pristine

0.08
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0.04

0.02

---- CO, treated - upstream
— - - CQ, treated - downstream
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100

Figure 14. Pore"size distribution of pristine and CO, treated a) Berea sandstone, b) Apulian

limestone

N

Utilizing

(unjacketc@l)

d

ndiana limestone.

analyses, this study concludes that CO, treatment increases the matrix

ressibility of limestones due to calcite dissolution and increase in porosity,

while e sandstone remain the same. CO; injection operations can change the

elastic pro

of the materials and their flow characteristics, which would potentially

affect the storage capacity of the host rock and CO, trapping mechanisms.”*”> Changes in

poroelasti@§ parameters would also influence the inelastic

]

22,24,31,34,35,69

and viscous

31,61,67,76

response st formations. Additional hydro-mechanical-chemical simulation studies at

the reservoir SCale are necessary to assess the large-scale implications of carbonate mineral

dissoluti rvoir and caprock integrity.

{

Table 1. S

U

specimens.

of the test data for reservoir rock and minerals for pristine and CO, treated

A

Apulian limestone

Indiana limestone

B
srea Quartz | Calcite
sandstone upstr. | downstr. | upstr. | downstr.

Dominant mineral ~85% 95-98% 97% calcite >99% | >99%
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quartz calcite quartz | calcite
Bulk modulus_ | Pristine 30.0 42.7 65.9 37.0 74.0
[GPa] 30.0
. 33.7 34.7 54.0 55.8 37.0 63.2
(static) (CF/batch)
40.0 13.2 - -
25.1
42.8 41.7 15.1 14.0 - -
37.1 12.7 - -
Porosity 21.9
39.2 38.3 14.0 13.1 - -
2.9 0.5 - -
3.2
3.6 3.4 1.1 0.9 - -
2.05 1.66 2.36 2.65 2.71
2.05 1.58 1.61 2.31 2.34 2.65 2.71
5.72 6.64
5.74 6.62
3.68 3.56
3.69 3.54
38.9 73.7
39.2 73.5

(dynamic)
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5. Conclusions

In this“ effect of CO, treatment on the compressibility of the solid matrix of
reservoir he composing solid minerals are experimentally investigated. Berea
sandstqge gedpulian limestone, and Indiana limestone are selected as the representative
materials Lvoir rock, while quartz and calcite are the dominant composing minerals.
As a con@ther set of 21-days CO, treated reservoir rock and mineral samples are
prepared. wmon into water-saturated reservoir rock is conducted in the core flooding

device to ﬁthe storage operations at the in-situ conditions, while due to the geometry

and lattic re, the minerals are treated in the high-pressure vessel. Hydrostatic
compressif tests are conducted to measure the unjacketed bulk moduli of reservoir rocks

and solid duli of the minerals. Based on the local strain measurements, it is shown

that the 5 r mixture does not affect the silica-rich rock and quartz in terms of

while for calcite-rich rocks and calcite, the bulk moduli decrease by 15-21%.
ve velocity measurements confirm these findings for the silica-rich and
calcite-rich rocks and quartz, but not for calcite minerals where no change in the elastic

moduli is m Further ESEM images indicate that locally the surfaces of limestones and

calcite mre chemically affected by the CO,-water mixture. While some new
connecﬂ—connected pores are created in the limestones, calcite remains to have zero
porosity, F t eflobal bulk response of the minerals remains unchanged. Finally, CO,
injection i:ﬁssolution and precipitation of calcite would affect the overall behavior of

calcite-ric oir rock both in terms of its elastic and inelastic response, as well as the

flow a q@ ye properties.
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