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The  effects  of  experimental  injection  of  CO2 into  potential  deep  sedimentary  formations  are  investigated,
focusing  on  detrital  rocks  with  interconnected  pore  networks.  This approach  consisted  in  the  qualitative
and  quantitative  determination  of mineralogical  and  textural  changes  in  selected  sedimentary  rock  sam-
ples after  injection  of  supercritical  CO2 (P  ≈  75  bar,  T ≈ 35 ◦C,  12–970  h  exposure  time  and  dry  conditions).
The  mineralogy  and texture  were  studied  before  and  after  the  injection  by  optical  and  scanning  electron
microscopy,  and quantification  was  done  with  digital  image  analysis.  The  studied  rocks  were  sampled
from  different  sedimentary  basins  in  Spain  and  consist  of feldspar  sandstones  with  similar  mineralogy
but  different  textures  (homogeneous  vs. heterogeneous).

The  results  obtained  in  the  CO2-treated  samples  indicate  a porosity  increase  (�n  = 3.75%)  and  a quali-
tative  permeability  rise.  Intergranular  clay  matrix  detachment  and  partial  removal  from  the  rock  sample
(due to  CO2 input/release  drag  and  electrical-polarity  forces)  are  the  main  processes  that  explain  the
porosity  increase.  In contrast,  carbonate  cements  were  stable  and no substantial  changes  were  observed.
Additional  textural  changes  were  minor  and consisted  on variations  in  the  roughness  of  grain-pore  con-
tacts, pore  shape  and  aspect  ratio.  Primary  texture  of  the  rock  subjected  to  CO2 injection  is an  important

factor  and  seems  to  enhance  textural/mineralogical  changes  in  heterogeneous  systems.

These  results  simulate  the CO2 injection  nearest  to the  injection  well  and  indicate  that,  in  this  envi-
ronment,  where  CO2 push  out  the brine  fluids  and interacts  with  rocks  in dry  conditions,  several
mineralogy/texture  re-adjustments  take  place.  Consequences  derived  from  these  changes  are vari-
able. Possible  porosity  and  permeability  increases  could  facilitate  further  CO2 injection  but  textural
re-adjustment  could  also  affect the  rock  physical  properties.
. Introduction

One of the major environmental and climatic issues nowadays
s to reduce the atmospheric CO2 concentration by capture and
torage into geological formations (CCS). Deep geological storage
nto rock porous formations is considered the most appropriate
trategy for CO2 sequestration (Izeg et al., 2008; Benson and Cole,
008; Gauss, 2010) and injectivity is a key technical and econom-

cal issue for CCS projects (Bacci et al., 2011). The viability of the
O2 injection depends mainly on the porosity and permeability of

he storage rocks. Other further consequences of the CO2 interac-
ion with host rock such as dissolution–precipitation of minerals
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are also important (e.g., Ross et al., 1982; Sayegh et al., 1990 and
Saeedi et al., 2011).

Both theoretical and experimental studies have been done to
study the CO2–rock interactions at the deep storage conditions.
Most of the experimental studies are designed to simulate the injec-
tion of CO2, mixed with brine fluids, in rocks at P–T conditions of
deep storage environment. The results in many of these experi-
ments were an increase in the porosity/permeability of the storage
rock caused by partial dissolution of the carbonate components
(mainly calcite) (Perkins & Gunter, 1995; Svec and Grigg, 2011;
Rochelle et al., 2004; Egermann et al., 2005; İzgeç et al., 2005; Izeg
et al., 2008; Gunter et al., 2008, Luquot and Gouze, 2009; Desbois
et al., 2011). However, other set of experiments has shown porosity

decreases due to the initial dissolution of carbonates followed by
secondary precipitation/mineralization (Kaszuba et al., 2003; Cailly
et al., 2005; Kaszuba et al., 2005; Mito et al., 2008; Sterpenich et al.,
2009; Luquot and Gouze, 2009).
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http://www.sciencedirect.com/science/journal/17505836
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ig. 1. Location (A) and regional geology of the areas selected for the borehole and
andstone sample location (Azcárate et al., 1974). (D) Core samples representative 

On the other hand, only a few researches have studied the
O2 injection into potential storage rock formations under dry
onditions (Vickerd et al., 2006). This is probably because the envi-
onment of injection is mainly envisaged as injected CO2 mixed
ith brine fluids in sandstones rocks. However, in near-well injec-

ion sites, the supercritical CO2 laterally displaces the brine and
ccupies the pore framework of the rocks, in either dry or near-dry
onditions (Burton et al., 2008; Luquot and Gouze, 2009; Gauss,
010). Therefore, in this specific case, dry CO2 interaction with
he storage rocks is a realistic scenario that takes place in the
nitial injection stages. Some theoretical studies on dry CO2–rock
nteractions (Gauss et al., 2008; Gauss, 2010) and also experimen-
al results (Sterpenich et al., 2009) indicate absence of reactions
nd consequently negligible textural–mineralogical changes. This
s explained by the lack of H2O in the system that prevents disso-
ution/precipitation and any kind of mineral–chemical reactions.

Our research is focussed on the experimental dry injection
f supercritical CO2 into selected rock samples representative of
otential storage reservoirs in Spain. The selected P–T conditions
nd run-times of our experiments aim to reproduce the storage-
ock dry environment adjacent to the injection borehole, and
nvestigate the textural–mineralogical and petrophysical changes
n selected rock samples before and after experimental injection
f supercritical CO2. Once target pressure and temperature were
eached inside the reactor chamber (CO2 supercritical conditions)
o CO2 flow occurred within the chamber (isolated conditions).

The main results of our research indicate that physi-
al ± chemical changes related to CO2 input induce textural
e-adjustments resulting in increases (or at least changes) in the
icro porosity and permeability of the storage rocks.
. Methodologies and initial condition study

The working steps in the study of mineralogical and textural
hanges in experimental CO2 injection into detritic rocks included:
le collection. (B) SI sandstone sample location (Lendínez and Muñoz, 1989). (C) SB
 two sandstones formations (Tiermes and Linares Sandstone).

• Selection of representative samples for study (geological setting).
• Petrography characterization studies. Textural and mineralogical

description of the samples by optical microscopy, SEM and digital
image processing in rock thin sections (∼30 �m thick).

• CO2 injection at selected conditions (supercritical CO2: 75 bar and
35 ◦C) in the Hyperbaric Chamber: (a) Stage 1 – CO2 pressur-
ized injection (3 h); (b) Stage 2 – CO2 pressurized stabilization
(12–970 h) and (c) Stage 3 CO2 – pressure release (3 h).

• After-injection textural and mineralogical study and comparison
with the untreated sample. Although the thin sections and SEM
samples do not exactly correspond to the same sample surface,
both are located very close (a few mm)  in the original source-
sample.

• Detailed optical microscope study and quantification of the
mineralogical and textural variability were performed in the
untreated samples to verify that any change observed in the
experiments was due to the CO2 effect and not to the possible
original heterogeneity.

• Finally, results of mineralogical quantification were evaluated
using statistical tests.

2.1. Samples: geological setting and petrography

Two sandstone geological formations, potentially suitable for
CO2 sequestration, were selected for this study. The studied rock
samples were immature (sediments located close to its source area,
short transport distance) greywacke/arkosic Triassic sandstones
from the Guadalquivir basin in SE Spain (SB: Linares-Manuel Fm.)
and the Iberian Ranges in N-NE Spain (SI: Tiermes Fm.) (Fig. 1).
These formations have significant porosities and permeabilities,
are partially sealed by impermeable formations, and are unaf-
fected by faults and fractures related to recent seismic activity.

The mineralogy of the studied sandstone formations is similar:
quartz (Qtz), K-feldspar (Kfs), phyllosilicates (e.g., sericite and
other clays), carbonates and, in minor abundance, biotite (Bt),
muscovite (Ms), plagioclase (Pl), apatite (Ap), zircon (Zrn) and Fe-
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Fig. 2. Diagram of the experimental setup: reactor system

xides. The phyllosilicates form the rock matrix and carbonates
onstitute cements. In some sample domains sericitic clays and Fe-
ich (hematite) particles form a mixture of clay matrix-iron-rich
ement. The clay matrix/carbonate ratio can be variable within

 single sample. The main difference between the two  rock for-
ations is the texture. The Tiermes Sandstone (SI), compared

o Manuel Sandstone (SB), is more heterogeneous and less well
orted with higher porosity and permeability produced by an
nterconnected framework of micro-channels. In contrast, Manuel
andstone (SB) is more homogeneous and shows a better sorting.
ts porosity does not show micro-channel structures and is more
venly distributed (detailed in Section 3).

.2. Experimental setup (reactor system)

The experimental setup applied during this experiment is based
n similar systems described by Luquot and Gouze (2009) and
uquot et al. (2012). However, some modifications have been
erformed due to the different characteristics of the target rock sys-
em. Sample material (rock type and representative sample size),
eological environment (pressure, temperature and salinity) and
echnical equipment (materials for camera, software, pumps, etc.)
ere all considered for the setup of the experimental device (Fig. 2)

nd for the run conditions. The CO2 injection was performed into
ubic-shaped samples (2 cubes of 27 cm3 from each sandstone sam-
le) using a constrained hyperbaric chamber-reactor where the dry
O2 was pumped at pressures and temperatures of 75 bar and 35 ◦C,
espectively. These conditions reproduce host rock formations at
epth of ca. 800 m.  The time of CO2 sample exposure varied from
2 to 970 h (no CO2 flow inside the chamber). The system reac-
ors (Fig. 2) have two CO2 cylinders (standard-industrial CO2 to
5 bars) that are linked to the other elements of the system by
teel connectors (diameter: 5 mm).  The second CO2 cylinder is con-

ected to a piston pump that operates with a flow of 0.01 g/s. When
he required pressure conditions (75 bar) decrease (due to possible
eaks) then this pump will inject CO2 to keep the pressure within
he desired values. The piston pump needs a CO2 initial pressure of
for the pressurized CO2 injection. See text for explanation.

10 bars in order to inject CO2 into the Hasteloy Steel chamber (6 L),
therefore, the pressure between the piston pump and the second
CO2 cylinder has to be decreased by a pressure manometer from
45 to 10 bar. The chamber is coated with polytetrafluoroethylene
(PTFE) internal protection that protects its interior. At the bottom
of the chamber, a calorimeter controls the internal temperature.
The calorimeter and the pump are linked to the chamber by pres-
sure and temperature sensors and are connected to the central
computer. The time of filling and emptying of the chamber with
supercritical CO2 was  the same (3 h): This is the time required to
reach the target pressure and temperature values (P: 75 bar and T:
35 ◦C inside to reactor), from the initial ambient conditions. This
same amount of time was  used to get back to the ambient con-
ditions at the end of the experimental test. The applied software
HEL 5.1 allows the remote control of the system (any change in
the experiment conditions) through the development of specific
macros (pressure, temperature, time) in real time. The system has
been designed to have the possibility for adding other modules such
as brine cylinders, pump for brines, pH sensor, etc. All the experi-
mental runs for this study were carried out in the Laboratories of
the Geological Survey of Spain (IGME) in Tres Cantos, Madrid.

2.3. Techniques applied to the studied samples

In order to study qualitatively the textural and mineralogical
changes due to experimental CO2 injection, optical microscopy
(OpM) (Leica DM 6000 polarization microscope (magnification of
10×))  and scanning electron microscopy (SEM) (JEOL 6100 SEM,
using W-Filament, acceleration voltage of 20 kV and Inca Energy-
200 software) were used. The investigations were accomplished
by direct observation and comparison between CO2-untreated and
CO2-treated samples. The optical microscopic studies were per-

formed in Geological Survey of Spain (Leon Unit), the SEM studies
at the Scientific-Technical Services of University of Oviedo and the
quantification using digital image analyses (DIA) in the Geological
Survey of Spain (Oviedo Unit).
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Fig. 3. DIA quantification of pore system (mineral images 

In order to quantify important petrographical and mineralog-
cal parameters (area, roughness of minerals/pore boundaries,
ractal dimension, circularity of minerals/pores and porosity) DIA
sing Aphelion 3.2 and Image Pro Plus 7.0 software was applied
Berrezueta and Castroviejo, 2007; Berrezueta et al., 2012). For

ineral and porosity classification (Fig. 3) 12 different images
cenes (6 in cross polarizers and 6 in parallel polarizers) of the
ame mineral information (moving synchronized polarizer and
nalyser with 10 degrees) were acquired and included them in
pecific macros developed in this study (pore quantitative char-
cterization). The results of DIA before and after supercritical CO2
njection were tested by t-student and Mann–Whitney tests using
YSTAT© (13.0) and MINITAB© (15.0) commercial software packages.
he main objective of these statistical studies was  to determine
he existence/absence of different populations of mineral textures
nd pore shapes between the pre- and post-injection samples and
erify whether these differences, if any, were significant. Software
eferences are in Appendix 1.

. Results

The results obtained, for homogeneous SB sandstones and SI
eterogeneous sandstones (Figs. 4–6), before and after the experi-
ental injection of CO2, is outlined as an evolution of the textural

nd mineralogical features from the untreated samples to the
reated samples.

.1. Untreated homogeneous sandstone (SB: Linares-Manuel Fm)

This sandstone has both carbonate cement and clay matrix. The
exture is characterized by a general good sorting (0.35–0.5 index
f Pettijohn et al. (1973)) with an evenly distribution of the major
ineral constituents (mainly quartz) and is classified as homoge-

ous sandstone (Fig. 4). In some specific domains (thin section

cale) a subtle mineral grain orientation was observed. The grain
ize is fine sand (<0.5 mm).  The angularity of the mineral grains
s moderate (sub-rounded to sub-angular). The modal content of

atrix (clay minerals) is about 15%, corresponding to immature
ed, general algorithm of DIA and binary image with pore).

sediments. The modal porosity estimated through modal counting
(counts of 400–500 points per thin section) is ≈5% and its inter-
connection (permeability) seems limited in the 2D thin section
plane. The mineralogy (see Appendix 2 for mineral abbreviations)
consists of Qtz (40%) + feldspars (12%) (Kfs + Pl) + Cal/Dol (15%).
As accessory minerals (≈6%) there are detrital Ms  ± Chl ± iron
oxides (hematite and limonite: Fe2O3–Fe2O3 × nH2O) + Zrn + Tur.
Rock fragments also occur with a modal abundance of ca. 7% and
a size close to the main mineral grains (Qtz ± feldspars). These
rock fragments are composed, in most cases, of metamorphic Qtz
sutured grains. The matrix minerals are probably sericite and other
clays ± Chl, whereas the carbonate cement is made by Cal ± Dol.
This sample can thus be classified as a feldspathic sandstone or
sub-arkose (Folk, 1974) (Fig. 4a). The SEM study of this sample has
shown in more detail the clay matrix composition: smectite clays
(≈montmorillonite) ± illite or secondary Ms  as the main sericite
clay (±Cal ± Dol ± Kfs ± Qtz). Also a more detailed observation of
the pore structure was performed showing that the main porosities
are, in some cases, located adjacent to the major mineral grains
(contacts between major mineral grains and matrix/cement)
whereas in other cases porosities are within the clay matrix. The
approximate size of these pores is ca. 5–10 �m (Fig. 4a). Regarding
the main mineral grains (Qtz, feldspars, calcite), these have usually
sharp and clean faces/surfaces in contact with the matrix/cement
mineral grains (1–5 �m,  Fig. 4). The intergranular space, observed
both in the optical microscope and SEM, is commonly filled with
cement or matrix in such a way that the major mineral grains do
not contact each other in many of the observed cases (Fig. 4a).

The quantification by DIA was applied on images acquired by
Optical Microscopy (30 images per transmitted section). The DIA
has allowed us to quantify several interesting parameters related
to the morphology, size and space distribution of the pore net-
work. The porosity (n1) measurement was  4% (Table 1) and a pore
distribution by size range (area) corresponding to a logarithmic dis-

tribution function. For the application of statistics tests (Table 2,
t-student or Mann–Whitney) it was necessary to convert the orig-
inal data to a normal distribution (XSB: 3,49; �SB: 0,41), using a log
transformation.
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Fig. 4. Textural–mineralogical characterization of Linares sandstone (SB): (a) optical transmission (cross polarizers) images (OpM) of the rock sample before S.C. CO2 injection
and  after S.C. CO2 injection. (b) scanning electron microscopy (SEM) images of the samples before and after S.C. CO2 injection.

Table 1
Total porosity of sandstone sample (SI and Sb/pre and post CO2) measured by DIA.

DIA: measures Pore area (�m2) Mineral area (�m2) Total porosity (ni) (%) Porosity Variation (�n) (%)

SB pre CO2 784,982 19,624,550 4 3
SB  post CO2 1,373,718 7
SI  pre CO2 470,989 11,774,730 10 4
SI  post CO2 824,231 14

Table 2
Paired t-Student’s (for data log, using N1 population) and Mann–Whitney (for data log) of different pore-parameters measured (pixels) through DIA techniques.

 ̨ = 0.1 N1 Pre-CO2 inject N2 Post-CO2 inject p-Value p-Value Interpretation
Mean Mean t-Student’s Mann–Whitney

SB pore area 468 3.4910 698 3.5540 0.009 0.0015 Increase
SB  Pore aspect 468 0.2820 698 0.2756 0.472 0.7464 No change
SB  pore rough 468 0.0738 698 0.0705 0.006 0.0057 Decrease
SB  pore circul. 468 0.6427 698 0.623 0.109 0.1642 No change
SI  pore area 544 4.3510 835 4.4470 ≈0 0.0001 Increase

.3034 

.0546 

.5718 

3
F

t
s
s
i

SI  pore aspect 544 0.2674 835 0
SI  pore rough 544 0.0611 835 0
SI  pore circul. 544 0.5413 835 0

.2. CO2-treated homogeneous sandstone (SB: Linares-Manuel
m)

The sample exposed to 970 h of S.C. CO2 develops distinctive

extural and mineralogical features compared to the untreated
ample. In the thin section scale (10×–40× magnification) the most
ignificant changes, are the increase of porosity, the absence of an
mportant volume of the clay matrix and the common development
≈0 0.0001 Increase
≈0 0 Decrease

0.006 0.0265 Decrease

of thin clay mineral (sericitic) rims (ca.10–20 �m thickness) around
the main mineral grains, mainly Qtz (Fig. 4b). At SEM (500×–2500×
magnification) the most important feature is the above-mentioned
absence of a significant amount of the clay matrix. The main min-

eral grains, surrounded by the clay matrix in the untreated samples,
now form a grain framework in which many grains are in physical
contact with each other. This absence of clay matrix is the main
cause of porosity increase as observed in the SEM images (Fig. 4b).
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Fig. 5. Microphotographs of the micro-channelled structure in the SI (Tiermes)
sandstone (OpM). In the rock sample, before the CO2 injection, micro-channels are
partially filled with a mixture of clay matrix ± other minerals (mainly Qtz and iron
oxides: the main quartz grains located at the boundaries of micro channels were
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robably polished by the fines mobilized due to the CO2). Clay minerals also occur
n  other domains of the sample unrelated to micro-channels (clay matrix i). After the
O2 injection, clay matrix removal, partially or totally emptied the micro-channels.

lso observed in the SEM images, over the external surfaces of the
ain mineral grains, a conspicuous and discontinuous coating of

ery small mineral grains (ca.1–10 �m size) occur probably com-
osed of clay minerals (Fig. 4b). These small mineral grains attached
o the major mineral surfaces, could correspond with the rims of
lay grains observed in the optical microscope. Regarding the car-
onate cement, no major differences have been found between
reated and untreated samples. This could indicate that the carbon-
te cement is physically more stable than the clay matrix (further
etails in Section 4).

Quantification by DIA method was applied in conditions sim-
lar to those used in the untreated sample. The quantification of
orosity (n2) was 7% (Table 1). The pore-size variation in the thin
ections shows a logarithmic distribution function. For the appli-
ation of statistics tests (Table 2, t-Student or Mann–Whitney) it
as necessary to convert the original data to a normal distribution

XSB: 3.55; �SB: 0.40), using a log transformation. Importantly, the

umber of pores increased by 49% compared to untreated sample.
hese techniques of image quantification applied to the pore area
llow estimations of porosity increases (increase of pore-area in
he thin section) of �n: n2 − n1 ≈ 3%.
enhouse Gas Control 17 (2013) 411–422

3.3. Untreated heterogeneous sandstone (SI: Tiermes Fm)

In this sandstone the main mineral grains are sub-rounded and
poorly sorted. The rock has both matrix clay (ca. 7%) and more
abundant carbonate cement (ca. 13%). Since the amount of matrix
content is over 5%, the sandstone is classified as immature. The dis-
tribution of the carbonate cement is homogeneous, whereas the
clay matrix occurs mainly along micro-channels that cut across the
rock. Micro-channels are an important textural feature (Fig. 5a).
These are several mm long (ca. 4 mm)  and about 0.5–1 mm  of
width on average. Its orientation is variable; do not follow straight
linear patterns indicating no relation to previous micro-fractures.
These micro-channels cause the high porosity of the sample.
These interconnected voids are partially filled with a mixture
of clay matrix + carbonates + Qtz ± iron oxides, probably limonite
and hematite. The whole space volume of these conduits (pri-
mary porosity) was  once totally filled with the mentioned mineral
mixture. Possible late diagenetic/freatic fluid circulation gener-
ated partial dissolution of this mineral mixture and the present
secondary porosity (Fig. 5a). Regarding mineralogy, the main
SI phases are Qtz (32%) + Feldspars: [Kfs ± Pl] (21%) + carbonate
cement [Cal/Dol] (13%) + clay matrix: smectite ± sericitic clays (7%).
Rock fragments account for ≈5% of the rock whereas accessory
minerals are <1.5% and include detrital Ms  + Bt + Tur + Chl ± Fe-
oxides ± Tur ± Zrn. The rock is classified as a greywacke (Folk,
1974). The clay minerals can occur in two different ways: (i) mixed
with Qtz + carbonates ± iron oxides in the micro-channels (clay
matrix (i) in Fig. 5a). In this case the clay minerals show oriented
shapes and fluidal texture that could be related to past fluid circula-
tion processes; (ii) matrix clays can occur, less commonly, scattered
through the rock, unrelated to micro-channels, and partially replac-
ing primary phases such as feldspars (clay matrix (ii) in Fig. 5a).
The open porosity is concentrated within the micro-channels, and
can be quite high in some domains (up to ∼18%). The lateral inter-
connection of this porosity is high in the 2D plane of the thin section
(Figs. 5 and 6). At the SEM scale the mineral phases mentioned were
qualitatively analyzed, showing that the clay minerals are probably
smectite like clays (≈montmorillonite) ± illite ± secondary mus-
covite or sericite (Fig. 6a). Other identified phases are salt minerals
that were detected by its qualitative composition (K, Mg,  Cl,
Na) and could consist of associations of halite (NaCl) – carnalite
(KMgCl3·6H2O). These salts appear to be part of the matrix, together
with other clay minerals such as montmorillonite, illite and sericite.
Due to the scale of the SEM observation, the mentioned micro-
channels were not identified but most probably this association
of salts + clay minerals forms part of the mineral mixture that par-
tially fills the micro-channels. Other SEM observed features are the
clean and straight grain mineral surfaces and contacts with other
mineral grains and with the cement/matrix.

DIA quantification of pore system was  carried out on 18 images
of a thin sheet. The measured total porosity (n1) was 10% (Table 1)
with a pore distribution curve of a Logarithmic distribution func-
tion. For the application of statistics tests (Table 2, t-Student or
Mann–Whitney) it was  necessary to convert the original data to a
normal distribution (XSB: 4.35; �SB: 0.40), using a log transforma-
tion.

3.4. CO2-treated heterogeneous sandstone (SI: Tiermes Fm)

After the S.C. CO2 injection into the sample (exposition:
970 h), several significant changes were observed. The most
noteworthy aspect that can be seen at the optical micro-

scope is the near complete absence of the mineral mixture
(clays + carbonates + Qtz + Fe-oxides) that partially filled the micro-
channels (Figs. 5 and 6). Some remains of this mixture can still
be observed attached to the major mineral surfaces open to the
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Fig. 6. Textural–mineralogical characterization of Tiermes sandstone (SI): (a) optical transmission (cross polarizers) images (OpM) of the rock sample before S.C. CO2 injection
and  after S.C. CO2 injection. (b) scanning electron microscopy (SEM) images of the samples before and after S.C. CO2 injection. After the CO2 injection, clay matrix removal,
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artially or totally emptied the micro-channels. The main Qtz grains located at the
O2.

hannels. In other domains, micro-channels have been completely
mptied after the CO2 injection and release (Fig. 5b). This miner-
logical/textural change causes a significant increase of porosity.
n the other hand, the clays that were originally scattered through
ther parts of the rock, less related to micro channels, remained
ore stable. The carbonate cement also remained stable and no

ifference was  observed compared to the untreated sample. At
he SEM scale (Fig. 6b) we observed a possible increase of salty

inerals (K–Mg–Cl salts) and a decrease of the modal amounts of
lays and sericitic clay minerals. Although these changes seem to
e slight and difficult to quantify, they are well correlated with
he optical microscopy observation of micro-channel matrix modal
ecrease. Some mineral grain edges and boundaries appear to be
ifferent (more polish surfaces: Fig. 6b) compared to the untreated
ample, but these differences are very subtle and therefore diffi-
ult to interpret. One significant feature is the presence of small
ineral grains partially covering some of the major mineral sur-

aces (mainly Qtz grains). These small sized minerals (ca. 1–5 �m)
re clays ±Cal ± micro Qtz ± salts, and, as in the case of the SB
omogeneous-treated sandstone, could be residual matrix miner-
ls that remained sticked to the major mineral surfaces.

Quantification by the DIA method shows that porosity (n2) is

4% (Table 1). The distribution curve of the porosity according to
heir size ranges was a Logarithmic distribution function. For the
pplication of statistics tests (Table 2, t-Student or Mann–Whitney)
t was necessary to convert the original data to a normal distribution
daries of micro channels were probably polished by the fines mobilized due to the

(XSB: 4.44; �SB: 0.44), using a log transformation. The number of
pores was increased by 53% compared to untreated sample. The
digital image quantification applied to the pore area indicates a
porosity increase (�n: n2 − n1) of ca. 4% after the CO2 treatment.

4. Discussion

4.1. Causes of the observed changes

The observed changes in the studied samples are due to the CO2
input and can be of importance in the realm of the injection well
where the interaction of the CO2 and the rock takes place in dry,
or almost dry, conditions (Kharaka et al., 2006; Gauss, 2010). Any
changes in mineralogy-porosity (Figs. 4–6; Tables 1 and 2) could
change the rock texture framework and could affect the injection
well and its closest environment and hence the injection efficiency.
Our experimental investigation indicates that the main changes
observed from the untreated to the treated-CO2 samples are: (i)
differences in the matrix clay content that consist on a modal clay
reduction in the treated samples with a corresponding porosity
increase, (ii) relative stability of the carbonate cement and (iii) vari-

ations in the pore morphology (Fig. 7) such as surface area, aspect
ratio, roughness and circularity.

(i) Clay matrix reduction and porosity-permeability increase
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Fig. 7. DIA quantification of pore system (pore identificati

Since the mineralogy of both rock samples (SB and SI) is very
imilar, the original rock texture is probably what promotes the
aried effects when CO2 is injected. In both study cases a com-
on  consequence is evident: clay matrix removal + pore increase,

eading to a permeability increase. Nevertheless, in the case of the
omogeneous sandstone (SB) most of the rock volume is affected
y clay removal + porosity increase (CO2 percolates through the
omogenously distributed pore network), whereas in the case
f the heterogeneous sandstone (SI) there are ample zones of
ock volume where the general texture is less affected and the
ajor changes (clay removal + pore increase) are located within the
icro-channel domains or close to them (CO2 percolates through

he heterogeneously distributed pore network). This could be
xplained by a preferential CO2 flux into these channels, because of
ts lower stress resistance, focusing most of the CO2 input into this
hannelized-pore network, and thus leaving ample rock domains
ith less CO2 interaction.

How the clay matrix becomes effectively removed from the rock
ample is an important question because it deals with the stor-
ge rock stability when supercritical CO2 injection takes place. We
onsider that the pressurized CO2 input and CO2 expansion during
ressure release promotes a mechanical drag force able to break
he physical bonds of the clays with other clays (Vickerd et al.,
006). Additional effects of the CO2 input to be considered are:
i) CO2 diffusion into the clay layered structure causing changes in
he molecular clay-water chemistry (increasing local pH), leading
o polarity changes in the internal electrical forces (Van de Waals
ttraction, double layer repulsion) and eventually resulting in intra-
article/interparticle repulsion (Fripiat et al., 1974; Andreani et al.,
008; Pèpe et al., 2010; Espinoza and Santamaría, 2012). (ii) CO2
iffusion into the clay layered structure and gas expansion during

ressure release that causes clay layer breaking and generation of
elaminated nanocomposites or nanoclays (Horsch et al., 2006).

All these considerations allow us to build a conceptual model
or the experimental CO2 injection (Fig. 8a–e). The CO2 input and
re parameters measured and statistical analysis applied).

release would have affected the clay matrix particles in several
different ways that finally leaded to a detachment and partial re-
adjustment of most of the clay matrix volume (except for part of
the clays fixed to major mineral grains). These effects could have
resulted in a partial loose of the matrix leading to the general
observed absence of clay matrix:

Stage 1 – CO2 pressurized injection:

• Initial CO2 input would percolate through the rock pore system
generating a mechanical drag force that was probably effective
in breaking some of the inter clay-particle binds and probably
causing clay accumulations near pore throughs (Fig. 8b).

Stage 2 – CO2 pressurized stabilization:

• This stage spans through most of the experimental run (∼1000 h).
During this time, CO2 also diffused into the intra-layered clay
structure causing electrical-polarity changes that leaded to an
increase of repulsion and internal clay breakdown as observed in
other investigations (references above) (Fig. 8c). This is mainly
effective in the clay minerals that can hold molecular water
between T–O or T–O–T layers (T: tetrahedral; O: octahedral), such
as the smectite like clays (i.e., montmorillonite) but probably not
in the sericite clays (secondary Ms  or illite) where the interlay-
ered cations (K) could prevent both H2O and CO2 diffusion into
the structure.

Stage 3 – CO2 pressure release + expansion:

• Intra-clay particle CO2 expansion during pressure release would

also promote further internal clay layer breakdown and genera-
tion of nanoclays that would allow us to explain the fine clay-like
particles attached to the surfaces of major minerals after CO2
exposure (Fig. 8d).
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Fig. 8. Sketch drawings of the model developed from the observed mineralogy/textural changes, after the S.C. CO2 experimental injection in the sandstone samples. In sketch
(a)  the initial mineralogy and texture of the sandstones is depicted. Clay matrix partially fills some intergranular spaces. When the CO2 pressurized injection begans, (b),
the  gas drag force breaks inter-clay particle physical bonds and pulls the clay particles towards pore throughs. During the longest experimental stage, (c), the pressurized
CO2 diffuses into clay layered structures, producing changes in the interlayer electrical forces that lead to inter-clay layer repulsion and break up (scale bar – 0.5–1 nm – is
o sure r
i ains th

•

r
a
m
i
S
t

nly  for the approximate size of the interlayer structure of the clay). When the pres
ntra-clay particle break up, plus an outwards drag force that causes leaks and expl

CO2 expansion during pressure release migrates from the pore
troughs outwards, causing a physical clay outburst pulling out the
clays from their location within the pores and pore troughs. This
drag outwards effect would explain the partial loose of the clay
matrix in the sample outer domains, as observed in the processed
samples for optical and SEM studies (Fig. 8d).

This model permits us to explain the observed absence/modal
eduction of the clay matrix in the studied rock samples (optical
nd SEM processed samples). Initially, it was thought that the loose

atrix from the post-CO2 samples have been partially leaked dur-

ng sample processing. Nevertheless, the absence of matrix in the
EM samples, with minimal processing, was not well explained in
his way. In the proposed model, the last stage (Fig. 8d – stage 3-) of
eleases, in the end-stage of the experiment, (d), CO2 expands and generates further
e observed matrix-clay absence in the samples after the experiment.

pressure release and gas expansion could have generated drag out-
wards forces that probably favoured partial leaks of the loose clays
located near the sample edges. The low amount of the rock sample
and the small grain size of these clay particles probably prevent us
from observe them in the reactor chamber site.

No dissolution processes are expected because no water was
available (or its wt.% was insignificant) and no new precipitated
minerals were observed in the treated samples. Nevertheless, some
studies have shown the possibility of Si dissolution because SC. CO2
can act as a reliable solvent for some elements (Remoroza et al.,

2012). This could have promoted partial clay dissolution. In this
case, dissolved clay components would have had precipitated when
pressure release ended the SC state of CO2 (stage 3). These precipi-
tated products were not observed in our study cases, and therefore,
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ither the experimental run time was not enough for this process
o be effective, or the amount of dissolved-precipitated clays was
ery small to be easily observed.

In internals domains of the rock sample part of the loose clay
atrix probably remains, but a complete or partial matrix grain re-

djustment has taken place. This indicates that the clay particles
hat form part of this matrix have moved and were detached from
ach other and, partially, from the major grains. This also implies
hat the major mineral grains have also moved relatively to each
ther causing an overall porosity increase, but also, in some cases,

 partial porosity decrease due to the fact that some Qtz grains
ecome in touch with each other (Figs. 4 and 5). This hypothesis
as implications for the measured porosity (observed by optical
icroscopy and SEM on thin sections) in the CO2-treated samples.
In the injection realm, loose clay particles (produced by the

O2 input) could agglomerate and plug part of the pore space thus
educing porosity and permeability. Nevertheless we consider this
nlikely because: (i) the size of the clay particles has been probably
educed: break of interatomic layers by the CO2-induced electrical-
olarity forces. The small sized clays and nanoclays generated are

ess likely to plug pore space (ii) in our rock experiments no single
ore or pore channel was observed to be filled or partially plugged
ith clays after the CO2 input.

ii) Carbonate cement stability

An important result is the remarkable stability of the carbonate
ement compared with the clay matrix. Both in the homogeneous
nd heterogeneous sandstones the domains with abundant car-
onate cements remain similar in the treated samples compared
o the untreated ones. No appreciable differences are detected in
he observations at different scales (optical microscopy and SEM).
his indicates that the CO2 mechanical drag force was not strong
nough to break physical bonds between the carbonate particles
hat made the cement and also between these particles and major

ineral grains such as Qtz. The absence of available pore water
llows this stability of the carbonate cements and precludes its
issolution in acid CO2 enriched brines (Sterpenich et al., 2009).
herefore, there is a quite different rheological behaviour between
he clay matrix and the carbonate cements suggesting that, when
ry CO2 is injected into the sandstone storage rocks, it would pref-
rentially move along the zones rich in clay matrix leaving the
arbonate cement domains very little affected or non-affected. If
he distribution of carbonate cement/clay-matrix domains is not
andomly disposed but occurs in an anisotropic framework such as

 layering (carbonate cement and clay matrix in alternate layers)
hen the CO2 would be able to develop marked lateral pathways
hich could increase the possibility for possible leaks.

iii) Pore morphology variations after the CO2 injection

In light of the previous hypothesis (clay matrix leaching induced
y the CO2) the measured porosity increases are experimental
pproximations that have to be reconsidered and interpreted in the
ontext of the injection realm. The effects of CO2 in the experimen-
al rock system can have important influence on local and wide
ange parameters such as porosity and the general permeability.

e also have shown that the original texture of the storage rocks
s an important variable that could determine the intensity of the
O2 induced changes (in mineralogy and texture).

In the SB homogeneous sandstone, the porosity data study
statistical test comparisons between pre-CO2 and post-CO2 rock

amples, Table 1) shows that the CO2 input produces significant
hanges in the pore area (calculated p values < ˛: 0.1 ⇒ we  can
eject the null hypothesis of mean equality → pre-CO2 /= post-
O2) while no change in the aspect ratio of the pores occur
enhouse Gas Control 17 (2013) 411–422

(calculated p values > ˛: 0.1, precluding the rejection of the null
hypothesis → pre-CO2 = post-CO2). This could indicate that the esti-
mated increase in porosity (3%; Table 1) from the pre-injection
to the post-injection samples was mainly due to generation of
new pores and not to the increase of the previous porosity. This
hypothesis is suggested because a process of pore growth from
previous porosity (such as partial dissolution of pore-edge min-
eral phases) would probably modify the aspect ratio of the original
pores: pores are surrounded by different mineral phases with dif-
ferent physical–chemical properties and pore growth would take
place at the expense of the space developed on these phases, some
more stable than others.

Both in SB (homogeneous) and SI (heterogeneous) the rough-
ness of the pore boundaries (fractal dimension) is significantly
different in the pre- and post-CO2 injection samples (p values < ˛:
0.1). The variations (decreases) of surface roughness in the CO2-
treated samples (Table 2) are probably caused by the polish of the
major grain surface due to friction/abrasion produced by the CO2
mobilization of matrix clay and micron sized Qtz particles. As previ-
ously proposed, the gas input and release drag forces, aided by other
intra-particle physic-chemical forces (electrical polarity changes),
generated the detachment of the clay particles from each other and
from the larger mineral grains and these mobilized particles caused
an abrasive effect on the surface of mineral grains along the pores.
Therefore, the CO2-induced abrasive effect was probably enhanced
in the heterogeneous SI sandstone (higher roughness decrease)
due to the existence of a micro-channel network partially filled
with clays where the gas flux was probably focussed. On  the other
hand, in the homogeneous SB sandstone (slightly lower roughness
decrease) the circulation of CO2 was  not focused in narrow micro-
channels but percolated through all the rock volume thus reducing
the intensity of the clay particle re-mobilization. In this case, the
CO2 injection would have caused some particle re-mobilization, but
as the intensity of this effect was not high enough, did not lead to
highly polished grain surfaces, as in the case of the heterogeneous
sandstone (SI).

Surface pore area increase in SI sandstone is observed by opti-
cal and scanning electron microscopy (Figs. 5 and 6). The statistical
p values are close to 0 (Table 1) and thus lower than the critical
threshold value (˛: 0.1) indicating significant increase of the pore
area. The aspect ratio of the pores increases after the CO2 injec-
tion and the roughness and circularity show a significant decrease.
Some of these parameters do not show the variation expected: the
samples exposed to CO2 injection develop pores with less rough-
ness and acquire less circular shapes. This could indicate that the
increase of porosity in the CO2 treated SI sample (�n ∼ 4%; Table 1)
is due to the growth-increase of the previous pores. Such a process
could have polished the pore surfaces, reduce its circularity and
modify its aspect ratio.

Both these textural parameters (circularity and aspect ratio)
should change in a connected way: if circularity increases, then the
aspect ratio should approach 1 (decrease in the log data of Table 2).
This expected behaviour is well matched in the case of the pores:
in the SB sample circularity does not change and neither does the
aspect ratio. In the SI pores, a circularity decrease is matched by an
aspect ratio increase.

5. Conclusions

Experimental supercritical (S.C.) CO2 injection into sand-
stone rock samples that represent appropriate storage formations

simulates the interaction of rock-gas in dry conditions. Such envi-
ronment is expected near the injection well environment during
the initial stages of CO2 deep injection. Our study indicates signif-
icant changes in the rock system caused by this dry CO2 injection.
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ineral–chemical reactions were not detected in the sandstones
fter the CO2 input due to the absence of water, or its presence in

 very low amount.
The major change observed is a notable reduction of the modal

lay-matrix that also leads to an increase of the measured porosity
n the thin sections studied. The clay particles were detached from
ach other and from the major mineral grains and re-mobilized by
he CO2 effects. These were gas input-release drag forces and prob-
bly, as observed by other authors, interparticle electrical/physical
orces activated by the CO2 diffusion within the clay layered
tructures (During Stage 2 – CO2 pressurized stabilization). This
exture re-adjustment caused by the clay particle mobilization
hould always generate pore-network re-adjustments that in some
omains could enhance permeability and in others could seal it.
artial clay matrix leaks were due to outward drag forces during
as expansion at the pressure release phase of the experiments.
urther studies on porosimetry with indirect techniques, or less
nteractive ones, are necessary to quantify porosity variations after
he CO2 injection and make more realistic comparisons with the
njection environment.

The indirect influence of the original rock texture is important
and leads to different effects produced by the CO2 injection. When
the sandstone has heterogeneous micro-channel pore networks
(SI sample), the CO2 is preferentially focused into these channels
and interacts strongly with these specific sites of the rock volume.
When the sandstone has a more homogeneous texture and pore
network (SB sample), the injected CO2 percolates through all the
rock volume, its interaction reaches much of the rock but the
intensity of clay particle-remobilization is lower.
In contrast to the clay matrix, carbonate cements are quite stable
and no significant changes were detected after the CO2 injec-
tion in the studied sandstones. This suggests that the physical
binds among carbonate matrix grains and also with major mineral
grains (mainly Qtz) is higher compared to those of matrix-clay
particles. Sandstones with high to moderate porosity and pre-
dominant carbonate cements are expected to be very stable in
the conditions of dry- CO2 S.C. injection. On the other hand, sand-
stones with high to moderate pore abundances and predominant
clay matrix will be unstable for CO2 injection in dry conditions.
Furthermore, if the pore framework of the potential storage sand-
stone is highly anisotropic (i.e., channel-microstructures) more
pronounced textural changes are to be expected.

The observed experimental textural and mineralogical changes
an have significant effects in the environment around injection
ells: in this zone, the CO2 will probably act like a piston, pressing

nd displacing the brine fluids from the storage rock pores without
ixing and thus the injected CO2 will be in contact with the rock

ramework in dry conditions. In this scenario, dry gas–rock inter-
ctions become important for the stability of the storage rock and
he injection well. The CO2 input can force aside the particles by its
rag pressure further modifying the texture and pore framework
Fauria and Rempel, 2011). The observed textural and mineralogical
hanges that leaded to the porosity and permeability changes could
lso ease the CO2 further injection. Nevertheless, the main change
bserved in this study is a textural-mineralogical re-adjustment of
he matrix clay within the rock framework.
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Appendix 1. Software references

APHELION IMAGING SOFTWARE SUITE for Windows. Version
3.2. [Processing and Image Analysis Software]. ADCIS, Inc., Available
in http://www.adcis.net/.

HEL for Windows. Version 5.1 [WinISO Soft-
ware Control System Reactor] Available in
http://www.helgroup.com/reactor-systems/chemical-reactors/.

IMAGE-PRO PLUS for Windows. Version 7.0. [Image
Analysis Software]. Media Cybernetics, Inc., Available in
http://www.mediacy.com/index.aspx?page=IPP.

INCA ENERGY. Version 200. [Energy Dispersive Spectrome-
try (EDS) System]. Oxford Instruments Analytical. Available in
http://www.oxford-instruments.com/.

MINITAB for Windows. Version 15.0. [Statistical Software].
Available in http://www.minitab.com/es-ES/products/minitab/.

SYSTAT for Windows. Version 13.0. [Statisti-
cal Analysis and Graphics Software]. Available in
http://www.systat.com/SystatProducts.aspx.

Appendix 2. Mineral symbols (after Kretz, 1983)

Ap. Apatite
Bt. Biotite
Cal. Calcite
Chl. Chlorite
Dol. Dolomite
Kfs. K Feldespar
Ms.  Muscovite
Pl. Plagioclase
Qtz. Quartz
Tur. Tourmaline
Zrn. Zircon
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